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The Effect of Altered Sodium Balance upon

Renal Vascular Reactivity to

Angiotensin II and Norepinephrine in the Dog

MECHANISMOF VARIATION IN ANGIOTENSIN RESPONSES

JUAN A. OLIVER and PAUL J. CANNON,Department of Medicine, College of
Physicians and Surgeons, Columbia University, New York 10032

A B S T RA C T The mechanism whereby the vasocon-
strictor response to angiotensin II (A,,) is influenced
by sodium balance or disease is unclear. To explore
this question, the renal vascular responses (RVR) to
intrarenal injections of subpressor doses of A,, and
norepinephrine were studied in dogs with an electro-
magnetic flowmeter. Acute and chronic sodium deple-
tion increased plasma renin activity (PRA) and blunted
the RVR to A,,, while acute sodium repletion and
chronic sodium excess plus desoxycorticosterone ace-
tate decreased PRA and enhanced the RVR to All.
The magnitude of the RVR to Al1 was inversely re-
lated to PRA. The RVR to norepinephrine was un-
affected by sodium balance and was not related to
PRA. Inhibition of the conversion of angiotensin I
to Al, by SQ 20,881 during sodium depletion lowered
mean arterial blood pressure (MABP), increased
renal blood flow (RBF), and enhanced the RVR to
Al, but not to norepinephrine. Administration of
bradykinin to chronically sodium-depleted dogs also
lowered the MABPand increased RBF but had no
effect on the RVR to A11. SQ 20,881 had no effect
on MABP, RBF, or the RVR to Al1 in the dogs with
chronic sodiuni excess and desoxycorticosterone ace-
tate. Administration of indomethacin to chronically
sodium-depleted dogs lowered RBF but did not in-
fluence the RVRto A,,.

The results indicate that the RVRto A,, is selectively
influenced by sodium balance and that the magnitude
of the response is inversely related to the availability
of endogenous AII The data did not suggest that the
variations in the RVR to A,, were because of direct
effects of sodium on vascular contraction, changes in
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the number of vascular Al, receptors, or the renal
prostaglandins. The results are consistent with the
hypothesis that the vasoconstrictor effect of A,1 in
the renal vasculature is primarily dependent upon
the degree to which the A,1 vascular receptors are
occupied by endogenous hormone.

INTRODUCTION

Changes in sodium balance are a major stimulus regu-
lating the activity of the renin-angiotensin system.
During sodium depletion, there is an increase in the
concentration of circulating angiotensin II (1). The
administration to sodium-depleted animals or to hui-
mans of pharmacological agents that prevent the
formation of angiotensin 11 (All)' or that compete with
this polypeptide for its vascular receptors, induces a
drop in arterial blood pressure with little or no change
in cardiac output (2-5). Despite the fact that the
vasoconstrictor action of Al appears to be essential
for the maintenance of normal blood pressure during
sodium depletion, the pressor and vascular responses
to exogenously administered octapeptide are greatly
reduced in this condition (6-12). Conversely, there
is an enhancement of the pressor and vascular re-
sponses to Al1 in situations of sodium excess (7-9, 12).
Differences in the pressor responsiveness to Al have
also been reported in a variety of diseases including
cirrhosis with ascites (9, 13, 14), nephrosis (14),
malignant and reniovascular hypertension (7), Bartter's
syndrome (15, 16), and Addison's disease (17). The
mechanisms underlying these variations have not been
clarified.

'Abbreviationis used ini this paper: A1, angioteiusii I;
A11, angiotensin II; CEI, converting enzyme inihibitor; DOCA,
desoxycorticosterone acetate; PRA, plasma reniii activitv.

The Journal of Clinical Investigation Volume 61 Marchi 1978 *610-623610



Four major hypotheses have been proposed to ex-
plain the inverse relationship l)etween the state
of sodium balance and the magniitude of the vascular
response to A,,: (a) that sodiumii has a direct effect
upon the contractile response of vascular smiiooth
muscle induced by A,, (9, 11, 18), (b) that the vaso-
constrictor response to exogenous A,, is inversely re-
lated to the degree to which the vascular All re-
ceptors are occupied by endogenouis polypeptide
(6, 19), (c) that the concentratioin of All receptors in
vascular smooth muscle is variable and that this con-
centration determines the vascular response to the
hormone (20), and (d) that the vasoconstrictioni pro-
duced by Al, is modulated by the conicomitant vaso-
dilator action of other hormones with opposing effects
(e.g., prostaglandinls) (21).

The present study was designed: (a) to claracterize
the effect of chaniges in sodiumil balance Uponl the
renal vascular reactivity to A1l and to norepiniephrine,
and (b) to test the hypothesis that variatioins in the
renal vascular response to A,, result from comiipetition
between endogenous and exogenous hlormonie for
the same vascular receptors. The renial vasculature
was chosen for study because blood flow responses to
injections of A,, into the renal artery can be elicited
without alterations in systemic hemodvniamiiics and
because endogenous levels of reniin and Al, are higher
in the kidney than in the general circulation (22).

The renal blood flow responises to injections of
exogenous All and norepinephrinie into the renal
arterv were measured in anesthetized dogs in which
the endogeniouis activity of the reniin-angiotenisini
sy stem had been altered by inducinig acute or chroniic
alterations of sodiumii balance.

In other experimiienits, the amount of endogenous
All available Nwas reduced by the admiiniistration of
the synthetic nonapeptide, L-Pyroglutamic acid(Pyr)-
Tp)-Pro-Arg-Pro-Glin-Ile-Pro-Pro (SQ 20,881), which
blocks the conversion of angiotensin I (A1) to All by in-
hibiting the angiotensiin-converting enzyme (23). In
this manner, the effect of a decrease in endogenous
A,, on the renal vascuilar responses to All and
norepinlephrine was examinied in the absence of a
change in the balance of sodium.

Finally, studies of renial vascular reactivity to the
two hormones were performiied before anid after ad-
ministration of the inhibitor of prostaglandin sVn-
thetase, inidomethacin.

The results of the studies coinfirmii that changes in
sodium balanice selectively alter the renal vasctular
responses to All anid that Al1 contril)utes to the conitrol
of renial vasctular tone duirinig sodiuim depletion. Mlore-
over, the data provide evidence that the varied renial

0lood flow responses to All olserved inl differenit
states of sodiu mbalance resuilt primarily from a comlpe-
tition between endogeniouis anid exogeniouis hormiionie

for the samiie vascular receptors so that diminished
flow responses occur wheni the vascular receptors are
occupied by endogenous octapeptide.

