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WEISINGER, R. S., D. A. DENTON AND M. J. MCKINLEY. Inhibition of water intake by ouabain administration in 
sheep. PHARMAC. BIOCHEM. BEHAV. 7(2) 121 128, 1 9 7 7 . -  Intracarotid infusion of ouabain (1280 ng/min) over 
41/2 hr virtually abolished water intake of sheep in response to intracarotid infusion of either angiotensin II (800 ng/min) or 
4 M NaC1 (1.6 ml/min for 20 rain). Ouabain treatment did not affect mean arterial pressure either before or during infusion 
of angiotensin. Neither ouabain nor angiotensin administration affected plasma [Na] or [K] or CSF [K]. During ouabain, 
but not during control infusion, angiotensin administration significantly decreased CSF [Na]. Ouabain administration also 
decreased water intake after 23Vz or 48 hr water deprivation. In the 23V2 hr deprivation experiments, food was made 
available immediately prior to water presentation and the ingestion of food appeared to ameliorate the reduction in water 
intake. Food intake itself, was decreased in some animals, during ouabain treatment. Ouabain infused at 960 ng/min 
resulted in significant, but smaller, reductions in water intake induced by angiotensin, 4 M NaC1, and 48 hr water 
deprivation. It was concluded that ouabain treatment affected water intake by influence on Na transport either in the 
thirst receptors or at some other level in the neural system between receptor and effector. 
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IN RATS,  it has  been  p roposed  tha t  wa te r  in t ake  which  
results  f rom h y p o v o l a e m i a  w i t h o u t  increase in b o d y  fluid 
t on ic i ty  is caused by increased renal  secre t ion  of renin  and 
thus  e levated b lood  an t i o t ens i n  II levels [ 1 9 ] .  Admin i s t r a -  
t ion  of  ang io tens in  II in to  the  b lood  s t ream,  or d i rec t ly  in to  
the brain  elicits d r ink ing  in several species [ 1 8 , 2 0 ] ,  
a l t h o u g h  it  is ques t ionab le  w h e t h e r  this  b e h a v i o u r  is 
p roduced  by  physio logica l  c o n c e n t r a t i o n s  [ 1 ] .  

The  d ipsogenic  ac t ion  of  ang io tens in  II in jec ted  in to  the  
brain  ventr ic les  of  goats  is d e p e n d e n t  on  the  a m b i e n t  Na 
c o n c e n t r a t i o n  of  the  ce rebrosp ina l  fluid.  It has  been  
p roposed  t ha t  ang io tens in  acts  by  faci l i ta t ing the en t ry  of  
sod ium in to  the  in t race l lu la r  fluid of n e u r o n s  subserving 
thirs t  [ 2 , 4 ] .  Evidence ci ted as cons i s t en t  wi th  this  concep t  
of  ang io tens in  II ac t ion  is the  obse rva t ion  t ha t  sod ium 
up take  by  frog skin [26]  or  mucosa l  cells of  the  j e j u n u m  
[13]  is s t imu la t ed  by  ang io tens in  II. 

If the  d ipsogenic  ac t ion  of  ang io tens in  II involves 
s t imu la t i on  of  Na t r a n s p o r t  in to  b ra in  cells, the  presence  of  
an i n h i b i t o r  o f  t r a n s m e m b r a n e  Na m o v e m e n t  migh t  affect  
this  d ipsogenic  ac t ion  of  angio tens in .  The aim of  our  
e x p e r i m e n t s  was to  tes t  the  ac t ion  of the  Na t r a n s p o r t  
inh ib i to r ,  ouaba in ,  on  wate r  in t ake  caused by in t r aca ro t id  
in fus ion  of  ang io tens in  II. The ef fec ts  of  ouaba in  admini -  
s t ra t ion  on  p lasma and  CSF [Na] and [K] and on b lood  
pressure,  pr ior  to  and a f te r  in fus ion  of  ang io tens in  were 
de t e rmined .  The  ef fec t  of  ouaba i n  on  o t h e r  s t imul i  of  wa te r  

dr inking,  i.e., i n t r aca ro t id  in fus ion  of  4 M NaC1 or wate r  
depr iva t ion  has  also been  assessed. 

