
Renin-Angiotensin Role in Thirst: Paradoxical Enhancement 

of Drinking by Angiotensin Converting Enzyme Inhibitor 

Abstract. A competitive angiotensin converting enzyme antagonist SQ 20, 
881 (SQ), was used to examine the role of the renin-angiotensin system in puta- 
tive renin-dependent thirst in the albino rat. Significant enhancement of "renin- 
dependent" as well as renin-independent drinking was observed in the presence 
of peripheral SQ. Intraventricular SQ obviated this enhancement of drinking but 
did not affect the water intake caused by the original stimutlus itself, whereas it 
sharply reduced drinking evoked by peripheral renin in nephrectomized rats. 
Prior renin depletion likewise had no 
thirst. 

The peripheral renin-angiotensin sys- 
tem has been ascribed an important 
role in the mechanism of a number of 
thirst-evoking stimuli that are accom- 
panied by substantial elevations of plas- 
ma renin activity, such as ligation of 
the inferior vena cava and peripheral 
injection of isoproterenol or of other 
"hypotensive" drugs that induce prefer- 
ential beta-adrenergic activation. 

The concept is based on the follow- 
ing persuasive, albeit circumstantial, 
evidence. (i) Bilateral nephrectomy, 
which obviates the rise in plasma renin 
activity, also inhibits or abolishes the 
drinking response (1, 2). (ii) The in- 
traperitoneal injection of renin or in- 
travenous infusion of angiotensin II 
elicits drinking which is enhanced in 
the absence of the kidneys. (iii) When 
applied directly to the preoptic area of 
the hypothalamus, angiotensin II evokes 
copious drinking in nanogram amounts 
(3). 

Taken together, these findings ap- 
pear to provide an adequate frame- 
work for the hypothesis that thirst 
stimuli dependent upon the presence of 
the kidneys elicit their action, at least 
in part, by triggering excess release of 
renin, which, in turn, produces angio- 
tensin I in the plasma. Angiotensin I, 
after enzymatic conversion to angio- 
tensin II, enters the brain in sufficient 
quantity to induce a dipsogenic re- 
sponse. 

Fitzsimons (4), on the basis of his 
studies on the relation of the renin- 
angiotensin system to thirst, concluded 
that the extent of the intervention of 
this system in normal thirst mechanisms 
is "very difficult to judge." He warns 
against reliance on the effect of ne- 
phrectomy on a drinking response as 
an index of the degree of renin depen- 
dency, because the resulting anuria and 
other thirst mechanisms may compen- 
sate for the absence of renin secretion. 

The availability of SQ 20, 881 (SQ), 
an angiotensin converting enzyme in- 
hibitor (5), appeared to offer the op- 
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influence on so-called renin-dependent 

portunity to test the role of the renin- 
angiotensin system in certain thirst 
mechanisms in a more direct and phys- 
iologic manner, that is, without the 
radical and inexorably progressive de- 
terioration of homeostasis and vital 
body functions which follow bilateral 
nephrectomy. Several investigators have 
demonstrated in both rat and dog (6) 
that SQ inhibits the pressor response to 
angiotensin I but not to angiotensin II. 
It was reasoned, therefore, that aboli- 
tion or significant reduction of thirst 
in animals prevented from forming 
peripheral angiotensin II would support 
the idea that a drinking response is de- 
pendent on this octapeptide, whereas 
undiminished thirst would seriously 
challenge such contention. 

We have unexpectedly found that 
prior treatment with SQ caused a sig- 
nificant enhancement of the dipsogenic 
effect of both "renin-dependent" and 
renin-independent thirst stimuli, but 
not of exogenous renin itself. More- 
over, prior renin depletion did not af- 
fect so-called renin-dependent thirst. 
Our findings appeared to militate 
against the hypothesis that peripheral 
formation of angiotensin II is essential 
in putative renin-dependent drinking. 
Specifically, the copious water intake 
following beta-adrenergic activation, 
which was claimed to be mediated en- 
tirely by the renin-angiotensin system 
(7), as well as that resulting from in- 

ferior vena cava ligation appeared to 
be independent of this system. 