NI ETHODS

Experimental animals
The experiments were performedl with 37 female mongrel

dogs, weighing 15-25 kg, that were mlEainltainled in three
different states of socliumiil balance: (a) 13 animnals were
maintained on a nornmal chow diet (Responid 2,000, Agway
Country Foods, Agway, IIne., Syracuse, N. Y.) which pro-
vided a sodiumn intake of' 80-100 me(q per day. (b) Dietary
sodliumil depletioin was inldutced in 19 dogs by the injectioni of
10( mg of furosemiiide intramuscularly 9 and 10 days before
study followed by adnministrationl of a diet (hi/d diet,
Riviana Foods Ine., New York) which provided less than
5 mqe( of soclium per day. This resulted in a weight loss from
22.0±0.6 to 21.1+(0.6 kg (mean -SE; P < 0.001); the meani
urinarv sodium conicentration in these aniimals was 5.2
±1.5 meq/liter (mean±SE) on the day of the study. (c) A
positive sodliulim balance was produced in five dogs 1b
adminiistrationi of 10 mg of desoxycorticosterone acetate
(DOCA) intramuscularly each day for 8-10 days before
study and- b supplemiienitinig the normal chow diet with
15 g of salt daily (258 me(q Na+). The xveight of these dogs
inereased slightly froml 21.9+1.0 to 22.6+0.7 kg (NS). On
the day of studv their mean urinary sodium coneenitrationi was
142+±2 meq/liter. Tap water was allowed ad libitum to all
dogs.

Experimental preparation
Anesthesia was induced with intravenous pentobarbital

sodlium (30 mg/kg) andc maintained with periodic additionial
doses. After cannllulationi of the trachea, the clogs were
ventilated with a positive pressure respirator (Harvardl
Apparatus Co., Inc., NMillis, MIass.). The urinary bladder
was catheterize(d with a Foley catheter for urinie collectioni.
Arterial bloo1( pressure was moniitored from a polvethvlene
catlheter placed in the right femiioral artery xwith a P23 Db
Stathamii pressure transducer (Statham Instrumilents, Inc.,
Oxncarcl, Calif:) anid was recorded continuously on a modlel 7
polygraph (Grass Instrumilenit Co., Quincy, Mass.). For
miieasuremieint of cardliac output, 1.4 ml of indocvanine (cardio-
green) dye solution conitainiing 2.5 mg/miii of dye was inljected
into the right atriumil via a catheter in the right jugular
vein. Arterial blood w.,as withdrawn via a catheter in the
left femiioral artery through a densitometer (Gilford Instrui-
mlenit Laboratories Inc., Oberlin, Ohio, model 103 IR) at
15 ml/min. After recordinig the curves on a strip chart re-
cordler (680M, Hewlett-Packard Co., Palo Alto, Calif.),
the blood was reinfused into the animilal. The densitomiieter
was calibrated at the end of each experimenit with blood
conitainiing dye conicenitrationis wvithin the range of those
obtainled during the study. Cardiac output was calculatedl
by standard methods and each measuremenit represents an
average of two or three dye dilution curves. The urinary
sodlitiumi conicenltrationi was imeasuire(d hv flame photometrY
(Inistrulmenitationi Laboratory I nc., Lexingtoni, Mass., imodel
143). Plasmiia renini activity (PRA) in arterial 1lood( was
measuired by the method of Sealev et al. (24).

For meeasturemiienit of renial 10loo0( floy, the left kidney
wvas exposeed by a flank inlcisioIn andcl a noncannulating
electromiiaginetic flow prob)e of appropriate diamlleter was
placedd oni the renal artery. Ouitpuit f'romii the flowmeter
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(Caroliil NIedical Electronicis, Inc., King, N. C., model
501) was continuously recordled oni the Grass poly7graph.
Zero floNw was (leterminie(d hvN a b)rief occlusion of the renal
artery dlistal to the probe imimiecliately after its application
ani d a t the eid(1 of the exp)eriment. At least 1 h was allowed(
to elaipse after surgery l)efore miakinig conitrol mileasnirenmenits.

To test the reactivity of the renal vasculature to the pressor
agenits, a smllulil tv-goni catheter (outside diaimileter = 1.016 mm,
iii(le (diaitmeter = 0.610 mm) was iniserte(l inlto the left
reiial artery proximiial to the flow probe by the method of
Her(d and(I Barger (25). The lInme of the catheter was kept
patent by ani iniftisioni of isotonic sialine at 0.04 ml/min vxith a
Harvard iniifisionl ptimp (Htrvard Apparatns Co., Inc.).
Doscs of Al1 (Hypertensin, Ciba Corp., Suimmlait, N. J.) ani(d
norepinephrine (Levophed, Winthrop Labs., Dix. of Sterlin g
l)rug, New York) were dissolved in 0.5 ml of' 0.9% saline
for administration into the renial artery throuigh the caitheter.
Ini ipreli minary experiments, constant initr.areiail inifuisions
of Al1 or ntorepiniephrinie dcid not induce steady-state changes
in r-enal blood flow, comifiromilig observations reporte(l 1b
otheris (21). Both hormiones, thierefore, were adiniilistered as
single bolms injections by increasinig the Harvard pUimp
infuision rate to 0.4 ml/mnm. Recovery periodfs of 5-15 ril)
were alloved between doses and the se(qtuenice of adiminis-

tratiomi wkas varied randomlyll. The maximal renal blood flow
chanige induwcedl by eatch dlose xas choseni as the inidicator
of the renaitl vascular response; this usually occurred 5-15 s
after the adminiistrationi of the hormonies.

In the stui(lies with the convxerting enlzyme inhibitor
(C'El), ai dose of 0).25 mg/kg of SQ 20,881 dissolved in 1t)
ml of' saline wvts adiniliistere(d intravenously. The degree to
which this close inhibited the coxversion of' Al to All xvas
assessed in six (logs w,,ith dietary socliuim depletion by ileas-
Lirinig the response( of arterial 1)lood presstire dIurinig 5-mmlin
intra\,enoims iniftisiolis of A1 (0.4 )ug/kg per mill) before andc
aifter a(diniliistraitionI of ("EI. Durinig the conitrol period, A1
increased miieani atrteriatl 1)l00(1 pressure 1y 45±11 mmHg
(mean ± SE) wvhile atfter CEI the saiiile (lose of Al inicreasedl
arterial 1)l00(1 pressure 1b only 19±4 mm,Hg (P < 0.02).
Ill conitrast, the I)ressor effect of Al increasedl aftfer CEl
f'romil 2_3±3 mmllIg in the conltrol period to 4(0±7 mim fig
(P < (002).