METHOD 

Eleven m e r i n o  sheep,  ten  ewes and one wether ,  were 
used in these  expe r imen t s .  In each group of  e x p e r i m e n t s  
6 - 8  of  the  11 an imals  were used. The sheep were 2 5 
years old and  weighed 30 45 kg. Each an imal  had  bi la tera l  
carot id  loops  [14]  and six of  the sheep had a p e r m a n e n t  
indwel l ing stainless steel cannu la  over  the  lateral  vent r ic le  
[ 2 7 ] .  The animals  were m a i n t a i n e d  in indiv idual  meta-  
bol ism cages. Unless o therwise  no ted ,  the sheep had  free 
access to  wa te r  and were fed 0.8 kg oa ten- lucerne  chaf f  at 
1600 hr  each  day.  

Infusions 

All infus ions  were made  in to  the  left  or r ight  carot id  
ar tery.  The in fus ions  were p e r f o r m e d  as previously  describ- 
ed [ 1 5 ] .  Briefly,  a 22 g needle ,  a t t a ched  to p o l y e t h y l e n e  
tubing,  was inse r ted  i n to  one ar tery  wi th  the con t ra la te ra l  
a r te ry  occ luded  by  a p n e u m a t i c  cuff.  This p rocedure  
insured  t ha t  the  infused mater ia l  was bi la tera l ly  d i s t r ibu ted  
in the  bra in  [6 ,7 ] .  The in fus ion  line was c o n n e c t e d  to a 
m o t o r  dr iven syringe (Palmer ,  England) .  

In all of  the  e x p e r i m e n t s  descr ibed be low an in t raca ro t id  
in fus ion  began at 1000 hr  and c o n t i n u e d  for  4 hr  50 rain. 
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During the  ini t ial  4 hr  30 min ,  the  sheep were infused wi th  
physio logica l  saline ( con t ro l  c o n d i t i o n )  or  ouaba i n  (ouaba in  
o c t a h y d r a t e ,  M.W. = 585, Sigma). The ouaba i n  was infused 
at 1280 n g / m i n  (3200  n g / m l  in physio logica l  saline infused  
at 0.4 m l / m i n ) .  Later,  a second series of  con t ro l  and 
ouaba in  e x p e r i m e n t s  were run.  This t ime a lower  dose of  
ouaba in ,  960  n g / m i n  (2400  ng /ml  at 0.4 m l / m i n )  was used. 

Experiment l(a). Effect o f  Ouabain on Water Intake 
Elicited by Angiotensin H 

Afte r  the  ini t ia l  4 hr  30 rain in fus ion  of  ouaba in  (1280  
or 960  ng /min ) ,  an imals  in the  e x p e r i m e n t a l  c o n d i t i o n  were 
infused c o n c u r r e n t l y  for  20 rain wi th  800  n g / m i n  angio- 
t ens in  II ( 2 0 0 0  ng /ml  infused  at 0.4 m l / m i n ) .  The  angio- 
tens in  so lu t ion  was p repa red  by  d i lu t ing  0.5 mg Val s-angi- 
o tens in  II (Hype r t ens in ,  CIBA) in 250 ml of  the prevous ly  
used ouaba in  so lu t ion .  In con t ro l  expe r imen t s ,  fo l lowing 
the  ini t ial  i n fus ion  of  phys io logica l  saline,  an imals  were 
infused c o n c u r r e n t l y  wi th  800  n g / m i n  ang io tens in  II ( 2000  
ng /ml  in phys io logica l  saline infused  at 0.4 ml /min ) .  

In b o t h  e x p e r i m e n t a l  and con t ro l  cond i t i ons  4 litres of  
wa te r  was of fe red  at 1000 hr. The vo lume  of  wa te r  d r u n k  
was measured  at 1430 and 1450 hr,  i.e., pr ior  to  and a f te r  
the in fus ion  of  angio tens in .  

Experiment l(b). ECfect o f  Ouabain on Plasma and CSF Na 
and K Concentrations, and on Blood Presssure Before and 
During A ngio ten sin Infusion 

The e x p e r i m e n t a l  and  con t ro l  cond i t i ons  were the same 
as for  l (a) ,  excep t  t ha t  venous  b lood  and CSF were 
sampled  at var ious  t imes,  and b lood  pressure  was m o n i t o r e d  
c o n t i n u o u s l y  dur ing  the  e x p e r i m e n t .  Only  the high dose of  
ouaba in  was used. 

