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ABSTRACT.

Several investigators have established that

angiotensin II, when administered centrally, stimu

lates the secretion of vasopressin. Furthermore,

all the components of the renin-angio tensin system

have been reported to be present within the central

nervous system. On the basis of these observations,

it has been suggested that there is a brain renin

angiotensin system and that this participates in the

control of vasopressin secretion. As a test of this

hypothesis, the effect of central administration

of renin was studied. The finding that renin stimulates

vasopressin secretion when administered centrally

would indicate an interaction between the injected

renin, brain angio tensinogen and converting enzyme

resulting in the formation of physiologically active

amounts of angio tensin II.

In the initial experiments. vasopressin was

not measured directly, but, instead, changes in urinary

water excretion in anesthetized dogs undergoing a

Water diuresis were used as an index of changes in

vasopressin secretion. Intraventricular injection

of hog renin in a dose of 0.1 Goldblatt Unit (G.U.)

produced a marked decrease in urine flow (W) which

was associated with a decrease in free-water clear

3.11C e (CH o) and an increase in urinary osmolality
2

(Vos■ ) With no significant change in osmolar clearance
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(C Sodium excretion increased significantlyoSM).
but there was no change in potassium excretion. These

effects, which closely resemble those resulting from an

increase in vasopressin secretion, were prevented by hypo

physectomy. The antidiuretic effect clearly resulted

from an action of renin in the central nervous system

since renin had no effect on V, "osM' *H,0' electrolyte
excretion, or arterial blood pressure (A. B. P. ) when ad

ministered intravenously. Intraventricular administration

of saralasin, a specific competitive antagonist of angio

tensin II, completely blocked the effects of intraven

tricular renin, indicating that these effects were med

iated via the formation of angiotensin II. The data

therefore indicate that there is an interaction between

injected renin, brain angiotensinogen, and converting

enzyme resulting in the formation of angiotensin II in

amounts sufficient to stimulate the secretion of

vasopressin.

In subsequent experiments plasma vasopressin

concentration (PADH) was determined directly, utilizing

radioimmunoassay. Dogs undergoing a Water diuresis

responded to an intraventricular injection of 0. 1 G.U.

hog renin with an increase in *ADH as well as an in

crease in "osM and A. B. P., and a decrease in W and *Hºo:
Similarly, non-water loaded, anesthetized dogs

showed an increase in plasma vasopressin concentration
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and A. B. P. subsequent to the injection of 0.1 G. U.

hog renin into the third cerebral ventricle. The

intraventricular administration of an equivalent

volume of normal saline had no effects on *ADH Or

A. B. P. . In conscious rats, *ADH increased ten-fold

in response to injection of 0.005 G. U. hog renin

into the lateral ventricle. Drinking behavior was

also elicited in these animals.

These experiments indicate that renin stimulates

vasopress in secretion and that this effect is mediated

via the formation of angio tensin II. However, it

was not clear if endogenous brain-renin could perform

the same function as injected exogenous renin. Sar

alasin was used to answer this question in anesthetized

dogs. The injection of 10 pig saralasin into the

third ventricle of water-loaded dogs showed agonist

activity, producing effects on Water and electrolyte

excretion similar to those that were observed when

renin was injected, but of a lesser magnitude and shorter

duration. *ADH increased or did not change in all

animals which received an intraventricular injection

of 15 pig saralasin. In no animal was a decrease

in *ADH observed. These data suggest that if angio

tensin II is generated centrally, it does not play

a role in the tonic control of vasopressin secretion

in the anesthetized dog.
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INTRODUCTION.

Angio tensin has three known effects on the cen—

tral nervous system, namely induction of drinking

behavior, elevation of arterial blood pressure and

stimulation of vasopressin secretion. The work des—

cribed in thesis was concerned with the effects

of angiotensin on vasopressin secretion, but a dis–

cussion of the other central effects of angio tensin

is in order to give a more complete picture of how

the renin-angiotensin system interacts with the cen—

tral nervous system. In addition, the literature

concerned with the possibility that angiotensin is

actually formed within the central nervous system

is reviewed.

I. Effects of Angiotensin II on Drinking, Blood

Pressure and Vasopressin Secretion.

A. Drinking.

The concept that the renin-angiotensin system

is a stimulus to thirst was originated with the ob

servation that manipulations which stimulated renin

secretion, and thereby angio tensin formation, also

induced thirst. Fitzsimmons (1) found that rats

in normal fluid balance drank water 1–2 hr after

complete ligation of the inferior vena cava either

above or below the renal veins. However, caval li

gation was relatively ineffective as a stimulus to

drinking after bilateral nephrectomy, but was effective

in rats made anuric by ureteric ligation. These



data indicate that when venous return and thus car

diac output and arterial pressure are reduced, a fac

tor is released by the kidney which induces the sen

sation of thirst. Reinforcing this concept, Fitz

simmons (1) showed that constriction of the aorta

above the renal arteries also caused drinking, oli

guria and the development of positive fluid balance.

However, constriction of the aorta below the renal

arteries in the intact animal, or constriction of

the aorta in the nephrectomized animal, was inef

fective as a stimulus to drinking. He showed, fur

thermore, that saline extracts of renal cortex caused

rats in normal water balance to drink. When renin

secretion was inhibited in rats by treating them

with deoxycortico sterone acetate and saline for sev

eral weeks, the renal cortical extracts prepared

from these animals were found to give rise to a

smaller dipsogenic and pressor response than that

of extract from normal animals. From these proper—

ties, Fitzsimmons deduced that either the extract

able renal cortical factor was renin, or it was a

substance very similar to it. The renin-angiotensin

system then became a candidate as a mechanism for

the genesis of thirst which follows certain extra

cellular stimuli.

Concurrently, Fitzsimmons and Simons (2) showed

angiotensin II to be a dipsogen when it was demon



strated that intravenous infusion of angiotensin

into the external jugular vein causes rats which

are in water balance to drink. As demonstrated with

renal cortical extract, nephrectomized rats were

shown to be more sensitive to the dipsogenic action

of angiotensin than were intact rats. The concept

that renin mediates the dipsogenic response to hypo

tension was further reinforced by Meyer, Peskar and

Hertting (3), who showed that the hypotensive agents

phentolamine, isoproterenol, or a combination of

hydralazine and bretylium, which are known to in

crease the rate of renin secretion, induce a drink

ing response in rats which can be abolished by nephrec

tomy.

Although it had been established that angio ten

sin II could stimulate thirst when infused intra

venously, its site of action was not known. Epstein,

Fitzsimmons and Rolls (4) demonstrated that angioten

sin II amide, when applied directly to the brain as

either the valine-5 or the isoleucine—5 octapeptide,

caused rats in normal fluid balance to drink water.

Ramsay and Reid (6) showed that injecting 100 ng

angiotensin II into the third cerebral ventricle

led to a prompt stimulation of drinking behavior.

This dipsogenic effect of angiotensin II was abolished

by prior central administration of 10 pig saralasin
acetate, a competitive antagonist of angiotensin II,



or 100 ng atropine, suggesting that this dipsogenic

effect is mediated by specific receptors for angio

tensin II and that a muscarinic cholinergic link

is involved. In addition, Cooling and Day (5)

demonstrated that the cat, an animal that does not

readily drink water, could be induced to drink when

angiotensin II was injected into the lateral cere

bral ventricle. The region of the brain that Epstein

et al. (!!) found to be most sensitive to angiotensin

included the anterior hypothalamus, the preoptic

region, and the septum including the nucleus accum

bens.

Subsequently, Sharpe and Swanson (6) showed

that copious drinking was produced in water replete

rhesus monkeys in response to unilateral injections

of angio tensin II into specific brain sites. In

decreasing order of sensitivity, these specific

brain sites were :

(i) A rostral zone that included the septum, the

anterior hypothalmus and the preoptic region,

(ii) a caudal zone consisting of the mesencephalic

central grey, and

(iii) the lateral and third ventricles near the

foramen of Monro .

Bilateral micro injections of angiotensin II into

the sensitive regions in doses as low as 0.75 —

6.0 ng were dipsogenic and, with increasing doses,



drinking occurred in a dose dependent fashion up

to 500 ng, after which the amount drunk leveled

off or was reduced.

Angio tensin is negatively charged at physio —

logical pH and therefore does not cross the blood

brain barrier. This was demonstrated experimentally

by Ramsay and Reid (6), who showed that intracar

otid infusion of **I-angiotensin II Was not fol

lowed by appearance of significant amounts of rad

ioactivity in the cerebro spinal fluid of the third

ventricle or the cisterna magna. How then does

circulating angio tensin II affect the central ner

vous system? A possibility is that peripherally

generated angio tensin II can act at areas of the

brain where there is no blood–brain barrier. The

circumventricular organs, a group of structures

located around the ventricular system, are such

sites. These highly vascularized areas differ from

typical brain tissue in the ultrastructure not only

of their blood vessels (fenestrated capillaries),

but also of their ependymal, glial, and/or neuronal

components. In the mammal these organs include the

subcomissural organ, area postrema, subfornical

organ, organum vasculosum of the lamina terminalis,

median eminence, neuro hypophysis, and pineal body

(8).