Spe)ific protocols
PROTOCOL1-NORMIAL SODIUMIDIET: ACUTE
NATRIURESIS; CEI ADNIINISTRATION

After anesthesia, the 13 clogs on at niormiial diet were giveni
an inifuisioi of' Riniger s liactate e(quial to 2% of' body weight
to comiipenisate for siurgical losses, followed 1b a similar
suistaining illiusionl ait 0.1 miil/kg per- min. C,ontrol mleiastire-
mileints of systemic an(l renal hemodvnamnics were malde and(i
the intrarelail inijectionis of graded (loses of A (0:31-110
ng/kg) a(ld iio-epimiephirine (:3.2-:32 Ilg/kg) w,lere carrie(d omit.
Eachi animal xas tlheni giveni 20 mig of filluoseMide initra-
xvenouslv and the suistaininig iifu.isioli of' Riniger's lactate
solution wx'as (liscontiil ie(l. Imlmediatelv after the ad-
ministration( of furosemllidle, thierec was a trantlsienit inicreatse
in rcnal 1lo)1)0( flowxx. After- 50-60 mmi, (liirinig whicl
diiui esis occurred ill atll an renal 1)((( flow stabilized,
the hemiodynamic' Icleasuremllenlcts amId intrarenal inijectionis
of the two prcessor hormones wcrc repeatedcl. Finally. CEI
wx'as adlllinlisterle intravenmoumsly ano(l 5- It) min lateria tlirl-cl
series of lcasrlcmelients anld intralclnal injec'tions of A lland
lnorc'p)ilIc'rinlc' wx'as performlle(dl. During cacli c'xperimental
pieriio( and lbefole ally ex)expierimntal maneuxer, 11((1oo(1 was
clrawn for PRA (dtcrmIlnialatiO(I1.

PROTOCOL2-DIETARY SODIUM DEPLETION

PRO1IOCOL 2a-Cotivertiiig e?ZIJztle iolhibitioti. Six dogs
wvith dietarx soditunm depletioni were used in this experi-
menit. After base-line hemodvniamic determiniationis, the doses
of A11 and( norepiniephrine were injectedl into the renal
artery. Next, CEI was administered intravenousl' as a bolus.
5-1i) olin later, intrarenal injectionis of All andI norepinieph-
rine wvere repeate(l.

PROTOCOL2b-Bradmlki kini ad,inin iist rationt. In additioni to
blocking the conxersion( of Al to All, CEI mlay increase the
c oincenltrationi of circuilatinig and urinary kiniins (26). To
excludle the possibility that chainges in the renal vascular
reactivitxy after CEI illight be (lute to ani increatse in brady-
kinini, intrarenial All and norepinephrine injections were
carriedl olit in six other clogs with dietary sodium depletion
before andl duntrig aclmimiiistrattioll of- bradvkinin. Bradykin in
(Sigma Chemical Co., St. Louis, Mo.) was dissolved in saline
and adminiistere(d intravenouslIv at a conistanit rate. The dose
of bradvkilin adlmin iisterel wvas variable for dlifferent (logs
(range 0.16 to 8 gg/kg per mmi), but was constant in each
animial. It was determiniiled by inidtucinig anl inc'rease in the
renIal 1)lood flow aidcl a decrease in the meani arterial
presstire of similar magnitude to those observed after ad-
minisiitratioll of'CEI (cide susnpra).

PROTOCOL2c-Acute sodiu on repletio(i. Since brady-
kinini has a half'-life of about 16 s in clog's 1blood (27), the
bracldvkinin-inflused clogs were tutilizedl for aniother experi-
miienital maneuver. After cliscontinuationi of' bradvkinin,
when meani arterial pressture anid renal blood flow returned
to the control values observed before its infusion, a loadinig
dose of Riniger's lactate solution eciomal to 5%of the dog's bodc
wveight wats adminiisteredl intravenously over a 30- to 45-mimi
perio(l. This wxas folloxved by a sustaining infusion at ().2
nil/kg per mimi at which time the intrarenial injectionis of
A11 anid norepinephrine were repeatel. In these animnials,
the dalta obtained after the sodiumil repletioni with Riniger's
lactate soluition weere comppared to those obtained during
the colntrol state o(' dietary sodiumii depletioni (i.e., before
the bradlvkinin iilfisiOils).

PROTOCOL3-HIGH SODIUNI DIET ANDDOCADOGS:
("El ADMINISTRATION

After anestlhesia, the five dogs which haldl received a high
so(ium] intake and DOCAwere givenl a cointinutiouis inltra-
vemious inlfuisionl of Ringer's lactate at 0.2 mil/kg per min
MIeasurements of systemic and renial hemnlodynamics anld the

renial responises to intrarenal A1 aind n(orepioiephrinie injec-
tioils vere performiiedl in these aninmals before amid after the
intravenous adlmimlistratioi If f0.25 mng/kg of' CEI.

PROTOCOL4-INDONIETHACIN ADMINISTRATION

Imi seven clogs \vith dietary sodlitlim depletioni, the effect
of the aclmimiiiistratiomi of the cvc'lo-oxvgenase inhibitor,
imi(lomiiethlitlcii (28), tipoii the remial vascular respomisiveniess
to A1a cImi(norepinmejhrimie -.,as examimieied. I n(lonmethaciii
wx'as dlissollvedl imi about 2 ml o0f 95% ethanol amid dilute(I

2t)-focl( ini Kreb's sollmtioi) (pH 7.4). This sollutioli was in-
jectecl inltraveniolusly over a 2-mimi period. The dlose of'
imi(lomietliatcimi titilizecl (2 imng/kg) lhas been established as
acl'e(pmate to lbloick the release of'remial prostaglamcdlins (29).

Statistical atlij.si.s'
To dletetrimie the -elattiomshil) between the chlmige ill renlal

1lood( flow inclomlcecd by A,, aiid inorepimiephrimie aitid the
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base-line level of renal lblood flow, an analysis of covari-
ance was performed wvith the base-line renial b0lood flow as
the covariant (30). Sinice in no case was there a significant
relationship between these variables, the absolute level of
change in 100lood flow in milliliters per minute, without
correction for the base-line flo%v or normiializatioll, as per-
centages, was used as the variable of initerest. Subsequently
the data wvere analyzed by an analysis of varianiee in which
the state of the aniimal (e.g., sodiumiii depletion and CEI
administrationi) wvas uised as one criterion anid the dose of
the hormone wvas the other criterioni (30). In this manner,
dose-response curves for A., anid niorepinieplhrinie in each
state were constructed and compared. The mean overall
responses w.ere calculated as the asverage of all doses.
WVhen applicable, data were anialy zed by Student's t test
for paired or unpaired observationis. All valutes are expressed
as mean±tSEN1. Changes were termle(d significant if the F
value or t value exceeded the 5% level (30).

RESULTS

Effect of chronic changes in sodium balance on
renal vascular reactivity
Figs. 1-3 sumnmarize and compare measurements

made during control periods in all of the aninmals
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mainitained on different so(litmm initakes. The mean
PRA was significantly differenit in the tlhree groups;
20.2±3.8 ng/mll per h in the sodium-deprivecl anii-
mals, 1.8±0.3 ng/ml per h in those on a normlal diet,
and 0.11±0.04 ug/miii per h in those receiving a high
sodium intake and DOCA (Fig. 1). NMean arterial
blood pressure of the sodliumii-depleted dogs was nlot
different from that of the animnals fed a ndormial diet;
however, cardiac output wVas signiificanitly lower and
total peripheral vascular resistance was inicreasedl. The
renal blood flow was also significantly reduced anid
renial vascular resistance was increased in the sodium-
depleted dogs. The imiean arterial pressure, cardiac
output, anid renal hemnodynamics of the animals given
a high salt intake anid DOCAwere niot significant
from those of the control animiitals (Fig. 1).