V e n o u s  b l o o d  (8 m l / s a m p l e )  was sampled  f rom a poly- 
e thy l ene  cannu la  inse r ted  in to  one  jugular  vein 30  60 min  
before  c o m m e n c i n g  infus ions .  CSF was sampled  by inser t -  
ing a stainless steel luer- tock needle  in to  the  lateral  ventr ic le  
guide tube  and  s iphon ing  of f  1 - 2  ml of  fluid. E lec t ro ly te  
d e t e r m i n a t i o n s  were p e r f o r m e d  using a T e c h n i c o n  Auto-  
analyzer .  

Blood pressure  was m o n i t o r e d  by inser t ing  an 1 8 g  
needle  a t t a ched  to a b lood  pressure t r ansduce r  (mic ron  
MP 15) in to  a caro t id  ar tery .  Blood pressure was r ecorded  
c o n t i n u o u s l y  on an Of fne r  Type  RS Dynograph .  

Experiment 2. Effect o f  Ouabain on Water Intake Elicited 
by Hypertonic NaCl 

After  the ini t ia l  4 hr  30 rain in fus ion  of  ouaba in  or 
physiological  saline, 4 M NaC1 was infused at 1.6 m l / m i n  
for  20 rain. For  the e x p e r i m e n t a l  cond i t i on ,  the  4 M NaCI 
was made  up in a ouaba in  so lu t ion  one f o u r t h  the  
c o n c e n t r a t i o n  of  t ha t  previously  used so t ha t  the ouaba in  
infus ion  rate r ema ined  cons t an t .  Water  in take  was deter-  
m i n e d  as in E x p e r i m e n t  l (a) .  

Experiment 3. Effect o f  Ouabain on Water Intake Af?er 
48 hr Water Deprivation 

In these expe r imen t s ,  the  sheep were fed at the usual  
t ime,  bu t  had  no t  been  a l lowed access to  wate r  for 48 hr. 
The  animals  were weighed pr ior  to  the onse t  of  depr iva t ion  
and jus t  be fore  beg inn ing  the  infus ion.  The ini t ial  in fus ion  
(i.e., ouaba in  or physiological  saline) wh ich  began at 

1000 hr  c o n t i n u e d  for the  ent i re  4 hr  50 rain at 0.4 m l / m i n ;  
wate r  was available f rom 1430 hr. Water  in take  was 
measured  at 1450 hr  and,  in ouaba in  t rea ted  animals,  at 
various t imes  dur ing  the  next  24 hr. 

Experiment 4. Effect o f  Ouabain on Water Intake Durin~ 
Feeding After 23½ hr Water Deprivation 

The purpose  of  this e x p e r i m e n t  was to de t e rmine  the  
effect  of  ouaba in  t r e a t m e n t  on wate r  in take  dur ing  feeding 
af te r  231/2 hr  wa te r  depr iva t ion .  For  two days the animals  
were fed at  1300 hr. The a m o u n t  of  food c o n s u m e d  was 
measured  at 1430 hr and 0930  hr the  next  day. At 0930  hr  
the food  was removed .  Water  was available only from 
1430 hr  to  1500 hr. On the th i rd  day the same p rocedure  
was fol lowed excep t  tha t  at 1000 hr lhe infus ion ,  i.e., 
physiological  saline or 1280 n g / m i n  ouaba in  began.  The 
infus ion  ended  at 1500 hr. 

Statistical A nal.vsis and Design 

Each an imal  served as its own  cont ro l .  The paired t-test  
was used in the  s tat is t ical  analysis of  the data.  Data are also 
p re sen ted  in the  tex t  as mean  ~ SEM. 

At least t en  days in te rvened  be tween  successive experi-  
men t s  involving ouaba in  t r e a t m e n t .  

RESULTS 

Experiment l(a). Ejfect o f  Ouabain on Water lntake 
Elicited by Angiotensin H 

Figure 1 shows the  wate r  in t ake  elici ted by angio tens in  
af te r  saline or  ouaba in  infusion.  Water  in take  induced  by 
the  in fus ion  of  800 n g / m i n  angio tens in ,  unde r  con t ro l  
cond i t ions ,  ranged f rom 500 1500 m l / 2 0 m i n .  The  mean  
wa te r  in take  in the  two groups  of  con t ro l  e x p e r i m e n t s  was 
791 + 1 1 4 m l  ( n = 8 ) a n d  821 ~ 48 ml ( n =  7), respect ively.  
The  la tency  before  dr ink ing  was usually 2 - 3  rain. 