In addition to the knowledge that the subfor



nical organ is accessible to peripheral angiotensin,

a sequence of findings suggested that the subfor

nical organ is the site at which angiotensin stim–

ulates drinking. Palkovits (9) showed that in rats

treated with 1.5% NaCl or with D0CA for 21 days

there was shrinkage of the subfornical organ and

diminution in the size of the nuclei. In sodium

depleted rats, on the other hand, there was swelling

of the subfornical organ, vacuolation of its structure,

and an increase in the size of the cell nuclei. Twen

ty minutes after oral administration of hypertonic

saline, the nuclear volume of the subfornical or—

gan was decreased by 29%; distilled water increased

the nuclear volume of the subfornical organ by 31%

in the same time. These studies implicated the sub

fornical organ as an osmo receptor which can respond

rapidly to osmotic stimuli. Furthermore, Sarrat

(10) showed that in the rat, thirst is accompanied

by an increase in glucose-6-phosphate dehydrogease

activity in the subfornical organ, suggesting an

increase in metabolic activity. In addition, Rout

tenberg and Simpson (11) implicated the subfornical

organ in carbachol induced thirst.

Simpson and Routtenberg (12) showed that angio

tensin II, when applied directly to the subfornical

organ in a dose as small as 0. 1 ng, elicited short

latency drinking behavior in Water replete rats.



Lesions in the body of this structure blocked drinking

induced by angiotensin II applied to the basal telen

cephalon (including preoptic area). These data iden—

tified the subfornical organ as an important cen—

tral nervous structure involved in the control of

drinking behavior.

Although the subfornical organ was identified

as a site of action in the elicitation of thirst

in response to angiotensin II, it was not established

Whether or not it is the only site. Epstein, Fitz

simmons and Rolls (4) had implicated the preoptic

area as a possible site of angiotensin II stimulation

of drinking behavior. However, the data which im–

plicated the preoptic area as a site of action in

thirst elicitation by angio tensin II did not include

lesioning experiments. Therefore, these data are

not as conclusive as were those implicating the

Subfornical organ as a site of action of angioten

sin II in the arousal of thirst. The concept that

the subfornical organ is an important, but not the

exclusive, site of action in the stimulation of

drinking behavior by angiotensin was advocated by

Abdelaal, Assaf, Kucharczyk, and Mogenson (13).

They examined the effect of electrolytic lesions

of the subfornical organ on water intake induced

by the continuous infusion of angiotensin II through

a chronic jugular cannula. Apparently complete

lesions of the subfornical organ reduced, but did



not abolish, the elicitation of drinking behavior

by angiotensin II. Incomplete lesions of the sub

fornical organ reduced drinking elicitation by an–

gio tensin II to a lesser but still significant ex

tent. From these data they concluded that the sub

fornical organ is a receptor site for angiotensin

II but not the only one. They alluded to the pre

optic area as another possible receptor site.

Simpson and Routtenberg (14) found that sub

fornical organ lesions significantly reduced, while

preoptic area lesions slightly elevated, the drinking

response to intravenously administered angiotensin

II. Therefore, it appears that the subfornical

organ, and not the preoptic area, contains tissue

which is essential for the full dipsogenic potency

of intravenous angiotensin II. Since the preoptic

area is a possible locus of central osmoregulatory

control of drinking behavior, preoptic area lesions

may destroy central mechanisms involved in hypoos

motic inhibition of excessive water intake, leading

to an elevation of the drinking response to intra

venous angiotensin. Drinking behavior induced by

the application of angio tensin II onto the preoptic

area in previous studies most likely resulted from

diffusion of angiotensin to the subfornical organ.

Buggy et al. (15) found that although lesions

of the subfornical organ blocked the induction of



drinking behavior by intraventricular angiotensin

II, this drinking response returned within 4-1!!

days. This suggests that the subfornical organ

is not the only site of action of angiotensin-II

elicited drinking behavior. Furthermore, they showed

that the flow of labelled angio tensin II from the

lateral ventricle to the cisterna magna in rats

with subfornical organ lesions was impaired signif

icantly compared to intact animals (15), suggesting

that lesions of the subfornical organ block the

interventricular foramen of Monro. In addition,

animals with subfornical organ lesions did not drink

when angio tensin II was injected into a lateral ven

tricular cannula. These lesioned animals did drink,

however, in response to the administration of an–

gio tensin into a cannula inserted into the third

ventricle, downstream from the lesion. Furthermore,

When cold cream was used to block the foramen of Monro

approximating edema or debris obstruction, intact

animals did not drink in response to angiotensin

II injections into the lateral ventricle, whereas

they did respond With drinking to injections of an–

gio tensin II into the third ventricle, which is down

stream from the cold cream block.

Two possibilities can be extrapolated from these

data. First, two separate sites could exist where

angio tensin II could stimulate drinking behavior.
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Two such sites could be distinguished from each other

by a difference in sensitivity such that both would

be stimulated by a large dose of angio tensin, whereas

only the more sensitive site, presumely the sub

fornical organ, would be stimulated when angio tensin

is administered in a small dose. The difference

in sensitivity between these two sites could arise

from differences in either the hormone-receptor in

teraction or in the accessibility of angiotensin to

these receptors. That is to say that a large dose

of angiotensin, which Buggy et al. used, could stim—

ulate drinking behavior at a site other than the

subfornical organ, while a small dose of angiotensin

could stimulate drinking only at the subfornical

organ itself. This hypothesis was reinforced by

Simpson et al. (16), who showed that when angiotensin

II was injected in a small dose either into the third

cerebral ventricle or directly over the subfornical

organ, the drinking response was completely blocked

by subfornical organ lesions. A second possibility

is that large doses of angiotensin may give rise

to hemodynamic alterations. Such changes may stim—

ulate drinking behavior at a site other than the

subfornical organ independently of the direct effects

of angiotensin. This is also consistent with the

above findings of Simpson et al. (16).

The discovery of Fitzsimmons and Simons (2)

that the effects of angio tensin and hypertonic saline
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on drinking are additive when both substances are

administered intravenously to nephrectomized rats

led Andersson and Westbye (17) to investigate the

effect of administration into the third ventricle

of angiotensin, either alone (contained in a 0.12 M

saline vehicle) or in combination with moderately

hypertonic NaCl, on the regulation of salt and Water

metabolism. They found that in conscious goats in

normal water balance, the drinking response to an

intraventricular infusion of hypertonic saline and

angiotensin II was greater than the sum of the re

sponses to each of these when administered separately.

The combination of angiotensin II and hypertonic

NaCl was such a powerful stimulus to thirst that

water had to withheld from the goats in order to

prevent fatal over-hydration. Andersson, Eriksson

and Oltner (18) tested the hypothesis that the sodium

concentration in the cerebro spinal fluid rather than

cerebro spinal fluid osmolality is the critical factor

in the regulation of thirst. They found that the

water intake of goats in normal Water balance was

much greater during infusions of angiotensin into

the third cerebral ventricle when saline was used

as a vehicle rather than solutions of glucose or

urea. Latency time for drinking was considerably

shorter.

In summary, maneuvers which increase plasma
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renin activity also elicited drinking behavior. An

gio tensin II also elicits thirst when it is admin

istered either intraventricularly or into the brain.

While the subfornical organ is a site of action in

the angiotensin-mediated elicitation of thirst, it

may not be the only one. Furthermore, angiotensin II

potentiates the drinking response to hypertonic

saline, even when this angiotensin is administered

in a dose which would be ineffective if it were ad

ministered alone . .

B. Blood Pressure .

The first evidence that angio tensin could pro

duce centrally mediated hypertensive responses was

provided by Bickerton and Buckley (19), who trans

versely divided the circulation of a recipient dog

between C-2 and C-4 and perfused the isolated head

with blood from a donor dog via the carotid artery.

After demonstrating that the head circulation was

completely separated from that of the trunk, they

administered angiotensin to the isolated recipient

head via the carotid artery; this maneuver produced

an increase in blood pressure of 12 to 50% as re

corded from the peripheral circulation of the re

cipient. Peripheral alpha adrenergic blockade with

intravenous piperoxan antagonized this pressor re

sponse resulted from increased sympathetic discharge

to the cardiovascular system. Benetato et al. (20)

independently confirmed this finding using extracor
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poreal perfusion of the isolated head of a dog in

addition to perfusion of the head of a dog by a donor.

They found that the blood pressure response to intracar

otid angiotensin was abolished or reversed by prior

reserpinization but that central infusion of nor

epinephrine to reserpinized animals restored the

central pressor response to angio tensin. Barrett

et al. (21) applied the technique of extracorporeal

perfusion of the chloralose-anesthetized cat. It

was found that when a small dose of angiotensin

(0.5 pg/ml) was added to the brain perfusion cir
cuit via the carotid artery, a significant increase

in peripheral blood pressure was observed only when

the cats were deafferented by sectioning cranial

nerves IX –XII, indicating that the carotid and aortic

baroreceptors tend to override the pressor response

of centrally administered angio tensin II.