Fig. 2 depicts the dose-responise curves of the intra-
renal injections of A,1 and norepinephrinie for the
three groups of animals. In none of these or subse-
quenit studies was arterial blood pressure changed
by the intrarenal hormonie injectioni. The renal vas-
cular responses to A,, were smaller in the sodiumn-
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FIGURE 1 Influence of Na+ balance on systemic and renal hemodynamics and PRA. Vertical
lines indicate rnean±SE. MABP, mean arterial blood pressure; CO, cardiac output; TPVR, total
peripheral vascular resistance; RBF, renal blood flow; RVR, renal vascular resistance; PRA,
plasma renin activity. *Indicates P < 0.05 and **, P < 0.005. PRA in normal Na+ diet n = 9.
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FIGuRE 2 Influieniee of Nat balanc'e oIn the reinal vascular
responise to All and norepinephriine. Vertical lines indicate
meain±SE.

sodiumii regimens. The mean overall renal blood flow
response to norepinephrine was 46 mil/mi in the
dogs fed a niormiial sodium diet, 47 mll/niin in the
sodium-depleted dogs, and 39 ml/mm in the high salt-
DOCAgroup (differences NS) (Fig. 3).

The relationship between PRAand the renal vascular
response to All in each animal was examiniedI across
groups. Fig. 4 shows that there was a significanit
correlation between the PRAand the renal blood flow
response to A,, (r = 0.594, P < 0.001). A siniiar
ainalysis for norepiinephrine responisiveness is also
showIn in Fig. 4. Uinlike A11, the nmean renal blood
flow response to niorepinephrine was not signifi-
cantly related to the PRA (r = 0.058, NS).

Effect of acute chacnges in sodiumn balance on
renal vascular reactivitlX
Acute sodium depletioni. To determinle the effect

of acute soditum depletion on the renal vascular re-
sponse to Al, anid inorepinephrine, acute niatriuresis

depleted dogs, interm-lediate in the (logs fed a niormial
diet, and larger in the aiinimals givein a high salt diet
anid DOCA. The nmean overall renal blood flow re-

sponse induced by A,, in the sodium-depleted dogs
was 50±+6 ml/min, significantly lower than the value
of 87±+13 ml/min found in the normal dogs (Fig. 3).
For the high salt-DOCA dogs, the mean overall
effect of All was 122+16 ml/miniii (Fig. 3).

Fig. 2 shows that the dose-response curves for
norepiinephrine were niot significanitly different in the
three groups of animals miiainitained oIn different
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was induced in the dogs fed normal diets by the
administration of furosemide. As indicated in Table
IA, diuresis resulted in a significant rise in hemato-
crit and a proportionally greater rise in PRA from 1.8
to 14.4 ng/ml per h (P < 0.01). Cardiac output de-
clined significantly and there was a significant in-
crease in total peripheral vascular resistance; arterial
blood pressure did not change. There was no signifi-
cant change in renal blood flow or in renal vascular
resistance in response to acute sodium depletion.
Fig. 5 shows that after acuite sodium depletion there
was a significant upward shift in the dose-response
curve of All but there was no significant change in the
renal blood flow response curve of norepinephrine.
As shown in Table IA, the mean overall response to
All decreased from 87 to 65 ml/min (P < 0.01) after
acute sodium depletion, whereas there was no change
in the mean response to norepinephrine (46 vs. 42
ml/min; NS).

Acute sodium repletion. To determine the effect of
acute sodium repletion on the renal vascular re-
sponse to the two hormones, studies were performed
in sodium-depleted dogs before and after administra-
tion of an infusion of Ringer's lactate solution eqtual
to 5% of the body weight. As indicated in Table IB,
the infusion induced a significant decline in hematocrit
and in mean PRA from 39.6 to 21.6 ng/ml per h (P
< 0.05). Cardiac output increased, total peripheral
vascular resistance fell, and mean arterial pressure did

not change. Renal blood flow rose but there was no
change in renal vascular resistance.

Acute sodium repletion was associated with an en-
hainceimient of the renal vascular response to All (Table
IB); the mean overall response to A,, rose significantly
from 38 to 56 ml/niin (P < 0.01). There was no change
in the renal blood flow response for norepiniephrine
after acute sodiuim repletion (Table IB); the mean
overall responise to norepinephrine after sodium de-
pletion was not significantly different from the con-
trol period (48 vs. 45 ml/min; NS).

Effect of the convertitng etnzme inhibitor on
retnal vascilar reactivity

To determine the effect of a decrease in Al, without
chainges in the balance of sodium uiponi renal vaseular
reactivity to A0 and norepinephrine, the renal blood
flow responses to both hormlones were measured be-
fore and after infuisioin of the conivertinig enzyme in-
hibitor, SQ 20,881, in three grouips of animiials: those
with acute sodium depletioin (Protocol 1), those with
chronic sodium depletion (Protocol 2a) andi those pre-
treatedl with DOCAanid a high salt diet (Protocol 3).

Acute sodium depletion. Table IA indicates the
hemodvnanmic effects that restulted wheni CEI was
adminiistered to the dogs that had been acutely de-
pleted of sodium by furosemide. After CEI adminis-
tration, there was a significant fall in arterial blood

TABLE I
Effects of Acute Sodium Depletion (A), Acute Chr1ontic Repletion (B), and CEI on Stystemic

and Renial Heniodynanaics, Hem72atocrit, PRA, and Retnal Vascular Response

Mean Mean)
A,l norepiniephrine

RBF RBF
MAP CO TPV'R RBF RXR Hct PRA response responise

mmHg liters/mnin mmi Hg/liter min nill,ill mmHg/ml min % n1g/lmll 1ii mi/mm m11i/mrmin

A. Acute sodium
depletion
(it = 13)

1. Control 113+5 3.9±0.3 29.9±2.4 277+21 0.43±0.04 37±1 1.8±0.3* 87+13 46+8
2. Furosenmide 112+5 3.2±0.4 37.5±3.4 265±25 0.46+0.05 45± 1 14.4±4.1 65+ 13 42±8
3. CEI 102±4 3.5±0.4 31.6+2.4 323±26 0.33±0.03 45± 1 18.6±5.2 80±+ 14 40±9

P (2 vs. 1) NS <0.01 <0.05 NS NNS <0.001 <(.(1 <(.01 NS
P (3 vs. 2) <0.001 NS <0.05 <0.001 <0.005 NS NS <0.05 NS

B. AcUte sodium
repletion
(n = 6)

Control 122+8 2.3+(0.3 60.3±11.5 209±+119 0.60±0.05 44±3 39.6±7.2 38±6 48±6
Ringer's iinfiision 117+6 3.6±0.6 37.8±8.1 253+28 0.51±0.08 35±2 21.6±5.8 56±7 45±5
P NS <0.05 <(.01 <0.05 NS <0.00(1 <0.05 <0.01 NNS