We used groups of intact and bi- 
laterally nephrectomized male albino 
rats, and we selected peripheral injec- 
tion of isoproterenol and ligation of 
the inferior vena cava as putative renin- 
dependent drinking stimuli. These stim- 
uli were compared with the dipsogenic 
potency of exogenous renin, and with 
the effect of subcutaneous polyethylene 
glycol (PEG) injection and of water 
deprivation as prototypes of renin-inde- 
pendent drinking stimuli. The technical 
aspects of our methods have been de- 
scribed (8). Only modifications of pre- 
vious procedures are mentioned here. 
SQ (3.0 mg/kg, injected subcutaneous- 
ly) was administered 10 minutes prior 
to the actual drinking period. The ani- 
mals were given immediate access to 
the tap water source after the paren- 
teral administration of isoproterenol or 
renin, whereas such access was delayed 
for 4 hours after injection of PEG (5 
ml of Carbowax 20, subcutaneously) 
or after caval ligation, and for 18 hours 
in tests of water deprivation thirst. 
Water intake was measured at half- 
hour intervals for the succeeding 3 
hours in all experiments, and food was 
withdrawn during this period. Data 
were analyzed by Student's t-test for 
the statistical significance between 
groups. 

The effect of inhibition of the periph- 
eral angiotensin converting enzyme on 
the various drinking mechanisms in- 
vestigated is illustrated for intact and 
bilaterally nephrectomized rats in Fig. 
1. The subcutaneous injection of SQ 
in the dosages employed did not no- 
ticeably alter the general behavior or 
motor activity. 

When intact (unoperated) rats were 
given SQ (Fig. la), putative renin-de- 
pendent and renin-independent drink- 
ing responses (isoproterenol and caval 
ligation as compared to PEG and water 
deprivation) were enhanced, whereas 

Table 1. The effect of renin-depletion on thirst induced by either beta-adrenergic stimulation or 
inferior vena cava ligation. Results are expressed as means ? standard errors of the means. 
Statistical comparisons were made between experimental and control groups for intac!t and 
DCA-saline pretreated animals, respectively. SQ was given subcutaneously; N, number of 
animals. 

Three-hour cumulative water intake (ml) 

Treatment Intact DCA-saline 
animals N P treatment N P 

(ml) (ml) 
Control 1.22 ? 0.36 23 2.81 + 0.48 16 
g-Adrenergic stimulation 7.50 + 0.90 12 <.001 5.53 ? 0.52 15 <.001 
Caval ligation 7.59 ? 0.92 17 < .001 6.42 ? 1.25 12 < .05 
Caval ligation + SQ 18.92+ 1.19 24 <.001 7.90 - 1.79 10 <.001 
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drinking induced by renin given intra- 
peritoneally was not significantly af- 
fected. Since the pressor effect of renin 
was obviated by the dose of SQ given, 
it would seem that the dipsogenic effect 
of renin in the intact rat is not depen- 
dent upon angiotensin formation, but 
may be predicated upon an alternate 
mechanism in the peripheral circula- 
tion (9). Figure lb compares the effect 
on thirst evoked by four of the same 
stimuli in the presence and absence of 
SQ in bilaterally nephrectomized rats. 

It is apparent that isoproterenol thirst 
is abolished in the absence of the kid- 
neys, as has been reported (2, 7, 10), 
and that SQ is now without effect. 
Drinking induced by caval ligation was 
likewise considered to be kidney de- 
pendent, since nephrectomy significant- 
ly reduces this thirst stimulus (4). Al- 
though the enormous thirst seen in 
cavally ligated rats in the presence of 
SQ is obviated by prior removal of the 
kidneys, bilaterally nephrectomized ani- 
mals still exhibit a significantly larger 
water intake with than without SQ. 

Drinking after the peripheral injec- 
tion of hog renin is greatly enhanced 
by prior removal of the kidneys. This 
is in line with the increased blood 
pressure-raising potential of renin in 
bilaterally nephrectomized animals, 
which has been interpreted as being 
due to enhanced availability of renin 
substrate and elimination of an im- 
portant control mechanism (renal renin 
inhibitor). Prior treatment of these 
nephrectomized rats with SQ reduced 
the renin drinking response by approx- 
imately 60 percent, suggesting that, 
in the absence of the kidneys, periph- 
eral conversion of angiotensin I to 
angiotensin II is an important factor 
in the elicitation of renin drinking. This 
finding contrasts sharply with the lack 
of interference by SQ with the more 
modest drinking response elicited by 
double the dose of renin in the intact 
rat (Fig. la). 