It has been established by a large number of

investigators that intravertebral angiotensin, when

administered in a small dose, is more effective in

producing hypertension than peptide administration

of an equivalent dose by the intravenous or intra

carotid routes (22). The hypertensive response to

intravertebral angio tensin in mongrel dogs is due

to a sympathetically produced rise in peripheral

resistance with little or no change in cardiac out

put or rate (23). On the other hand, the response
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in greyhound dogs (which are bred for endurance)

is principally associated with a rise in cardiac

output and rate. Wagotomy abolishes most of the

effect of angio tensin in this breed, and the residual

activity can be eliminated by adrenergic neuron

blockade (24).

While administration of angiotensin into the

cerebro spinal fluid of the cerebral ventricles pro

duces a centrally mediated hypertensive response,

administration into the subarachnoid cerebro spinal

fluid produces no effect on blood pressure (16). The

supposition that the hypertensive effect of intra

ventricular angio tensin is a central one and not

a result of leakage into the periphery is substanti

ated by multiple lines of evidence. The hyperten–

sive activity of intraventricularly administered

angiotensin is abolished in anesthetized cats (25)

and dogs (26) by cervical spinal section and in un

anesthetized hypophysectomized rats by ganglionic

blockade (27). Furthermore, intraventricular doses

of angiotensin produce greater hypertensive effects

than the same doses given intravenously to unanesthetized

rabbits (28) or anesthetized cats (19). Therefore,

it appears that the active site is reached from ven

tricular but not subarachnoid spaces. Due to the

complexities in rates of diffusion, penetration, and

inactivation of intraventricularly injected angioten
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sin, as well as dilution by endogenous cerebro spinal

fluid, the concentration of angiotensin needed to

produce pressor activity at an active site after

intraventricular administration has not been determined.

1 ng of angio tensin injected in unanesthetized rats

will elevate mean blood pressure by 19 mmHg (27).

The threshold dose for pressor activity after a single

injection in anesthetized cat ventriculo-cisternal

perfusion experiments appears to be 10 ng (19).

The area postrema has been implicated as the

medullary site of action in the pressor response

to intravertebral angiotensin (22). The area postrema

is outside the blood–brain barrier and therefore

accessible to blood-borne angiotensin (22). Joy

and Lowe (29, 30) established that when angiotensin

was administered intravertebrally, a pressor response

was elicited only when medullary blood flow in the

region of the area postrema was not compromised.

When the area post rema is lesioned, the pressor re

sponse to intravertebral administration of angio ten

sin is blocked (31) and local cooling of these struc

tures can reversibly inhibit angio tensin pressor

effects (32).

After Deuben and Buckley identified the mid

brain as the region of the brain which initiates the

pressor response to intraventricular angiotensin (33),

Enoch and Kerr (34) suggested that the subnucleus
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medialis was a likely site of action to explain their

observations. The subnucleus medialis was lesioned

and the pressor response to intraventricular angioten

sin was examined in order to test this hypothesis.

It was found that lesions of the subnucleus medialis

inhibited the pressor response to intraventricular

administration of angiotensin. These data supported

the concept that the subnucleus medialis is the mid

brain site at which the pressor response to intra

ventricular angiotensin is initiated.

Gildenberg et al. (35) have demonstrated in

dogs that both the midbrain and the area postrema

respond to angiotensin, depending on the route of

administration. Intravertebral pressor responses

were abolished by area post rema ablation but not

by midbrain transection; on the other hand, pressor

responses to intravertebral angiotensin were abolished

by midbrain transection but not by ablation of the

area post rema. These data suggest that the area

post rema responds to angio tensin outside the blood

brain barrier, while the subnucleus medialis responds

to angiotensin inside the blood–brain barrier.

In summary, angiotensin II can induce a pressor

response both in the periphery and in the central

nervous system. Two central sites of action have

been defined. The subnucleus medialis, a site within

the blood–brain barrier, and the area postrema, an

area outside the blood–brain barrier, both respond
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to angiotensin with an increase in arterial pressure.

This pressor effect is mediated in part by the sym

pathetic nervous system, with effects on peripheral

resistance and cardiac output, and in part by a stim–

ulation of vasopressin secretion

C. Vasopressin Secretion.

1. Angio tensin Administered Alone.

Bonjour and Malvin (36) reported that infusions

of angiotensin II and renin in an isotonic solution

consisting of 2.5% dextrose and 0.45% NaCl into the

femoral vein in each of three conscious dogs increased

plasma vasopressin concentration in two as determined

by bioassay. This was confirmed by Uhlich, Weber

and Groeschel–Stewart (37), who found that plasma

vasopressin concentration, as determined by radio

immunoassay, increased two to four fold within 90 min

after the initiation of an intravenous infusion of

angiotensin II in humans. A significant increase

in plasma vasopressin concentration was noted within

30 min of the initiation of the infusion.

Claybaugh, Share and Shimizu (38), on the other

hand, reported that dogs anesthetized with morphine,

urethane and chloralose showed no change in plasma

vasopressin concentration, as determined by bioassay,

in response to intravenous infusions of angiotensin II.

This was true for hydrated animals as well as

animals in normal water balance. Likewise, intra
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carotid infusions of angiotensin II in dogs anesthe

tized with sodium pentobarbital did not increase

plasma vasopressin concentration. In confirmation

of these results, Cadnapaphornchai et al. (39) found

no significant decrease in free-water clearance and

no significant increase in urinary osmolality in

response to intravenous and intracarotid infusions

of angio tensin II in both water loaded and hydro

penic dogs anesthetized with pentobarbital.

The bulk of evidence from experiments in which

angiotensin was administered intravenously by itself

is negative. Thus it is not clear if intravenous

administration of angiotensin II stimulates vaso

pressin secretion. Differences in hydration, salt

balance, state of anesthesia or other physiological

factors could account for the disparity in results

among these studies. Additional experiments in

conscious animals, salt-depleted animals, and de

hydrated animals are required in order to answer

this question satisfactorily.

The effect of centrally administered angioten

sin on the release of vasopressin was first examined

by Severs et al. (1,0). In intact rats intraventri

cular administration of angiotensin II gave rise

to a dose related pressor response and induced marked

drinking behavior. Hypophysectomy reduced the pressor

response induced by centrally administered angioten
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sin II to 50% of that in the intact animal and sig

nificantly reduced the drinking behavior resulting

from the intraventricular administration of angio

tensin. Furthermore, lesions in the supraoptic

nuclei diminished the pressor response to intraven

tricular administration of angiotensin to a similar

extent as did hypophysectomy. These data suggest

that central administration of angiotensin II gives

rise to stimulation of vasopressin secretion, which is

in turn responsible for 50% of the pressor effect.

Mouw et al. (+1) examined the central action

of angiotensin in stimulating release of vasopressin

more directly. Angio tensin was infused into the car

otid artery and femoral vein, or perfused through

the ventriculo cisternal system in anesthetized dogs,

and vasopressin concentration in plasma was measured

using the blood pressure response in the alcohol an

e s thetized rat. It was found that intracarotid

angio tensin was much more effective than intravenous

angiotensin, and that ventriculo cisternal perfusion

was by far the most sensitive means of the three

in the stimulation of vasopressin secretion, since

small nonpressor doses of angiotensin II, which pro

duced no effect when administered via the carotid

artery or the femoral vein, were effective in stimu

lating vasopressin secretion. It was interpreted

from these data that angiotensin II acts centrally
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to stimulate the secretion of vasopressin. They

speculated, furthermore, that the paraventricular

nucleus is the site of action of this stimulation,

because of its proximity to the third ventricle.

The effects of centrally administered angio ten

sin II on salt and water excretion were then invest–

igated by Severs et al. (42). Angiotensin was in

jected into the lateral ventricles of two groups

of conscious rats undergoing a water diuresis. One

of the groups was permitted to drink subsequent to

the angio tensin injection, while the other was not.

It was found that the antidiuretic effect in response

to intravertebral angio tensin II occurs whether or

not the animals are allowed to drink. Furthermore,

the excretion rates of both sodium and potassium

increased in the two groups of animals. These anti

diuretic, natriuretic and kaliuretic effects of

intraventricular angiotensin II represent further

evidence that angio tensin II acts within the central

nervous system to stimulate the secretion of vas–

Opressin. This conclusion was confirmed by Keil

et al. (43), who demonstrated an increase in plasma

vasopressin concentration in response to injection

of angiotensin II into the lateral cerebral ventricle

as determined by radioimmunoassay; this increase

in plasma vasopressin concentration was dose related.
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2. Angiotensin II Administered in Combination with

Other Stimuli.

Shimizu, Share, and Claybaugh (44) examined

the potentiation by intracarotid angio tensin II of

the vasopressin response to an increasing plasma

osmolality. Angiotensin was administered via the

common carotid artery to determine if it could mod

ify the vasopress in response to intravenously ad

ministered hypertonic saline. The intracarotid in

fusion of angio tensin II alone produced no signif

icant effect on vasopressin secretion as determined

by bioassay. However, intracarotid infusion of an–

gio tensin II acted to potentiate the release of vaso

pressin in response to intravenous infusion of 2.5 M

NaCl. Similarly, Olsson and Kolomodin (145) found

that both intracarotid and intravenous infusions

of angiotensin II potentiated the antidiuretic and

drinking responses to similar infusions of hyper

tonic saline solution. The intravenous administration

of angiotensin in hypertonic saline had considerably

weaker and more delayed antidiuretic and natriuretic

effects than the similar infusions into the carotid

artery.