Het, hemiiatoec-it; CEI,
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Values are mean+SE. The number of experimenits is given in parenitlheses after each subheading.
converting enzyme inhibitor; NS, not significantly different. For other abbreviations see Fig. 1.
* n = 9.
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FIGUIRE 5 lInflulence of alctute Na. (lepletiom
aln(l of CEI oni the renal vasciular respo
norepinephrinc. \'ertical lines indicate meai

pressu;ire fioml 112 to 1(02 nmint Hg (P
periphercal vascutlar resistance also fe
sinice thlere was n1o change in cardiac
blood floNx increased markedly firOmll
(P < 0.00!) after CE! and renial vlatscl
declined. PRA rose slightly but nol
fromii 14.4 to 18.6 ng/miil per h after CEI

Fig. 5) indicates that afteir CEI admin
acutely sodium-depleted (logs, the A0
curve waits shifte(d hack toNvard the contr(

NOREP/NEPHR/NE the (lose-response cuirve of norepinephrine was riot
ng/kg lalteredl. The mean overall effect of All on renial l)ood

3 2 .0 32 flow intcrease(d fromii 65 Inl/nin dutring atcute sodiumn
d(epletion to 80 mi/min (P < 0.05) after CEI. ai Vidue

>T iiot significantly (lifferenit fiomi thatt ol)tained in the
control period, 87 mil/mi (Table IA). In these (logs, the
miean renial vascular response to norepinephrine was

\ 1; lnot clhanged b\ CEI (42 vs. 4( mil/mi, Table IA).
- '* C/lronic .so(ihumn depletioni. Table 11 (Experimilent A)

7 shows that the intravenous administration of (CEl
L to dogs wvith dietary sodimin deletion induce( a

significant fill in mean airterial pressure (108-99 mmn
o-Contro/ Hg; P < ().05). In the three (logs in w,hich cardiac
w- N/o Dsp/etion olltlput wNas measuredl, it imic-reaise(l slighitl\ fromii 3.(

CEI to .3.5 liters/iiiimi and(l total vascular resistance (declined
fromi 36.6 to 31.7 mium Hg/liters per min. M1ea-mn renial

ii hv ftiroseidi(le 10loo0( flow increase(i significantly fromii 261 to 321
nses to All au(I mlv/min and mean renial vascui-lar resistance declinedl
r ±SE (i = 13). f'romi 0.45 to 0.34 mmHg/mlii per mmi. PRA in(creasedl

fromii 11.9 to 27.3 after CEI hut this change was not
signiificaint.

< 0.001). Total Fig. 6 depicts the effect of C(E! on the renial 10loo0(
11 significantly floxv responises to A,ll and niorepinepl-hrinie ill this

otutptt. Renial group) of' sodium-i-depleted dogs. The renal xasculature
265 to 323 ml exhibited a Imtarked enhuiliancemient of the response to
iila resistance A1, which wCas apparent at all doses; the illeanil overall

,t significantly effect iiicrease(d f'romf 63 to 96 ml/mnin (Table IIA). In
(NS). conitratst, the (lose-responise curve to norep)inelhrine

istrCation to the was uniinifluenleced by CEI (Fig. 6); ailid meal overall
(lose-response response avergecdl ()n0l/nin befOre and( 6.3 mI/mmi

ol curve. while (NS) after CEI (Table IIA).

1 ABLE II
Effects of CEI on Silstem ic and Re7enal Hemody1namics, IHemaftocrit, PRA, and(I Renal Vascular Response

in C/hronic Nsa' Depletion (A) andI Ch/ronic N\a' Excess (B)

\Meani iioripi-
All Itephrin,

RBF RBf3
NlAT' CO( T'PN R RBF H\VR ICr PR,\ ressponese responlse

MMHg liters/Imi mmHg/liter 1mini mtI/min mm liglnll li.l n t= rigl/n I 11 111mli iii mi/nis

A. Chronic sod(liumil
depletion
(1 = 6)

Control 108±7 3.0±0o.5* 36.6 (4.2 26 1±t34 0.4.5± 0.06 44± 1 11.9±) 1.() 63± 10 60±9
CE,J 99±39 3.5±()0.7 31.7±3.8 .321±47 0.34±0.06 45 ±2 27 . 3±9 96±19 63±15
P <0.05 NS NS <0.01 <0.00.5 NS NS < 0.05.- NS

B. Chionii so(liilImi
exess (i = 5)

Control 128±2 4.0±0.3 33.0±)2.8 276±19 0.47±0.03 43±3 0.11±0.04 122± 16 39+
C(E1 128±2 3.8±0.2 3:3.8± 1.8 280±17 0.46±0.03 - 0.08±0.01 117±14 56±11
P NS INS NS NS NS IN S NS <(.0)5

\aloies are mieai± SE-. Tlie ulu)ber of experiments is given in parentheses alter each suhelcading. Foi ahl)reviations sec
Fig. I alnd(1 Tab)le I.
- 3.
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= 6).

Chrontic sodiuml excess. Table IIB indicates that
the adnministration of CEI to dogs given a high salt
diet and DOCAhad no significant effects on sys-

temic or renal hemodynamics or on the suppressed
level of PRA. Similarly, the A, dose-responise curve

was unaffected by converting enzyme blockade in

these animals; the miean overall response to A, was

122 ml/miinl before and 117 ml/mnhii after CEI (differ-
ences NS, Table IIB). However, administration of

CEI was associated with an enhanced renal blood
flow response to norepiinephrine; the mean overall
response increased from 39 to 56 mil/min (P < 0.05,
Table IIB).

Bradykinin itnfuision. In vitro and in vivo studies
have indicated that the enzyme which converts Al
to All is also a kininase (31) and that the administra-
tion of CEI may increase urinary and circulating
kiniin concentrations (26). To excluide the possibility
that the enhanced renal vascular responses to Al, ob-
served after CEI resulted from an increase in circulat-
ing bradykinin, the renal vascular responses to A,,
and norepinephrine wvere examined in six sodium-
deprived dogs before and during anl infusion of brady-
kiniii.

Table IIIA indicates that the bradykinin infusions
induced an average fall in meani arterial blood
pressure from 122 to 96 mmHg (P < 0.005). Total
peripheral vascular resistance fell significantly during
bradykinin infusion and cardiac output did not change.
Renal blood flow inereased sharply from 209 to 278
ml/minl (P < 0.005) and renal vascular resistance fell.
These changes are comparable to those induced by
administrationi of CEI to so(lium-depleted dogs. The
upper panel of Fig. 7 shows, however, that the dose-
responise curves for A,, and norepinephrine were not
changed froml control values during the bradykinin
infusions. The nmean overall A,1 effect was 38 ml/nmin
during the control period and 31 ml/nmin during the
bradykinin iniftusions (difference NS, Table IIIA).
The respective norepinephrine responses were 48 and
43 ml/min (difference NS, Table IIIA).