In an imals  infused wi th  1280 n g / m i n  ouaba in ,  wate r  
in take  induced  by angio tens in  infus ion  ranged f rom 
0 2 5 0 m l  wi th  a mean  of  66 + 31 ml ( p < 0 . 0 0 1 ) .  Water  
in take  was reduced  in all, and vir tual ly  abol ished in six of  
the eight  animals  tested.  In animals  infused wi th  960 
rig/rain ouaba in ,  water  in take  induced  by angio tens in  
in fus ion  ranged f rom 5 0 - 7 4 0  ml wi th  a mean  of 377 , 
111 ml ( p < 0 . 0 5 ) .  Water in take  was vir tual ly  abol i shed  in 
two of  the  seven animals  tes ted.  Animals  tha t  d rank  less 
wate r  dur ing  ouaba in  in fus ion  than  dur ing  con t ro l  infus ion 
did repea ted ly  invest igate  the wate r  bin. 

Experiment l(b). Effect o f  Ouabain on Plasma and CSF Na 
and K Concentrations, and on Blood Pressure Before and 
During A ngio tensin Infusion 

Figure 2 shows mean  arterial  pressure (MAP) = diastol ic  
b lood pressure + 1/3 pulse pressure dur ing  con t ro l  and 
ouaba in  expe r imen t s .  Infus ion  of 1280 n g / m i n  ouaba in  did 
no t  have a s ignif icant  effect  on the MAP prior  to 
angio tens in  infus ion  ( n =  5). Ouabain  admin i s t r a t i on  did 
no t  appear  to affect  the increased MAP induced  by 
angio tens in  infus ion.  During saline infus ion,  angio tens in  
increased MAP from 69.8 ~ 5.5 to l l0 .0  , 3 . 0 r a m  ftg. 
During ouaba in ,  angio tens in  increased MAP from 64.6 ~ 3.0 
to 109 + 3.6 m m  fig. Blood pressure increased 2 3 rain 
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FIG. 1. Water intake (ml) during 20 min intracarotid infusion of 
800 ng/min angiotensin II alter 41A hr infusion of either ouabain 
(1280 or 960 ng/min) or physiological saline (control). Each symbol 

represents an experiment on an individual animal. 
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FIG. 2. Mean + SEM mean arterial pressure (mmHg) during 4V2 hr 
infusion of either ouabain (1280 ng/min) or physiological saline and 
during 20 min infusion of angiotensin II. Each value represents the 
average MAP during an interval and is plotted in the middle of that 

interval. (MAP = diastolic blood pressure + 1/3 pulse pressure). 

af ter  the onset  o f  the angiotensin infus ion and decreased 
2 - 3  rain af ter  its t e rmina t ion .  

Figure 3 shows the plasma and CSF Na and K 
concen t ra t ions  during cont ro l  and ouabain exper iments .  No 
significant changes in e i ther  plasma e lec t ro ly tes  or CSF K 
concen t ra t ion  were observed.  However,  angiotensin decreas- 
ed CSF Na concen t r a t ion  during ouabain t r ea tmen t  f rom 
151 + 0.58 to 149.2+ 0.70 mM (n = 6, p < 0 . 0 5 ) .  

Experiment 2. Effect o f  Ouabain on Water Intake Elicited 
by Hypertonic NaC1 

Figure 4 shows the water  intake elicited by int racarot id  
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FIG. 3. Mean + SEM plasma and CSF Na and K concentration (mM) 
during 41A hr infusion of either ouabain (1280 ng/min) or physio- 

logical saline and during 20 rain infusion of angiotensin It. 

infusion of  4 M NaC1 after  physiological  saline or ouabain 
infusion.  Water intake induced  by the infusion of  4 M NaC1, 
u n d e r  contro l  condi t ions ,  ranged f rom 6 7 4 - 1 8 0 0  
ml /20 rain. The mean water  intake in the two groups of  
cont ro l  expe r imen t s  was 1322 + 121 ml (n = 6) and 1050 + 
148 ml (n = 7), respectively.  The la tency to first drink was 
2 3 m i n .  