Although intracarotid and intravenous infusions

of angio tensin II have been shown to potentiate the

vasopressin response to increasing plasma osmolality
(414, 195), Shade and Share (146) were unable to de
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monstrate a potentiating effect of angiotensin II

on the vasopressin response to nonhypotensive he

morrhage. Infusions of angiotensin II into a com—

mon carotid artery in nonbled dogs anesthetized with

morphine, urethane, and chloralose did not increase

plasma vasopress in levels, suggesting that increases

in carotid artery plasma angiotensin II concentration

alone do not stimulate an increase in vasopressin

secretion. Subsequently, nephrectomized dogs sub

jected to nonhypotensive hemorrhage were given both

intracarotid and intravenous infusions of angiotensin

II. The angiotensin II infused groups did not demon

strate a statistically significant potentiation of

the vasopressin response to nonhypotensive hemorrhage.

These results suggest that increases in plasma an–

gio tensin concentration have little or no signif

icant effect on the volume control of vasopress in

secretion, in contrast to the potentiating effect

such increases have on the osmotic control of vaso –

pressin secretion.

Andersson and Westbye (17) have proposed that

angiotensin acts to stimulate the transport of sodium

into the cerebro spinal fluid across the ependyma.

In indirect support of this, Wolicer and Lowe (147)

have found in auto radiographic studies that labelled

angiotensin outlines the ependymal layer. Further

more angiotensin has been shown to increase the
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transport of sodium across the isolated frog skin (48).

Andersson and Westbye (17) found that while brief

infusions of 0.5 M NaCl into the third cerebral ven

tricle caused a temporary inhibition of the Water

diuresis of water-loaded goats, neither infusions

of 0.33 M NaCl nor of angiotensin II contained in

an equivalent volume of 0.12 M NaCl vehicle caused

any inhibition of water diuresis. In contrast, the

infusions of angio tensin together with 0.33 M NaCl

elicited a temporary inhibition of the water diur

esis and a concomitant rise in urinary osmolality.

In goats in normal water balance as well as in Water—

loaded goats, a synergistic action of hypertonic

NaCl and angiotensin on sodium excretion was also

observed. That is to say that the combined infusions

of angiotensin and 0.33 M NaCl induced a natriuresis

of considerably greater magnitude and of longer dur

ation than that which would occur if these agents

were infused separately and the increases in sodium

excretion were summed.

The importance of the sodium concentration of

the cerebro spinal fluid in the angiotensin-sodium

interaction in the central control of fluid balance

was examined further by Andersson, Eriksson and

Oltner (18). They performed experiments to deter

mine if the effects of angiotensin to induce inhi

bition of water diures is and increased renal sodium
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excretion are reduced by lowering the sodium con

centration in the fluid of the third cerebral ven

tricle. Third ventricular infusions of angiotensin

in 0.85% NaCl decreased free-water clearance and

increased sodium excretion to a much greater ex

tent than did angiotensin II in either glucose or

urea. Third ventricular infusions of 0.85% NaCl

produced no significant effects by itself.

Olsson and Kolomodin (45) investigated whether

angiotensin given within the blood–brain barrier

in subthreshold amounts would potentiate the effects

of intracarotid infusions of hypertonic NaCl and

fructose. The administration of angiotensin into the

lateral ventricle, in a dose which produced no sig

nificant effects on either free-water clearance or

sodium excretion rate when administered alone, in

duced a marked accentuation of the antidiuretic

response to intracarotid infusion of NaCl. Fur

thermore, the mean increase in renal sodium excre

tion rate was greater during the combined infusions

than during each infusion separately.

3. In Vitro and Iontophoretic Studies.

Although it is clear that angiotensin II can

stimulate vasopressin secretion and potentiate the

vasopressin response to hypertonic saline, the site (s)

of action of angiotensin has not been established.

Mouw et al. (4) advanced the hypothesis that the
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paraventricular nucleus is a possible site of action

on the basis of its proximity to the third cerebral

ventricle. Andersson et al. (17, 18) proposed that

angiotensin II stimulates the transependymal trans

port of sodium into the cerebro spinal fluid. They

suggested that it is this increase in cerebro spinal fluid

sodium concentration which stimulates vasopressin

secretion. However, since the blood–brain barrier

is not a barrier to water, sodium transported across

the ependyma would be followed by Water. Therefore,

while the total amount of sodium in the cerebro spinal

fluid would increase by this mechanism, the sodium

concentration would not. For this reason it appears

that Andersson's model (17, 18) is unlikely.

Studies in vivo and in vitro have been employed

to localize the site of action of angiotensin on

vasopressin secretion. Augmentation of the spon

taneous release of vasopressin from rat neuro hypo —

physes in vitro by angio tensin II was observed by

Gagnon, Cousineau, and Boucher (49). 8-alanine an–

giotensin II and 8-leucine angio tensin II, analogues

of angio tensin II known to inhibit its peripheral

actions, also prevented the vasopressin-releasing

effect of angiotensin II. These data suggest that

there are neuro hypophyseal receptors for angiotensin

II and that the interaction of angiotensin with these

receptors results in an increase in vasopressin
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secretion. Furthermore, it has been reported that

an increase in cyclic AMP precedes that of vasopres—

sin in response to the application of angiotensin

in the same in vitro system (50, 51); theophylline

and dibutyryl cyclic AMP stimulate the release of

vasopressin, but the increase was not statistically

significant (51). In addition, the structural re

quirements of angio tensin II analogues for the stim—

ulation of vasopressin secretion are identical to

those for increasing cyclic AMP (52).

Reinforcing the concept that angiotensin II

receptors are present on the neuro hypophysis, Sakai,

Marks, George and Koestner (53) demonstrated that

concentration-dependent spiking activity was elicited

from neurones of the supraoptic nucleus in tissue

culture by superfusion with angiotensin II. This

effect was blocked with specific angiotensin antag

onists. Similar findings were made by Nicoll and

Barker (54) who used iontophoresis to deposit an

giotensin II onto supraoptic nucleus cells in the

pentobarbital-anesthetized cat. Direct application

of angiotensin II excited the neurosecretory cells

of the supraoptic nucleus. The excitatory effect

of angiotensin II suggests that it may release vaso –

press in through a direct action on supraoptic neuro

secretory cells, while not ruling out indirect mech

anisms of action. Intracarotid infusion of angioten
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sin II, however, did not excite the cells of the

supraoptic nucleus (54). This evidence indicates

that the angiotensin II receptors on the supraoptic

nucleus are not stimulated from outside the blood

brain barrier. This suggests that the blood–brain

barrier in the vicinity of the supraoptic nucleus

is impermeable to angiotensin II.

While controversy surrounds reports of the stim

ulation of vasopressin secretion by peripherally

administered angiotensin, it is clear that central

administration of angiotensin is a stimulus to vaso

pressin secretion. In addition, angiotensin potenti

ates the vasopressin response to hypertonic saline

infusion. This potentiation occurs during periph

eral as well as ventriculo cisternal perfusions of

saline. Furthermore, in vitro and iontophoretic

studies have demonstrated the presence of angioten

sin II receptors on the cells of the supraoptic nu

cleus as well as the axons of these cells in the

neurohypophysis.
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II. Components of the Renin-Angio tensin System in

the Brain.

A. Renin.

Renin activity has been measured in brain tis

sue from the dog, rat, and human (55, 56, 57, 58,

59, 60). Although renin concentration in brain is

approximately 1/1000th that in the renal cortex, it

is in the same general range as in plasma (55). The

origin of brain renin does not appear to be the

kidney because it does not appear to cross the blood

brain barrier (55) and is present in the same or

increased amounts after nephrectomy (55, 56, 61).

In addition, there are significant differences in

the characteristics of brain and renal renins (55).

While the pH optimum for brain renin activity is

5.0, kidney renin in dog plasma shows an activity

plateau from pH 5.5 to 6.5. Brain tissue renin was

also found to require much lower concentrations of

tetradecapeptide to form angiotensin than kidney

renin. Furthermore, if equal amounts of brain and

kidney renin, as judged by their activity on homol

ogous dog plasma substrate, are allowed to act on

synthetic tetradecapeptide, the brain renin activity

is much greater. Another distinction is that hog

antirenin is less effective against the canine brain

enzyme than against canine plasma renin. There is

not good agreement concerning the distribution of
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renin between different brain regions; this prob

ably a reflection of differences in extraction and

assay procedures, as well as species differences.

Preliminary observations suggest that brain renin

levels increase with age (60) and may be altered

by administration of aldosterone (57), progesterone

(57) and sodium chloride (58). Renin does not appear

to be present in cerebro spinal fluid (55).

B. Angiotensinogen (Renin Substrate).

Angiotensinogen has been detected in brain tis

sue, but only in a very in a very low concentration.

Ganten et al. (55) reported a concentration of 2.5 —

3.0 ng/g, which is approximately 1/300th that in

blood plasma. In view of the substrate dependence

of the renin-angiotensinogen reaction (62), it seems

unlikely that this concentration would permit the

formation of significant amounts of angiotensin.