TABLE III
E,ffects of Bradi kininii (A) atnd Inidometliacin (B) o01 Siystemic anid Renial Henmodyijamlics,

Heniiatoct-it, PRA, anid Renial Vascular Responise

Mean Mean
A,, norepinephrine

RBF RBF
MAP CO TPVR RBF RX R HCT PRA responise responise

mm Hg liters/mni mmIJg/litermniin mi/mm mmHg/ml-minmm rig/ml- I mi/mi,, nml/miml

A. Eff'ect of bradv-
kinini (n = 6)

Conitrol 122±8 2.3+(0.3 60.3+11.5 209±19 0.60±0.05 44±3 39.6±7.2 38+6 48±6
Bradvkinin 96±6 2.6±0.4 41.0±6.5 278±27 0.36+(0.04 46±3 48.7±11.9 31+5 43+9
P <0.005 NS <0.05 <0.005 <0.005 NS NS NS NS

B. Effect of iudo-
,iiethlacini
(ni = 7)

Conitrol 131±15 2.8±0.4 51.3±6.7 149±13 0.93±0.09 37±2 10.7±1.6 49±11 42±9
Iindlomiiethacini 133±12 2.8±0.4 53.5±8.1 133±12 1.05±0.10 7.7+1.1 40±8 33±6
P NS NS NS <0.001 <0.05 <0.05 NS NS

ValIie s are n ±eti+S E. The nui mi)er of exp)erimnetsit s is given in parentheses after eachI sulbhe a(ling. For al)l)reviations see Fig. 1
and( Table I.
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FIGURE 7 Influence of bradykinin aiid of indomethacin on

the renal vascular response. Vertical lines inidicate mean

+SE. Bradykinin, n = 6; Indomethaciin, ii = 7.

Effect of indornethacin on7 renal vascular
reactivity

To assess a possible role of the prostaglandins in
determining the vascular response to All and(or)
norepinephrine, the responses to the two hormones
were measured in sodium-deprived dogs before and
after administration of the cyclo-oxygenase inhibitor,
indomethacin (28). Table IIIB indicates that the ad-
ministration of indomethacin resulted in no signifi-
cant changes in mean arterial blood pressure, cardiac
output, or total peripheral vascular resistance. Renal
blood flow declined significantly after indomethacin,
from 149 to 133 ml/min (P < 0.001), and there was

an increase in renal vascular resistance. PRA de-
clined slightly but significantly after indomethacin.
The lower panel of Fig. 7 indicates that the dose-
response curves to A,, and to norepinephrine were

not significantly changed after the administration of
indomethacin. The mean overall blood flow response
to A,, was 49 ml/min before and 40 ml/min after the
cyclo-oxygenase inhibitor had been infused (differ-
ence NS, Table IIIB). The corresponding values for
norepinephrine were 42 and 33 ml/min (NS).

DISCUSSION

When the renin-angiotensin system is activated by
sodium depletion, there is an increase in the con-

centration of circulating A,1 (1) but there is no hyper-
tenision. Recent studies with inhibitors of A,, genera-
tion or antagonist analogues have provided evidence
that the increase in A,, during sodium depletion
contributes significantly to the maintenance of arterial
pressure (2-5). Paradoxically, during sodium depriva-
tion, the pressor responisiveness to infusionis of Aj1 is
diminished (6-9). Conversely, in normal or positive
sodium balance, All contributes little to the mainten-
ance of arterial pres.sure and there is an enhanced
blood pressure responsiveness to exogenous All (2,
7-9). Decreases in the pressor response to All have
also been documented in a variety of diseases in which
the renin-angiotensin system is activated (7, 9, 13-17).

The influenice of sodium balance on the vascular
action of A11 has been studied primiarily by monitoring
the blood pressuire rise produced by an intravenous
infusion of the hormiione (6-9, 13-17). This approach,
however, is complicated by the fact that All, in
addition to its direct actioni to produce vasoconstric-
tio(n of arteriolar smooth muscle, also influences
blood pressure indirectly through actions on the
central and sympathetic nervous systems (32, 33), on
the adrenal medulla (33), the heart (34), and possibly
also on the systemic veins (4). In the present studies
the responses of the renal circulation to graded sub-
pressor doses of All and norepinephrine were meas-
tired. In this manner, systemic circulatory alterations
were avoided and changes in renal blood flow could
be used to assess the vasoconstrictor action of the
two hormones.

The data indicate that the renal blood flow re-
sponse to Al, was significantly and selectively de-
pressed by chronic or acute sodium deprivation whereas
it was increased by acute repletion of sodium and
by chronic sodium excess induced by a high salt
intake and DOCA. When examined across groups, the
renal vascular response to A,, was inversely related
to PRA. These observations confirm and extend those
made by Hollenberg et al. in salt-deprived humans
with the 133xenon washout techni(ue (10, 12). More-
over, the changes in the renal vascular response to
A11 reported here are directionally similar to the
changes in its pressor effect that have been reported
in rats (8), dogs (6), and humans (7, 9, 13) during
variations of the balance of sodium.

The data also indicate that there were no significant
changes in the renal vascular response to norepineph-
rine during chronic or acute changes of sodium bal-
ance. These observations conflict with previous
studies by Kilcoyne and Cannon in dogs (35) and by
Hollenberg et al. in humans (10) which suggested
that sodium deprivation increases the renal vascular
response to norepinephrine. Since the changes re-
ported previously were slight and since these workers
used the 133xenon technique to measure renal blood
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flow, differences in methodology ma' accounlt for the
different resuilts. In the presenit studies, renal vascuilar
reactivity to norepinephrinie appearedi not to be de-
peindenlt uponl the activity of the reniniii-angioteinsin sys-
tem l)ecause Ino relationship between the PRA and
renal vascular response to norepinephriine was fotund.

The adninlistrationi of CEI to sodium-depleted
aniimals with increasedl PRA iniducedl a fall in arterial
blood pressure, total peripheral vascular aind renal
vascular resistanices, and anl inerease in renial blood
flow. In contrast, there was nio signiificant chainge in
these paramiieters in the high salt-DOCA animals in
which the renin-anigiotensini systemn was suppressed.
These data confirm previous results in the rat (4),
rabbit (3), dog (2), and humnlnais (5) and illustrate the
important role of the renin-anigiotenisini system in the
maintenance of arterial blood pressure during sodiuum
depletion. They also show, in agreemiienit with pre-
vious studies (3, 36), that All participates in the regula-
tion of'the renal vascular tone durinig sodium depletion.

The renal vascular responise to Al, increased sig-
nificantly after inhibition of convertinig enzyme in
dogs with acute or chronic sodiumii depletion that had
increased PRA. In conitr-ast, in animiials with suppressed
PRA (salt-DOCA), the vascular response to All was
unchaniged 1b CEI. The effect of CEI Uponl the renial
vascular responise was specific for All since durinig
sodiuml depletion, the niorepinephrinie responise wvas
unaffected by conivertinig enzyme inhibition. The
surprising enhancemenit of the norepinephrine re-
sponise after CEI in the salt-DOCA dogs is unexplainied
but possibly may relate to differences in catecholaminie
storage and re-uptake in the tissues (37).