In animals infused with 1280 ng/min  ouabain,  water  
intake induced  by the infusion of  4 M NaC1 ranged f rom 
0 - 8 6 5  ml with a mean of  235 -+ 1 4 9 m l  (p<0 .001) .  Water 
intake was reduced in all, and virtually abolished in four of  
the six animals tested.  In animals infused with 960 ng/min 
ouabain,  water  intake induced by 4 M NaC1 ranged f rom 
0 - 8 5 0  with a mean of  389 +- 1 3 4 m l  (p<0 .01) .  Water 
intake was virtually abolished in two of  the seven animals 
tested.  

As in Expe r imen t  l(a),  a l though many animals did no t  
drink any water  in the presence of ouabain infusion,  the 
animals of ten  investigated the water  bin. 

Experiment3. Effect o f  Ouabain on Water Intake After 
48 hr Water Deprivation 

Figure 5 shows the results of these exper iments .  There 
was no significant di f ference be tween weight  loss and 
20 rain water  intake in the first or the second series of  
cont ro l  exper iments .  Weight loss was 1625 + 74 and 1950 
371 g while water  intake was 1687 * 1 9 4 ( n = 8 )  and 1834 
+ 366 ml (n = 8), respectively.  Weight loss and water  intake 
were posit ively correlated (r = .55, p <0 .0 5 ) .  

Infusion of  1280 ng/min  ouabain clearly inhibi ted water  
intake. Weight loss was 1750 ~ 15l g a n d  the 20 rain water  



124 WEISINGER, DENTON AND MCKINLEY 

2000- 

WATER 
INTAKE 

ml 

1500, 

1000- 

500" 

o 

CONTROL 

o 

O 

| 

o 

L b l l 6  I O  

O U A B A I N  O U A B A I N  
1280 CONTROL 960 

ng/min nglmin 

FIG. 4. Water intake (ml) during a 20 min intracarotid infusion of 
4 M NaC1 (1.6 ml/min) after 4½ hr infusion of either ouabain (1280 
or 960 ng/min) or physiological saline (control), each symbol 

represents an experiment on an individual animal. 

intake was 146 ± 9 2 m l  ( n =  8, p<0 .001 ) .  Infusion of  960 
ng/min  ouabain also reduced  20 min water  intake.  Weight 
loss was 2250 + 265 g and water  intake was 1369 +- 362 ml 
(n = 8, p<0 .05 ) .  

Figure 6 shows water  intake as a percentage of weight  
loss over t ime.  During cont ro l  infusions,  mean  water  intake 
within 20 rain of  water  p resen ta t ion  app rox ima ted  body  
weight loss (i.e., 108.5 + 19.1, 102.8 + 21.9% of  weight  
loss, respect ively,  for the two groups of cont ro l  experi-  
ments )  and no fur ther  measuremen t s  were made.  Twen ty  
min mean water  intake during the high dose of  ouabain was 
7.8 + 4.7% of  weight loss (range = 0 35%) while during the 
low dose, mean water  intake was 61.8 + 15.3% of  body  
weight loss. The ingestion of  water  subsequen t  to the high 
dose of  ouabain was suppressed for at least 4 hr and was 
74.1 + 10.0% of  body weight  loss by 24 hr. The ingestion 
of  water  subsequent  to the low dose of  ouabain was 82.5 + 
7.7% of  body  weight loss by 24 hr. 
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FIG. 5. Mean + SEM body weight loss (g) and 20 min water intake 
(ml) during infusion of ouabain (1280 or 960 ng/min)or physio- 

logical saline (control) after 48 hr water deprivation. 

Experiment 4. Effect o f  Ouabain on Water Intake During 
Feeding After 23½ hr Water Deprivation 

Table 1 shows the water  and food intake for the control  
and ouabain infusion exper iments .  The infusion of  1280 
ng/min  ouabain decreased water  intake relative to the 
average intake on the two days prior to infusion (p<0.01) .  
Nei ther  ouabain nor  physiological  saline infusion had any 
statistically significant ef fect  on mean food intake over 
90 rain prior  to water  presenta t ion .  Twenty  four hr food 
intake was no t  af fec ted  by ouabain or physiological  saline 
infusion.  