On the other hand, it has been reported that the

intracerebral administration of renin is an effective

stimulus to drinking (22, 63), an observation which

suggests that a substantial amount of angiotensin–

ogen is present in the central nervous system and

is readily accessible to injected renin.

Reid and Ramsay (62) found that the concentration

of angiotensinogen in the cerebro spinal fluid of

anesthetized dogs ranged from 18 to 1990 ng/ml; the

mean value of 205 + 34 ng/ml was approximately 1/5th
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the corresponding plasma angio tensinogen concentra

tion (1053 + 91 ng/ml). The total protein concen—

tration in cerebro spinal fluid was considerably less

than in plasma but the ratio of angiotensinogen to

to tal protein in cerebro spinal fluid was approxi

mately 15 times greater than in plasma. This in

dicates that the presence of angio tensinogen in cere

loro spinal fluid does not result from contamination

of spinal fluid by blood. The molecular weight of

cerebro spinal fluid and plasma angio tensinogens,

which are not significantly different from each

other, are between 55,000 and 60,000 (62).

Procedures which resulted in a striking increase

in plasma angiotensinogen concentration had no effect

on cerebro spinal fluid angiotensinogen concentration.

These data imply that plasma and Spinal fluid angio

tensinogen concentrations are regulated by different

mechanisms and that angiotensinogen does not readily

enter the cerebro spinal fluid from the blood.

C. Converting Enzyme .

The presence of converting enzyme activity in

the brain has been determined by methods which uti—

lize synthetic peptide substrates (64., 65, 66, 67).

Converting enzyme activity in whole brain is low

compared to the activity in the lungs (6'4, 65); how
ever, it is unevenly distributed throughout the brain

and relatively high concentrations have been observed
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in the striatum, the cerebellum and pituitary (66).

It is of interest that the activity in the posterior

|pituitary is approximately five times greater than

that in the anterior pituitary (67). Brain conver

ting enzyme resembles the converting enzyme of per

ipheral tissues in that it requires chloride ion

and is inhibited by EDTA and the nonapeptide SQ20881

(66, 67).

D. Angiotensinase.

Dog and rat brain contain an enzyme that in

activates angiotensin (68, 69). This enzyme is

most active against angiotensin II but also inacti.

vates angiotensin I (69). It does not affect vaso

pressin or bradykinin (69).

E. Angiotensin I and II.

Angiotensin-like activity has been extracted

from rat and dog brain and appears to include both

angiotensin I and II (55, 56). The concentration

varies throughout the brain and, in general, is con

siderably higher than in plasma, particularly in

the hypothalamus (49). However, is should be noted

that this angiotensin-like activity has only been

measured by bioassay procedures and no detailed

chemical or immunological characterization has been

carried out (70).

A pressor polypeptide resembling angiotensin I

has been isolated from the cerebro Spinal fluid of
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normal and hypertensive patients (71). The concen—

tration of this material in a group of hypertensives

was closely correlated with their blood pressure. A

problem with this study was that the material measured

as angiotensin I by bioassay could not be detected

by radio immunoassay for angiotensin I; additional

studies are required to resolve this discrepancy.

Recent studies in this laboratory (72) have failed

to detect radio immunoassayable angiotensin II in the

cerebro spinal fluid of anesthetized dogs (72).
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III. Basis of the Present Study.

The data described earlier indicate that the

receptors for some of the effects of angiotensin are

in areas of the brain where vascular permeability

is greater than usual, effectively making them out

side the blood–brain barrier. These areas include

the subfornical organ (7, 8, 9), which has been de

monstrated to be an important receptor region in

the dipsogenic action of angiotensin, and the area

postrema, a medullary site near the floor of the

fourth cerebral ventricle, which is important in the

central pressor action of angiotensin. On the other

hand, there also appear to be receptors for angio ten

s in that are inside the blood–brain barrier. For

example, although angiotensin is clearly an effective

stimulus to vasopressin secretion when administered

centrally, the bulk of evidence obtained in studies

on the effect of intravenously administered angio

tensin on vasopressin secretion is negative (38, 39).

Similarly, the subnucleus medialis has been shown

to mediate the pressor action of angiotensin when

it is administered centrally, but not during peripheral

administration. It therefore appears that there

is a population of angiotensin II receptors outside

the blood–brain barrier which are accessible to per

ipherally administered angiotensin and a separate

population of angiotensin II receptors inside the
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blood–brain barrier which are only accessible to

centrally administered angiotensin. The angioten

s in II receptors for vasopressin secretion are of

the latter population.

What is the significance of the central recep

tors which are involved in the angiotensin mediated

stimulation of vasopressin secretion? One possibil

ity is that angiotensin is generated within the brain

and would therefore be available to interact with

receptors within the blood–brain barrier. This

suggestion is based on the reports of the presence

of all the components of the renin-angiotensin system

within the brain, as described above. As a first

approach to testing this possibility, the effect

on vasopressin secretion of injecting renin into

the third cerebral ventricle was investigated. The

finding that renin is active when administered by

this route would indicate an interaction between

the injected renin, brain substrate and converting

enzyme, resulting in the formation of angiotensin II

in amounts sufficient to stimulate the secretion

of vasopressin.

After establishing by several criteria that

the central administration of exogenous renin is

a stimulus to vasopressin secretion, the next ex

periments were designed to determine if the effect
of renin on vasopressin secretion is mediated via
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the formation of angiotensin II. A competitive an–

tagonist of angiotensin II, 1-sarcosine, 8-alanine

angio tensin II or saralasin, was used to answer this

question. The finding that saralasin blocks the

stimulation of vasopressin secretion by the intra

ventricular injection of exogenous renin would in

dicate that this effect is mediated by the gener

ation of angiotensin II within the brain.

The aim of the last series of experiments was

to determine if endogenous brain renin activity can

produce the same effect as injected renin. More

specifically, does centrally generated angiotensin II

normally play a role in the control of vasopress in

secretion? This problem was also studied using sar

alasin as a tool. If central angiotensin does play

a role in the tonic control of vasopressin secretion,

central administration of saralasin would be expected

to decrease vasopressin secretion. On the other

hand, if central angiotensin does not contribute

to the tonic control of vasopressin secretion, the

saralasin would either not change vasopressin secre

ition, or increase it due to the partial agonist ac

tivity of this competitive antagonist. The latter

possibility appears to be the case.
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METHODS.

I. Animal Preparation.

Most of the experiments were performed in male

mongrel dogs weighing 12.4 – 24.2 kg. The animals

were anesthetized with sodium pentobarbital (30 mg/kg)

and cannulas were placed in a femoral artery and vein.

Additional anesthesia was administered as required.

A 20 gauge stainless steel needle was placed stereo

taxically into the third cerebral ventricle. Blood

pressure was monitored continously via the femoral

artery and blood samples were drawn from the same

femoral artery. In some animals, both ureters were

cannulated through flank incisions. Additional ex

periments were performed in conscious rats.

Changes in plasma Vasopressin concentration

were determined in two ways. In the first experiments

an indirect method based on changes in urine flow,

urinary osmolality and free-water clearance in an–

mals undergoing a water diuresis was utilized. The

use of this technique to indicate changes in vasopressin

secretion in response to various maneuvers is well

established (32, 42, 45). The data obtained from

these experiments was supported by measurements of

sodium and potassium excretion rates. Sodium ex

cretion has been shown to increase in response to

intravenous injections of vasopressin in animals

undergoing a water diuresis, while potassium excretion
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rate increases only inconsistently under the same

conditions (73 – 77). Furthermore, maneuvers which

stimulate the secretion of endogenous vasopressin

give rise to an increase in sodium excretion in an–

imals undergoing a water diuresis (4.5, 73). There

fore, changes in electrolyte excretion provide an

additional indicator of changes in vasopressin se

cretion.

To induce a water diuresis, an intravenous in

fusion of 2.5% dextrose in distilled water at 7.0

ml/min was started about one hour after surgery was

completed. This infusion produced a water diure sis

in approximately 75% of the dogs and continued for

the duration of the experiment. When a stable water

diures is had been established, five minute collections

were made from each kidney.

In order to substantiate the data obtained from

experiments in which this indirect technique was used,

additional experiments were performed in which plasma

vasopressin concentration was determined directly

by radio immunoassay. These measurements were per

formed by Dr. Lanny Keil at Ames Research Center

by a method which is currently being prepared for

publication. In some experiments both the indirect

and direct determinations of vasopressin secretion

were performed so that a correlation could be made

between these two methods.
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II. Effect of Renin on Vasopressin Secretion.

A. Effect of Intraventricular Renin on Water and

Electrolyte Excretion.

1. Experiments Performed in the Intact Dog.

After three control urine collections had been

made, hog renin (Nutritional Biochemicals) in a dose

of 0.1 Goldblatt Unit (G.U.) was injected into the

third cerebral ventricle of each of five dogs. The

renin was contained in 0.1 ml 0.9% NaCl and flushed

in with 0.15 ml 0.9% NaCl. In control experiments,

0.25 ml 0.9% NaCl was injected instead of renin.