Several lines of evidence suggest that the renal
vascular response to All was increased after administra-
tion of CEI because inhibition of converting enzyme
reduced the amount of encdogeinous All available to
react with the vascular All receptors. First, a variety of
in vitro (38) and in vivo (39) evidence indicates that CEI
results in significanit decreases in the conversion of
Al to All. Indeed, in the present experiments, the
arterial pressure rise induced by intravenous A, was
decreased by more than one-half after the administra-
tion of 0.25 mg/kg of CEI (see Methods). Second, CEI
lowered mean arterial blood pressure and increased
the renal blood flow in sodium depletioni, a situation
in which the vasoconistrictor action of All is known
to be involved in the maintenance of arterial pres-
sure (2, 3). Finally, acute sodium repletion with
Ringer's lactate which decreased the PRA induced,
like CEI, an enhancement of the renal vascular re-
sponse to Al,.

Two alternative explanations for the effect of CEI
upon the vascular responise to All were considered.
The first was that the increase in the A,, response
might be a nonspecific effect of the renal vasodilation

induced lv CEI. However, anl analI-sis of covarianice
between the A,1 effect aind the base-line renal blood
flow values failed to reveal a significanit relationship
betweeni these variables. In addition, a dissociation
between chaniges in renial blood flow and the renal
vasscular responise to All was evidenced (luring brady-
kinin infuisioni (increase in blood flow anid no chanige
in the All responise) and after diuresis with furosemide
(no chanige in bloo10 flowr and dlecrease in the responise).
The seconid explanationi was invoked because the
enzvyme that converts Al to All is also a kininl-
destroying enzyme (kiiniiiase II) (31) andl because a
recenit report has shown that infuisioni of CEI eni-
hanieed the survival of enidogeniouis kininis (26). In the
present experimiienits, bradykinin inifusionis produced
svstemic and renial hemodynamic chaniges comparable
to CEI, net had i)O infltuence oin the renal blood flow
responise to All. It is thuis unilikelx' that the enhanced
vascular responise to All after CEI was due to an in-
crease in the coneenitration of enidogenious kininis.
Furthermiiore, CEI did nlot affect arterial blood pressure
or renal blood flo\v in the reniin-suppressed dogs
(salt-DOCA), suggestinig that at the dose utilized, its
effects wvere clue solelv to blockade of A,, generationi.
This interpretationi is in agreement with observa-
tions of Miller et al. (40) who a(lmiiniistered a simiiilar
dose of CEI to conlscious dogs on a normal sodium
diet and found no alterations in the conieentrationis
of plasma brad'kinin mleasured by radioinmmuinoassay.

As outlinedl in the Introduction, four miajor mech-
anisms have been posttulated to explain the inverse
relationship between the balance of sodium anid
the vascular effect of A.,. They are: (a) that sodiumii
alters the contractile responise of the vascular smooth
muscle to the actioni of All, (b) that the vasopressor
effect of exogenious Aj1 is depressed or enhainced as a
consequence of whether more or less vascular re-
ceptors for All are occutpied by the endogenouslN
produced poly peptide, (c) that the number of A,, vas-
cular receptors may vary, and that the pressor effect
of All is a direct funetioni of this number, and (d) that
the net pressor effect of All is the sumil of its vaso-
constrictor action anid of opposing vasodilator iniflu-
ences such as the prostaglandinis.

The inverse relationship between the renial vascular
effect of All anid the balance of sodium found in the
present studies is consistenit with the first hypothesis,
initially proposed by Ames et al. (9) and Brunner
et al. (18), that the vasoconstrictor actioni of All is
directly influeniced by sodium. In the study of Brunner
et al. (18) the amounit of A,1 antibody (infused intra-
venously) required to block the pressor response to a
given dose of Al, was used to assess vascular reactivity
to the octapeptide. This amount was diminished in
sodium-deprived rats aind was increased in rats fed a
high salt diet. It was postulated that the changes in
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antibody requirement (i.e., the index of vascular reac-
tivity) were independent of the endogenous A,, level
since nephrectomized rats (with undetectable plasma
A,,) required less antibody to block the pressor ef-
fect of A,, if they had been sodium-restricted than if
they were maintained on a normal sodium intake (18).
Additional evidence suggesting a direct effect of
sodium upon the contractile response to Al, was pro-
vided by Strewler et al. who demonstrated in vitro
that aortic vascular strips from sodium-restricted
rabbits were less responsive to Al, than strips from
rabbits fed a high salt diet (11). However, strong evi-
dence against the sodium hypothesis in the present
studies are the observations in the dogs with acute
and chronic sodium depletion, that the renal vascular
response to A,, was enhanced immediately after
the administration of CEI and before a change in
sodium balance could take place.

Three observations in the present study are com-
patible with the second hypothesis that the renal
vascular response to A,, is blunted when the vascular
receptors for All are occupied by endogenously formed
polypeptide and enhanced when endogenous All
availability is reduced. These are: (a) there was an
inverse relationship between PRA (and presumably,
endogenous A,, [1]), and renal vascular reactivity to
A,, in dogs maintained on different sodium diets, (b)
acute natriuresis blunted the renal A11 response while
increasing PRA, and acute sodium repletion enhanced
the renal A,, response while suppressing plasma renin,
and (c) there was a marked enhancenment of the renal
All response in dogs with acute and chronic sodium
depletion after administration of a compound (SQ
20,881) which inhibited conversion of A, to A,,,
whereas the same compound did not influence renal
vascular reactivity to A,, in animals with suppressed
PRA.

In the aggregate therefore, the results of the present
study are consistent with the hypothesis that the
vascular response to A,, is dependent, at least partially,
upon the competition between endogenous and
exogenous hormone for the same receptor sites. When
the renal vascular A,, receptors are occupied by
large amounts of endogenous A,, the renal vaso-
constriction produced by exogenous All is diminished.
Conversely, when the amount of endogenous Aj1
at the renal vascular receptor sites is low, exogenous
A,, produces a greater degree of vasoconstriction.
The results of the present study are consistent with
findings of Thurston and Laragh in their study of
the pressor response to All in the rat (19). These investi-
gators reported that the blunted pressor response to
A,, in salt-deprived rats could be enhanced by inhibit-
ing conversion of Al to All with SQ 20,881.