The minor increase in water intake 
produced by peripheral SQ alone in 
unoperated rats did not occur in the 
bilaterally nephrectomized animals. The 
comparative values for the mean (? 
S.E.M.) intake of water during a 3- 
hour period for all control experiments 
were as follows: intact control, 1.22 ? 
0.30 ml (N_23); intact + SQ, 2.79 
?0.38 ml (N=24), P<.0025; bi- 
laterally nephrectomized control, 1.00 
? 0.54 ml (N - 10); bilaterally ne- 

phrectomized + SQ, 0.83 ? 0.21 ml 
(N= 12), P> .05. 
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On the basis of the experiments in 
Fig. 1, it seemed that, in the intact rat, 
the formation of peripheral angiotensin 
II was not important in the mechanism 
of putative renin-dependent drinking re- 
sponses. There remained the possibility, 
however, that angiotensin I might be 
accumulating in the bloodstream under 
the influence of peripheral SQ and then 
might cross the blood-brain barrier in 
increased concentration. In the brain, 
it could then be converted to the known 
dipsogen angiotensin II. 
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Fig. 1. (a) The effects of the angiotensin 
converting enzyme inhibitor SQ on puta- 
tive renin-dependent and renin-independent 
thirst stimuli in the intact rat. Isoproteren- 
ol was administered subcutaneously (0.1 mg 
per kilogram of body weight), PEG was in- 
jected subcutaneously (5 ml of a 20 per- 
cent solution per rat), and renin was in- 
jected intraperitoneally (6.0 units per 100 
g of body weight). The clear bars indicate 
the effect of the drinking stimulus alone, 
and the black bars indicate the effect in 
the presence of SQ (given subcutaneously). 
The S.E.M.'s are indicated for each group, 
and the number of animals per group are 
listed at the bottom of the bars. The water 
volumes represent the cumulative intake 
over a 3-hour period per rat. (b) The 
effects of SQ on putative renin-dependent 
and renin-independent thirst in the acutely 
nephrectomized rat. Identical procedures 
were followed, except that the dose of 
renin was 3.0 units per 100 g of body 
weight and that all animals underwent bi- 
lateral nephrectomy under ether anesthesia 
approximately 60 to 120 minutes prior to 
being used in the drinking experiments. 

The possibility of entry of angioten- 
sin I into the brain was studied in a 
group of rats implanted stereotaxically 
with cannulas directed at the right lat- 
eral ventricle (11). On the basis of the 
work of Severs et al. (12), it was ex- 
pected that angiotensin converting en- 
zyme would be selectively inhibited in 
the brain by the intraventricular injec- 
tion of SQ, since Severs et al. had dem- 
onstrated that this procedure inhibited 
the dipsogenic effect of intraventricular 
angiotensin I but not that of angiotensin 
II. They showed, moreover, that periph- 
erally administered SQ did not block 
central angiotensin I thirst and con- 
cluded that SQ does not gain access 
to cerebral structures when given pe- 
ripherally and that the central renin-an- 
giotensin system demonstrated by Gan- 
ten et al. (13) was likewise sensitive to 
the enzyme inhibitor. Swanson et al. 
(14) have reported that centrally ap- 
plied SQ failed to antagonize the dip- 
sogenic effect of angiotensin I in the 
rat. The disparity between the work of 
Severs et al. and Swanson and co-work- 
ers may be due to the difference in 
both route of administration (intra- 
ventricular as compared to intracere- 
bral) and to the time allowed for SQ 
to act (15 minutes as compared to 1 
minute). 

In our experiments intraventricular 
injection of SQ did not modify either 
isoproterenol or caval ligation thirst 
(Fig. 2, stippled bars 1 and 3), where- 
as the intense thirst following intra- 
peritoneal renin administered to the 
bilaterally nephrectomized rat (blank 
bar 2) was inhibited by central SQ 
(stippled bar 2). The enhancement of 
isoproterenol drinking produced by 
peripheral SQ (black bar) was likewise 
obviated by concommitant intraventric- 
ular application of the enzyme inhibi- 
tor (cross-hatched bar). 

These data suggest that the poten- 
tiation of drinking in the presence of 
peripheral SQ may be due to enhanced 
production of peripheral angiotensin I 
and its subsequent increased entry 
into the central nervous system, where, 
shielded from the action of the en- 
zyme inhibitor, it could be converted 
to angiotensin II. It would seem, then, 
that penetration of the decapeptide 
across the blood-brain barrier in 
amounts adequate to evoke significant 
drinking responses occurs only under 
conditions which favor the formation 
of high concentrations of angiotensin I 
in the bloodstream, as, for instance, 
when under continued substantial renin 
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release from the kidneys, conversion 
of the decapeptide to angiotensin II is 
blocked by SQ. 