Urine was collected for at least 35 min following

the injection. Blood samples were collected at 30

min intervals. The osmolality of each urine and

plasma sample was measured by freezing point depres–

sion. Sodium and potassium concentrations were de

termined by flame photometry. From these measure

ments and urine flow (V), osmolar clearance (C
-

U W OSM T
OSM

-

—#— ), free-water clearance (CH O T W – CPosM 2 oSM)
and the excretion rates of sodium and potassium were

calculated. The values of urine flow, urinary os

molality, free-water clearance, and sodium and potas–

sium excretion rates for each kidney were summed,

giving total rates per animal. The values of uri

nary osmolality from both kidneys were averaged,

yielding the average osmolality of the urine produced

in each kidney.
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2. Experiments Performed in the Hypophysectomized Dog.

The effect of intraventricular renin on urine

flow, urinary osmolality, free-water clearance and

osmolar clearance in hypophysectomized dogs was ex

amined as a control experiment to determine if the

effects observed on the above urinary parameters

of intact animals in response to intraventricular

renin was in fact a consequence of stimulation of the

secretion of vasopressin. Renin was injected intra

ventricularly into each of three dogs which had been

hypophysectomized by the transbuccal approach (78)

on the morning of the experiment. The protocol des—

cribed above for the intact dog receiving intraven

tricular renin in A. 1 was followed.

B. Effect of Intraventricular Renin on Plasma Vaso –

pressin Concentration.

1. Experiments Performed in the Dog.

After three control blood samples had been

collected at five minute intervals, hog renin was

injected into the third cerebral ventricle of each

of eight dogs as described above. Additional blood

samples were collected 1. 5. 3, 5, 10, 15, 30, and

60 min after the renin injection. In control ex

periments in five dogs, 0.25 ml normal saline was

injected instead of renin.

In four experiments the protocols of A. 1 and

B. 1 were followed simultaneously in the same animal
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so that urinary parameters such as free-Water clearance,

urinary osmolality, and sodium excretion rate could be

correlated with plasma vasopressin concentration.

2. Experiments Performed in Conscious Rats.

Adult male Simonsen rats (Sprague-Dawley derived)

weighing 367 g were anesthetized with sodium pen

to barbital (10 mg/kg, injected intraperitoneally)

for implantation of a cannula into the right lateral

ventricle. Three to four days were allowed for re

covery. On the day of the experiment the rats re

ceived a 10 Jal intraventricular injection of either
saline (0.85%) or renin (0.005 G.U. dissolved in

normal saline). Intraventricular renin stimulated

drinking in 76% of the rats. The animals were de

capitated immediately after the onset of drinking

(mean latency = 3.1 min); the remaining animals

were decapitated 5 min after the injection. No saline

treated rats drank, and their sacrifice time was

varied to match the renin-treated rats. Trunk blood

was collected for vasopressin radioimmunoassay. Con

firmation of the ventricular cannula placement was

obtained post-mortem by examining the distribution

of an intraventricular injection of fast green.

C. Effect of Peripherally Administered Renin.

Renin was injected peripherally in control ex

periments to determine if the effect of centrally

administered renin on vasopressin secretion is due
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to an action of renin within the central nervous

system or to leakage of renin (or angiotensin) into

the peripheral circulation.

Separate controls were performed in dogs and

in rats.

1. Experiments Performed in the Water-Loaded Anesthetized

Dog.

O. 1 G.U. hog renin was injected into the femoral

vein of each of five dogs undergoing a water diuresis.

Changes in urine flow, urinary osmolality, osmolar

clearance, and sodium and potassium excretion rates

were determined as described above .

2. Experiments Performed in the Conscious Rat.

18 rats were randomly divided into three groups

of six. They received one of three treatments:

(a) none; (b) saline, 0.5 ml injected intraperi

toneally; or (c) renin, 0.005 G.U. in 0.5 ml saline

injected intraperitoneally. They were sacrificed

after 5 min and plasma samples were collected for

determination of plasma vasopressin concentration

by radioimmunoassay.

III. Effects of Saralasin.

Saralasin (Norwich Pharmacal Co.) was adminis

tered intraventricularly in dogs in order to (a)

determine if the effect of centrally administered

renin on vasopressin secretion is mediated via the

formation of angiotensin II and (b) to determine
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if endogenous brain angiotensin II plays a role in

the control of vasopressin secretion.

A. Effect of Saralasin on the Vasopress in Response

to Intraventricular Renin.

In each of five intact dogs undergoing a water

diuresis, renin was injected intraventricularly as

described above following intraventricular administration

of saralasin. The saralasin was given initially in

a single dose of 10 pug. This dose of saralasin pro

duced an antidiuresis. When the water diures is had

reestablished (30 – 50 min later), a second 10 }lé

dose of saralasin was given. This had no effect

on urine flow in three of the animals and 13 — 25

min later renin (0. 1 G.U.) was injected into the

third ventricle and flushed in with saralasin (15 pig).
In two animals however, the second dose of saralasin

again produced an antidiuresis. In these animals,

a third dose of saralasin was given 25 min later,

when the Water diuresis had reestablished; this

did not affect urine flow and 10 – 35 min later the

renin was injected and its effects on water and el

ectrolyte excretion were determined as in II. A. 1.

B. Effect of Saralasin on Vasopressin Secretion.

In order to determine whether endogenous central

angiotensin II contributes tonically to the stim–

ulation of vasopressin secretion, 15 }*g of saralasin

was injected into the third ventricle of each of
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six non-water loaded, pentobarbital anesthetized

dogs. Blood samples were collected for radioimmuno

assay of vasopressin using the same protocol as that

utilized in the intraventricular renin experiments

described in II. B. 1.

IV. Effect of Intravenous Angio tensin on Vasopressin

Secretion.

The effect of intravenous infusion of angiotesin II

on plasma vasopressin concentration was investigated

as a preliminary investigation of the effect of a

sustained intravenous infusion of angiotenin II on

vasopressin secretion. After three control blood

samples had been collected, angiotensin II was infused

intravenously at a rate of 1.0 pg/min for 30 min

in each of four dogs. Blood samples were obtained

at 1.5, 5, 10, 20, and 30 min after the initiation

of the infusion. Two blood samples were drawn at

10 and 30 min following cessation of the infusion.

STATISTICAL EVALUATION.

All results are expressed as the mean E S.E. .

Statistical evaluation was performed with the paired

t–test for comparisons within the same group and

the unpaired t-test for comparisons between groups.
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RESULTS .

I. Effects of Intraventricular Renin.

A. Effects on Water and Electrolyte Excretion.

1. Experiments Performed in Intact Dogs.

The effect of intraventricular renin on urine flow,

urinary osmolality, free-Water clearance, osmolar clearance

and electrolyte excretion in five dogs undergoing a Water

diuresis are shown in Table I (Figure 1). In the 20–25 min

period following the administration of renin, urine flow

decreased from 4.6 + 1.3 to 1. 1 + 0.2 ml/min (P º 0.04);

this was associated with an increase in urinary osmolality

from 106 + 20 to lºl, 9 + 90 mosm/kghz0 (P × 0.03) and a

decrease in free-water clearance from 3.0 + 0.3 to

-0.6 + 0.3 ml/min (P º 0.03). Sodium excretion increased

from 59.4 + 17.2 to 136 + 31.6 peg/min (P< 0.03) (Figure 2).

The tendency for potassium excretion rate to increase from

55.0 + 14.8 to 72.8 + 22.2 peq/min was not statistically

significant (Figure 2). The increase in electrolyte

excretion accounts for the increase in osmolar clearance

from 1.3 + 0.1 ml/min to 2. 1 + 0.3 ml/min, although this

change was not statistically significant (P K 0.08).

In three of the five dogs, mean arterial blood

pressure increased following intraventricular renin

(mean increase 12 mmHg) and remained elevated for the

duration of the experiment. Blood pressure increased

transiently in the fourth dog and did not change in

the fifth. Taking the mean of all five dogs, blood
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Figure 1. The effects of intraventricular renin

on urine flow, urinary osmolality, free-Water clearance,

and osmolar clearance in anesthetized dogs undergoing

a water diuresis.
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Figure 2. The effects of intraventricular renin

on sodium and potassium excretion rates in anesthetized

dogs undergoing a water diuresis.
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pressure increased from 136 it 8 to 143 + 9 mmHg and

remained at this elevated level for the duration

of the experiment.

2. Experiments Performed in Hypophysectomized Dogs.

In order to reinforce the concept that the ef

fects of intraventricular renin on urine flow, uri

nary osmolality, free-water clearance and sodium

excretion were a consequence of an increase in plasma

vasopressin concentration, the effect of intraven

tricular renin in hypophysectomized dogs was determined.

The results are summarized in Table II. In three

hypophysectomized dogs undergoing a water diuresis,

urine flow, urinary osmolality, free-water clearance,

and osmolar clearance were in the same range as in

the intact dogs but did not change significantly

following intraventricular renin. Blood pressure

increased in two of the dogs (5 and 10 mmHg) but

did not change in the third.

B. Effects of Intravenous Renin on Water and Electro

lyte Excretion.