A third hypothesis to explain the influence of sodium
balance upon the vasoconstrictor effect of All has
recently been proposed by Devynck and Meyer
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(20). These workers have shown that the number of
All receptors on uterine smooth muscle increased sig-
nificantly several hours after bilateral nephrectomy, a
maneuver which abruptly diminishes circulating Al,
(41). Based on these findings, they postulated that the
number of vascular All receptors might decline when
the concenitrationi of Al, is high and increase when
its concentration is low. The number of vascular
receptors would deternmine, in turn, the responise of
vascular smooth muscle to A,,. This concept is in accord
with a number of studies that indicate that several
hormones (42-45) regulate the number of receptors
in their target organs. For example, in vitro and in vivo
studies have shown that the insulin concentration
is inversely related to the concentration of receptors
in its target tissue, i.e., increase of insulin reduces
the tissue receptor concentration and vice versa (42,
43). Whether circulatinig Al, regulates the number of
its vascular receptors is unknowni. The present data
cannot exclude the possibility that the number of Al,
receptors in the renal vasculature may be influenced
by the concentration of All. The data suggest, how-
ever, that stuch a mnechanism is insufficient to accounit
for the changes in renal vascular responsiveness to
All that were observed. In studies of other hormones,
alterations in receptor density in the target tissues
were observed only after chronic changes in hor-
mone concentration (42-45). Similarly, the increase
in the number of uterine A,l receptors after nephrec-
tomy took place over more than 15 h (41). In contrast,
the enhancenment of the A,, renal vascular response
after acute sodiunm lepletion and after CEI and its
blunting after acute natriuresis and diuresis in the
present study occurred within less than 1 h, a duration
too brief to anticipate large changes in the nuimber
of receptors.

An additional observation supports the concept that
the variations in the renal vascular sensitivity to All
observed in the present study are not likely to be due
to changes in the number of All vascular receptors.
Ames et al. noted that the pressor sensitivity to All
increased during chronic infusions of Al, (9). If a high
circulating concentration of All resulted in a decrease
in the number of its vascular receptors, one w(uld have
expected the experimental subjects to develop a di-
minished pressor sensitivity. Since the subjects of
Ames et al. (9) developed significant sodiumii retention
during the A11 infusions, it is likely that there was
suppression of endogenous renin secretioni (and
endogenous Al,), making more vascular receptors
available to interact with the infused polypeptide.

The fourth hypothesis proposed to explaini variationis
in vascular reactivity to angiotensin II is based upon
the assumption that vasodlilator forces modulate
the vascular effects of this polypeptide. NMcGiff et al.
(21) and others (46) have shown that Al, and norepi-
nephrine (21) induce biosynthesis of prostdglandins



of the E series in the kidney. \W'hen iinfused into the
renal artery, the initial vasoconstriction induiced by
A11 was followed, 2-5 imin later, by a partial recovery
of the renal blood flow which was accompaniied by
increased levels of prostaglandin E-like substanices in
renal venouis blood (21). Both later events were pre-
vented by blockage of prostaglandin synthesis by
administration of cyclo-oxygenase inhibitors (21).
Subsequently Aiken and Vane reported that the degree
of renal vasoconstriction induced by an infusion of
All was enhanced by administration of indomethacin
or meclofenamate (29). In addition, other data suggest
that changes in the synthesis and release of vascular
and renal prostaglandins may be influenced by the re-
nin-angiotensin system (47, 48). Accordingly, the
possibility might be entertained that the blunting
of the renovascular action of All during negative
sodium balance is due to synthesis and release of
prostaglandins (or other vasodilator substances) per-
haps stimulated by the increased circulating or tis-
sue concentrations of All (48).

Although this hypothesis is attractive it does not
appear to provide an explanation for the alterations
in the renal vascular reactivity to A,, observed in the
present experiments for two reasons. First, the modu-
lating effect of prostaglandins of the E series on vaso-
constrictor stimuli is relatively nonspecific, i.e.,
prostaglandins attenuate the vasoconstriction pro-
duced by All, norepinephrine, renal nerve stimulation,
and ischemia (21). In the present study, however,
the blunting of the renal vascular responsiveness to All
after acute diuresis and by dietary sodium deprivation
and its enhancement by sodium repletion and by the
high salt diet and DOCAwere selective for A,,. If
such changes in sensitivity were prostaglandin-
mediated, similar responses would have been ex-
pected for norepinephrine.

Second, in the present experiments the administra-
tion of indomethacin in doses equal to those which
have been shown to inhibit renal prostaglandin
biosynthesis (29) failed to enhance the renal vascular
response to All. Although measurements of prosta-
glandin excretion were not performed, the fact that the
drug reduced basal renal blood flow and PRAprovides
evidence for inhibition of prostaglandini production by
the kidneys (29, 49). The failure of indomethacin
to enhance the renal vascular response to A,, and
norepinephrine might appear to be at variance with
observations of Aiken and Vane who reported that
indomethacin enhanced the renal blood flow response
to these hormones (29). However, in the experi-
ments of Aiken and Vane, All and norepinephrinie
were infused into the renal artery for 5-6 min, a dura-
tion of time adequate to induce prostaglandin syn-
thesis in response to the vasoconstrictor actioni of
the two hormones (21). On the other hand, in the
present experiimient, All and( inorepinephriine were in-

jected as bolus injectionis and the maximal reduction
of renial blood flow (which almost always occurred
withiin 5-10 s) was uised as the indicator of the reinal
vascular response. From the data of McGiff et al.
(21) it appears that this initial response probably
antedated significant prostaglandin synithesis and
may more properly be a reflection of the vasocoinstric-
tion by All or norepiniephrine. Recently, Nishikawa
et al. (50) also reported that the acute vasoconstrictor
responses to All in an isolated kidney preparation
were not enhanced by pretreatment with inhibitors of
prostaglandin synthesis.

In summary, the present studies demonstrate that
the renal vascular reactivity to Al, was blunted by
acute or chronic sodium depletion (which stimulates
renin secretion) and was enhanced by acute sodium
repletion or chronic administration of a high salt diet
and DOCA(which suppress renin secretion) or by CEI
(which presumably reduced the concentration of cir-
culating All). The renal vascular reactivity to norepi-
nephrine was not significantly influenced by alteration
of sodium balance or by administration of con-
verting enzyme (except for an enhancement of norepi-
nephrine sensitivity which occurred after CEI in dogs
pretreated with DOCAand salt). The data are con-
sistent with the hypothesis that variations in the degree
of renal vascular effect produced by exogenous Al, is
determined by the number of vascular receptor sites
unoccupied by endogenous A,,. They did not suggest
that direct effects of sodium on the contractile ma-
chinery, alterations in the number of receptor sites, or
activity of the prostaglandins were involved.

A similar competition between endogenous and
exogenous A,1 for the same vascular receptors may
explain the variations in renal vascular reactivities
to All in situations where the renin-angiotensin II
system has been activated by disease. Subnormal
renal blood flow responses have been reported during
intravenous administration of All to patients with
cirrhosis and ascites (13), patients with severe hyper-
tension (51), and during intrarenal administration of
All to normal women receiving estrogein-containing
oral contraceptives (52). Similarly, it may explain
the blunted pressor sensitivity to All in a variety of
diseases (7, 9, 14-17). For example, the blunted
pressor response to A11 observed in patients with the
sy ndrome of juxtaglomerular cell hyperplasia (Bartter's
syndrome) is significantly enhanced when peripheral
plasma renin activity is suppressed by saline infusion
(53) or administration of propranolol or indomethacin
(16).
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