This view is in line with recent find- 
ings in the dog that blocking of the 
peripheral formation of angiotensin II 
in hypovolemic or hypotensive states 
may greatly intensify the release of 
renin into the bloodstream (15). If 
the presence of a similar mechanism 
can be demonstrated in the rat, it may 
account for potent dipsogenic activity 
of the type originally proposed by Fitz- 
simons, Epstein, and others, except 
that under such circumstances it could 
clearly not be angiotensin II, but its 
precursor angiotensin I, which passes 
across the blood-brain barrier. The se- 
lective prevention of the additional 
water intake, otherwise evoked by pe- 
ripheral SQ in isoproterenol and caval 
ligation drinking, by the intraventricular 
injection of SQ, without interference 
with the basic drinking response of these 
two thirst stimuli, is taken as strong 
evidence for the renin independency of 
isoproterenol and caval ligation thirst. 
By the same token the additional 
drinking is clearly renin dependent and 
probably the result of angiotensin I 
entry into the brain. This interpreta- 
tion is also in line with Epstein's ob- 
servation that injection of angiotensin 
I into the superior vena cava of the 
rat proved a more potent thirst stimu- 
lus than angiotensin II, although we be- 
lieve that the greater potency may like- 
wise be predicated upon direct entry of 
angiotensin I into the brain (16). 

Our studies lead us to conclude that, 
contrary to prevailing opinion (1-3), 
the primary mechanism responsible for 
both isoproterenol and caval ligation 
drinking does not encompass a signifi- 
cant contribution from the renin-angio- 
tensin system. This view is supported 
by additional experiments in which 
participation of this system was sup- 
pressed by an entirely different ap- 
proach. 

Adult rats were implanted subcuta- 
neously with 25 mg of deoxycorticoste- 
rone acetate (DCA) pellets and offered 
1 percent sodium chloride as the ex- 
clusive drinking fluid for 21 days. Un- 
der this regimen, the kidneys become 
depleted of renin by more than 95 per- 
cent (17). Such renin-depleted rats 
showed an almost undiminished drink- 
ing response to beta-adrenergic stimu- 
lation and ligation of the inferior vena 
cava (Table 1). 

The minor diminution of total water 
intake after both beta-adrenergic stim- 
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lateral nephrectomy should not be 
taken as adequate evidence for primary 
involvement of the renin-angiotensin 
system in dipsogenic activity. The in- 
ference derived from our data support- 
ing the proposal that angiotensin 
I does indeed penetrate the blood- 

iL -L brain barrier may have additional im- 
plications with regard to the cardiovas- 

; >: ~ cular effects of angiotensin II mediated 
#l^ s by the central nervous system, espe- 

__ cially when the decapeptide is exces- 
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Fig. 2. The effect of angiotensin convert- 
ing enzyme inhibition in the brain on iso- 
proterenol, caval ligation, and renin drink- 
ing. Intraventricular SQ was administered 
in a dose of 30 ug in 6 Al of isotonic 
saline, 5 to 10 minutes prior to the start 
of a drinking study. All other dosages 
were identical to those utilized in the 
experiments in Fig. 1, a and b. Nephrec- 
tomized rats were used in the renin study. 
The S.E.M.'s are indicated for each group, 
and the number of animals per group are 
listed at the bottom of the bars. The water 
volumes represent intake over a 3-hour 
period per rat; i. vtr., intraventricularly; 
s.c., subcutaneously. 

ulation and caval ligation in the rats 
that had been treated with DCA and 
saline, as compared to untreated ani- 
mals, is interpreted as due to the differ- 
ence in baseline values, since the treat- 
ment alone causes a significant in- 
crease in water intake (from 40 ml to 
250 ml in 24 hours), thus slightly 
blunting the response to the additional 
dipsogenic stimulus. In contrast, the 
dramatic enhancement of caval liga- 
tion drinking in the presence of pe- 
ripheral SQ was completely obviated 
by the depletion of renin stores. 

Undiminished thirst that follows ca- 
val ligation or peripheral beta-adrener- 
gic stimulation, despite major interfer- 
ence with the renin-angiotensin system 
either by depletion of renin stores or 
peripheral and central blockade of an- 
giotensin II formation, puts into ques- 
tion a cause and effect relation be- 
tween the humoral system and these 
dipsogenic stimuli. The effectiveness of 
bilateral nephrectomy, however, in in- 
hibiting or obviating the drinking re- 
sulting from these procedures points to 
the existence of some other renal fac- 
tor or mechanism that is essential in 
so-called renin-dependent drinking re- 
sponses. 

Our findings indicate that the mere 
demonstration of elevated plasma renin 
levels or abolition of drinking by bi- 
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