Experiments in which renin was administered

intravenously are controls to those studies in which

renin was injected intraventricularly. The purpose

of these controls was to determine whether the effects

of intraventricular renin result from leakage of

renin the renin into the periphery. The effects

of intravenous renin on urine flow, urinary osmolality,
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free-Water clearance, osmolar clearance, electro

lyte excretion and blood pressure in five dogs under

going a water diuresis are shown in Table III. There

were no statistically significant changes in any of

these parameters, although urinary osmolality and

osmolar clearance showed a tendency to decrease.

There were also no statistically significant changes

in sodium or potassium excretion, or in arterial

blood pressure. These data indicate that the dose

of renin which stimulated vasopressin secretion when

administered centrally was ineffective when administered

intravenously.

C. Effect of Intraventricular Renin on Plasma Vaso –

press in Concentration.

1. Experiments Performed in the Dog.

The effect of intraventricular renin on plasma

vasopressin concentration was determined, utilizing

radioimmunoassay, in order to determine more directly

if the effects of intraventricular renin on water

and electrolyte excretion resulted from an increase

in plasma vasopressin concentration. In eight non

water loaded dogs, six of which were anesthetized

and two of which were conscious, intraventricular

renin caused plasma vasopressin concentration to

increase from 13.6 + 2.2 to 21. 1 + 3.4 pg/ml (P K 0.01)

ten minutes after administration (Table IV).

On the other hand, intraventricular saline produced
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no significant change in plasma vasopressin concentration

(Table IV). Intraventricular renin increased mean

arterial blood pressure by 6 mmHg ten minutes after

administration, whereas intraventricular normal saline

had no significant effect on arterial blood pressure.

In order to correlate the effect of intraven

tricular renin on free-water clearance with its effect

on plasma vasopressin concentration, both of these

measurements were made in each of four dogs (Table V,

Figure 3). In these animals, plasma vasopressin

concentration increased from 5.0 + 0.7 to 13.4 + 1.7

pg/ml (P × 0.01) ten minutes after intraventricular

renin, while free-water clearance decreased from

3.7 ± 1.3 to +0.8 + 1.0 ml/min (P K 0.02). Mean

arterial blood pressure increased by 9 mmHg ten

minutes after intraventricular renin. A seemingly

paradoxical result is that osmolar clearance decreased

rather than increased during the period from 15–45 min.

Although this suggests a decrease in electrolyte

excretion during this period, these data are not

necessarily inconsistent with an increase in vaso

pressin secretion. The most likely explanation for

these data is that during the 10–15 min period, the

n was reduced from four to three due to the untime ly

death of one of the dogs. Because there was a great

deal of variation among animals with regard to os

molar clearance, reduction in n could very well ac
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Table
V(a).Effectsof

intraventricularreninonplasma vasopressinconcentration
andarterialbloodpressure
in

anesthetizeddogsundergoing
a
waterdiuresis.
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in
anesthetizeddogsundergoing
a
Waterdiuresis.

–10–5O510152O253035l,0ly5505560 tototototototototototototototo
–5O510152O253035l,0ly550556065

W

(ml/min)5.45.75.5!!.03.41.81.61.31.31.31.01.31.81.82.0

-F1.3
+1.2+1.5+1.3
+0.8+0.8+0.7
#0.6±0.5+0.5+0.4+0.6+0.8+0.8+1.O

"os■(mosm/kghzo)
11.2125121,1147249311,377l;13lºl,O503617619615605600

--69+5!!--!!!!#39+74+69+91+162+183+212+353+369+388+405+/-16

*H.0(ml/min)+3.5+3.7+3.8+2.2+0.8+0.3O0
-0.1–0.2-0.3–0.2–0.2+0.1+0.1 2it1.3+1.3

+1.4+1.3
+1.0+0.7±0.4+0.2+0.2+0.2+0.3+0.4+0.3+0.7±1.0 °osM(ml/min)1.92.02.02.12.61.91.61.41.41.41.31.42.01.62.0

+0.1+0.3+0.2+0.4+0.3+0.5+0.3+0.4+0.4+0.3+0.3+0.2+0.5+0.3+0.1

Nl,l,lyl,l,l,333333333

Reninwasinjected
attime
0inadoseof0.1GoldblattUnit. Eachvaluerepresentsthemean

+
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count for this apparent decrease in osmolar clearance.

2. Experiments Performed in the Rat.

The effect of intraventricular injection of

O. 005 G.U. renin or saline in 17 conscious, non

water loaded rats is shown in Figure 4 (Table VI).

Intraventricular renin stimulated drinking in 13

of the animals with a mean latency of 3. 1 + 0.3 min.

Plasma vasopressin concentration in the saline treated

rats was 0.4 + 0.2 pg/ml. In the renin treated rats,

plasma vasopressin concentration was significantly

higher (P K 0.001), averaging 5.6 + 1.0 pg/ml. There

were no significant differences between plasma vaso –

pressin concentration in rats receiving either no

injection, or intraperitoneal injections of 0.5 ml

normal saline or 0.005 G. U. renin, thus reinforcing

the concept that the effect of intraventricular renin

on vasopressin secretion is a central one.

II. Effects of Saralasin.

A. Effect of Saralasin on the Vasopressin Response

to Intraventricular Renin.

After establishing that injection of renin into

the third ventricle of the dog or the lateral ven

tricle of the rat is a stimulus to vasopressin secretion

by three independent criteria, namely decreased water

excretion, increased electrolyte excretion and in

creased plasma vasopressin concentration, experi

ments were performed to determine if renin stimulates
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TableVI.Effectsof
injectingreninintothelateral ventricle

of
consciousratsonplasmavasopressinconcen— trationanddrinking.

N

DrinkingLatencySacrificeTime*ADH(pg/ml)

(min)(a)(min)

Intraventricular
12(b)3.37
+
0.330.39+0.170.85%saline (10pl)

Intraventricular
173.08+0.263.53+
0.285.56
+
1.03renin(.005G.U.)(cin0.85%saline (10pul) No

treatment
6(b)5.00.49
+
0.36

Intraperitoneal
6(b)5.00.49
+
0.360.85%saline (0.5ml)

Intraperitoneal
6(b)5.00.38+0.24renin(.005G.U.) in0.85%saline (0.5ml) (a)Sacrificetimesnot

significantlydifferentbetweengroups.(b)Noneoftheseanimalsdrank.
ON(c)PK
0.001comparedwith10pil

intraventricular0.85%saline.
C EachvaluerepresentsMean
+
S.E..
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Vasopressin secretion directly or via the generation

of angiotensin II. The later mechanism appeared

plausible since, as described earlier, both renin

substrate and converting enzyme are present within

the central nervous system. Saralasin was used to

answer this question. It was found that sarals in

exhibited agonist activity, producing effects on

water and electrolyte excretion which resembled

those produced by intraventricular renin, but which

were of lesser magnitude and shorter duration (Table

VII). In the 15–20 min period following intraventri–

cular injection of saralasin, urine flow decreased

from 6.1 + 0.4 to 3.5 + 0.7 ml/min (P K 0.02), uri–

nary osmolality increased from 84 + 18 to 215 + 53

mosm/kghzo (P K 0.05) and free-water clearance de
creased from 4.3 + 0.6 to 1. 1 + 0.9 ml/min (P K 0.03).

Osmolar clearance did not change significantly. So

dium excretion increased in three animals, but the

mean change from 84.7 ± 27.5 to 122.6 + 31.1; PEq/min
was not statistically significant. There were no

significant changes in potassium excretion or ar

terial blood pressure.

Given in multiple doses in the fashion described

in "METHODS", saralasin completely abolished the

effects of intraventricular renin (Table VIII).

Water and electrolyte excretion during the control

period in the saralasin treated dogs were in the
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TableVII.Theeffectsof

intraventricularsaralasinacetateon urineflow,urinaryosmolality,free-Waterclearance,osmolar clearance,electrolyteexcretionandarterialpressure
in

anesthetizeddogsundergoing
a
waterdiuresis. -15-ia---
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+
S.E.of
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TableVIII.Theeffectsof

intraventricularreninonurine flow,urinaryosmolality,free-Waterclearance,osmolar clearance,electrolyteexcretion,andarterialpressure
indogspre-treatedwithsaralasinacetate.

Time(min)-15-10–5O51015202530

totototototototototo -10–5O510152O253035 l,.95.35.35.55.I.5.In5.ly5.76,26.5
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same range as those in the untreated dogs but did

not change significantly following intraventricular

renin. Arterial pressure also did not change signif

icantly in these animals. These data indicate that

the effects of intraventricular renin on vasopressin

secretion and blood pressure are mediated via the

formation of angio tensin II.

B. Effect of Saralasin on Plasma Vasopress in Concentration.

Having established that intraventricular renin

stimulates the secretion of vasopressin and that

this effect is mediated by the generation of angio

tensin II, experiments were performed to determine

if endogenous brain renin activity can produce the

same effect. Saralasin was used as a tool to an–

swer this question. The rationale for this exper

iment was that if a "brain renin-angio tensin system"

exerts a tonic stimulation on vasopressin secretion,

then this stimulation would be blockable with a

competitive antagonist of angiotensin II. These

experiments were performed in five non-water loaded

anesthetized dogs. The results are summarized in

Table IX. Intraventricular saralasin increased

plasma vasopressin concentration in four animals

and had no effect in one ; in no animals did plasma

vasopressin concentration decrease. Overall, mean

plasma vasopressin concentration increased from

13. 6 + 5. 7 to 23.5 + 8.7 pg/ml (P K 0.07) at 30 min
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TableIX.Theeffectsof

intraventricularsaralasinacetate onplasmavasopressinconcentration
andarterialpressure
in

non-waterloaded,anesthetizeddogs.

Time(min)-10–5O1.53.05.010.0
15.030.060.0 FADE(re/*)#;;;;;;;;;;; PX0.2>0.2>0.2<0.07(0.07(0.07

X0.2 A.B.P.(mmHg)105106108112105109108105102iº

+7--6+7--8--8+5#5–648 1.
Saralasinactetatewasinjected
attime
0inadoseof20Aug. 2.Eachvaluerepresentsthemean

±
S.E.of
observationsmadein fiveanimals.

3.P
valuesreferto
comparisonswiththe0mincontrol.
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after intraventricular injection. Intraventricular

saralasin had no significant effect on arterial blood

pressure.

III. Effect of Intravenous Angio tensin II on Plasma

Vasopressin Concentration.

Intravenous infusion of angiotensin II in four

anesthetized dogs had no significant effect on plasma

vasopressin concentration (Table X). Plasma vasopressin

concentration was 13.4 + 0.6 pg/ml before the an–

giotensin infusion and 13.6 + 1.9 pg/ml at the end

of the infusion. Mean blood pressure was elevated

by 30 mmHg in each of the animals during the infusion

of angiotensin II.
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TableX.Theeffectofan
intravenousinfusion
of
angiotensin
II onplasmavasopressinconcentration

in
non-waterloaded,anesthetized dogs.

Time(min) PADH(pé/ml)

Angiotensin
IIwasinfusedfromtime
0
until30mininadoseof 1

jug/min.Eachvaluerepresentsthemean
:S.E.of
observations madeinfouranimals.
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DISCUSSION.

When the experiments to determine the effect

of intraventricular renin on vasopressin secretion

were initiated, no radioimmunoassay to determine

plasma vasopressin concentration was available.

Therefore, changes in free-Water clearance, urinary

osmolality, urine flow and sodium excretion rate

were used as indices of changes in plasma concen—

tration. These parameters have been used extensively

by other investigators to study the effects of a

variety of maneuvers on vasopressin secretion (19,

21, 30, 31).

Following intraventricular administration of

renin, a prompt and marked decrease in urine flow

was observed. This antidiuretic effect apparently

resulted from an increase in vasopressin secretion

because it was accompanied by a parallel decrease

in free-water clearance and a reciprocal increase

in urinary osmolality with no significant change

in osmolar clearance. Additional evidence for an

increase in vasopressin secretion was provided by the

observation that the antidiuresis was accompanied by
an increase in urinary sodium excretion, a characteristic

action of vasopressin in animals undergoing a water
diuresis (73–77). Furthermore, the antidiuretic

effect of intraventricular renin was completely abol
ished by hypophysectomy.



69

The initial assumption that changes in Water

and electrolyte excretion are valid indices of changes

in vasopressin secretion was reaffirmed by the ex

periments in which plasma vasopressin concentration,

as measured by radio immunoassay, was observed to

increase following intraventricular renin. Furthermore,

it was observed that the increase in plasma vasopressin

concentration, as detected by radioimmunoassay, pre

ceded the decrease in free-water clearance.

The absence of an effect on vasopressin secretion

of intraventricular injection of normal saline in

dicates that the increase in plasma vasopressin con

centration produced by intraventricular injection

of renin was not an artifact of injection or the

saline vehicle.

The effect of renin to increase plasma vasopressin

concentration clearly resulted from an action of renin

in the central nervous system. When the same dose

of renin was injected intravenously, no significant

effect on water or electrolyte excretion or blood

pressure resulted. Furthermore, recent studies in

this laboratory indicate that neither renin nor an–

gio tensin gain access to the blood following intra

ventricular administration (72). Therefore, the

actions of intraventricular renin, as well as of

the angiotensin generated by this renin, must be

confined to the central nervous system.
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To determine if the stimulation of vasopressin

secretion by intraventricular renin was mediated

via the formation of angiotensin II, the effect of

intraventricular administration of saralasin, a com—

petitive antagonist of angiotensin II, was studied.

This agent exhibited some agonist activity and pro

duced an antidiures is similar to , but not as marked

as, that produced by intraventricular renin. Ad

ministration of a second dose of saralasin after

the diuresis had reestablished was without effect

in three animals, presumably indicating that the

angio tensin II receptors were blocked. In two an–

imals, however, a third dose of the antagonist was

required. Administered in this fashion, saralasin

completely prevented the stimulation of vasopressin

secretion by renin, thus providing evidence that

this effect is mediated via the formation of angio

tensin II within the central nervous system. It

seems that the effectiveness of saralasin was due

to specific blockade of angiotensin II receptors;

however, a possibility exists that the repeated ad

ministration of saralasin, producing an agonist effect

on vasopressin secretion, may have depleted vasopressin

secreting cells of stored vasopressin. This possibility

is unlikely. Another possibility is that repeated

administration of saralasin resulted in tachyphalaxis

at the angiotensin II receptors modulating the stim—
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ulation of vasopressin secretion. Tachyphalaxis

at angiotensin II receptors would not affect the

responsiveness of these cells to stimulation by

renin, if it were a stimulus, or to any other stimuli.

In fact, if tachyphalaxis did occur, it would serve

as an effective blockade of angio tensin II receptors.

Under such a state one could also study whether the

vasopressin response to intraventricular renin was

mediated by angio tensin II. The present findings

are consistent with a report from this laboratory

that centrally administered renin has marked dipso -

genic and pressor effects which are mediated via

the formation of angiotensin II in the central ner

vous system (62).

As described earlier, renin or a renin-like

enzyme has been reported by several investigators

to be present in brain tissue. In addition, con

verting enzyme activity has been demonstrated in

brain tissue and renin-substrate is present in cere—

bro spinal fluid. These data, taken together with

the data showing that intraventricular, but not

intravenous, angiotensin II stimulates the secretion

of vasopressin, raise the possibility that there is

a brain renin-angiotensin system which exerts a tonic

stimulatory input to the vasopressin secreting neurones

in the supraoptic nucleus.

To test this possibility, saralasin was again
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used as a tool. Since saralasin is a partial agonist,

its ability to act as an antagonist is a function

of the concentration of primary agonist, angioten

sin II (93, 94). When no angiotensin II is present,

saralasin will manifest its weak agonist properties.

If, however, significant amounts of angiotensin II

are present, the drug Will act as an antagonist.

Thus, if centrally formed angiotensin II is a tonic

stimulus to vasopressin secretion, saralasin should

block this stimulatory input and thereby decrease

plasma vasopressin concentration.

In the present experiments, vasopressin secretion

was either increased or unchanged following intra

ventricular saralasin; in no animals did it decrease.

Intraventricular saralasin also had no effect on arterial

blood pressure. In line with the partial agonist

activity of saralasin, one can infer from these data

that angio tensin II is not present at central re

ceptor sites, which mediate an increase in vasopressin

secretion or blood pressure, in amounts sufficient

to serve as a tonic stimulatory input to vasopressin

secretion or blood pressure in the anesthetized dog.

This interpretation is consistent with the finding

from this laboratory that there is no measurable

amount of angiotensin II within the cerebro spinal

fluid withdrawn from the cisterna magna of the an–

esthetized dog (72). Therefore, in situ, central
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angiotensin II does not appear to act as a tonic

stimulus to vasopressin secretion in the anesthetized

dog.

The data showing that an intravenous infusion

of angiotensin II had no effect on plasma vasopressin

concentration is consistent with the findings of

others (38, 39). However, the elevation in arterial

blood pressure of 30 mmHg throughout the infusion

may have counteracted an excitatory effect of an

giotensin on vasopressin secretion. Thus, unless

blood pressure elevation and other negative inputs

to vasopressin secretion are adequately controlled,

a definitive statement on the effect of intravenous

angiotensin II on plasma vasopressin concentration

cannot be made .
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CONCLUSIONS.

The major conclusions which can be drawn from

these studies are as follows:

1. When exogenous renin is administered intraven

tricularly, either into the third cerebral ventricle

of the dog or into the lateral cerebral ventricle

of the rat, there is an interaction between central

renin-substrate and converting enzyme resulting in

the generation of angiotensin II.

2. The angiotensin resulting from the interaction

of exogenous renin with endogenous central renin

substrate and converting enzyme is generated in amounts

sufficient to decrease urine flow and free-water

clearance, and increase urinary osmolality and sodium

excretion rate. These findings suggest that this generated

angiotensin II stimulates the secretion of vasopressin.

3. Renin stimulates the secretion of vasopressin
-

when it is injected into either the third or lateral

cerebral ventricles. This conclusion is based on

direct measurements of plasma vasopressin concentration

by radioimmunoassay.

4. These findings are consistent with the existence

of a central renin-angiotensin system.

5. Injection of saralasin into the third cerebral

ventricle increases, rather than decreases, vasopressin

secretion. Thus, if there is a central renin-an

giotensin system, it does not appear to participate

in the tonic control of vasopressin secretion in
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