Table 2 shows the percentage change in food and water  
intake (i.e., [ intake during infusion + mean intake of the 
two baseline days] × I00)  for the cont ro l  and ouabain 
infusion exper iments .  Neither  ouabain or physiological  
saline infusion had any significant ef fect  on mean change in 
90 rain food intake.  However,  the variance (S 2) of  the 
percentage change in 90 rain food intake was markedly  
increased by ouabain compared  to contro l  infusions (i.e., 
7276 vs 215 p<0 .001 ) .  That is, 90 rain food intake during 
physiological  saline infusion ranged from 92 to 127%, while 
during ouabain infusion ranged f rom 10 to 252% of  
baseline intake.  Percentage change in 90 rain food intake 
was significantly correlated with percentage change in water  
intake during ouabain infusion ( r =  .90 p < 0 . 0 1 ) b u t  not  
during physiological  saline infusion (r = .  14, p<  0. l 0). 

D I S C U S S I O N  

The infusion of  1280 ng/min ouabain caused a marked 
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FIG. 6. Water intake, expressed as mean + SEM percent body weight 
loss after 48 hr water deprivation, during the 24 hr period sub- 
sequent to the infusion of 1280 (e) or 960 (o) ng/min ouabain or 
during the 20 min period during infusion of physiological saline (*, 

:~, first and second series of control experiments, respectively). 

r educ t i on  in wate r  in take  induced  by in t r aca ro t id  in fus ion  
of  800 n g / m i n  ang io tens in  II. There  was no  observable  
ef fec t  of  ouaba in  in fus ion  on  e i the r  the  basal b lood  
pressure or the increased b lood  pressure dur ing  in fus ion  of  
ang io tens in  suggest ing tha t  the  r educ t i on  in wa te r  in take  
was n o t  due to the  ef fec ts  of  ouaba in  on b lood  pressure.  
Ouaba in  did no t  affect  e i the r  p lasma or CSF Na and K 
concen t r a t i ons .  However ,  in ouaba in  t rea ted  animals ,  CSF 
Na c o n c e n t r a t i o n  decreased dur ing  ang io tens in  infus ion .  
This ef fec t  did no t  appear  to be the  e x p l a n a t i o n  for  the  
r educ t i on  in in take .  Tha t  is, there  were two an imals  in 
which  dr ink ing  was comple t e ly  e l imina ted  bu t  in which  
CSF Na was vi r tual ly  u n c h a n g e d  (e.g., + 0.5 mM).  

In take  of  water  s u b s e q u e n t  to the i n t r aca ro t id  in fus ion  
of  4 M NaC1 was also subs tan t i a l ly  reduced  dur ing  ouaba in  
t r e a t m e n t .  This resul t  is cons i s t en t  wi th  obse rva t ions  made  
on rats. B e r g m a n n n  e t  al. [9] r epo r t ed  tha t  an i n t r avenous  
in jec t ion  of  ouaba in  (0.25 mg/kg)  was effect ive in reduc ing  

wate r  in t ake  fo l lowing s u b c u t a n e o u s  in jec t ion  of  h y p e r t o n i c  
NaC1. Water  in take  was decreased at two hour s  bu t  was 
normal ,  relat ive to con t ro l  levels, at 24 hr  pos t in jec t ion .  
A l t h o u g h  in the ouaba in  e x p e r i m e n t s  r epo r t ed  here  24 hr  
in takes  of  food  and  water  were no t  measured  s u b s e q u e n t  to  
the  4 M NaC1 infus ions ,  it did no t  appear  t ha t  ouaba in  
p roduced  long te rm defici ts  in these behav iours  (e.g., the  
animals  began to eat immed ia t e ly  when  food was present-  
ed). Fur the r ,  in e x p e r i m e n t s  where  24 hr  food in take  was 
measured  ( E x p e r i m e n t  4) no  defici ts  in 24 hr  in take  were 
observed.  

Af te r  48 h r  depr iva t ion ,  wate r  in take  in 20 min  was 
similar to body  weight  loss. During in fus ion  of  1280 n g / m i n  
ouaba in ,  however ,  20 min wate r  in take  was less than  10% 
of weight  loss and r ema ined  suppressed  for  at least  4 hr. 
These results  dif fer  to a degree f rom those  of D e n t o n  e t  al. 
[ 1 5 ] .  They  s tudied  48 hr  wate r  depr iva t ion  in sheep wi th  a 
paro t id  fistula. Saliva was r e tu rned  to the  animals  at  12 hr  
intervals  by  r u m e n  tube  and 5 - 1 0  gm of  NaHCO 3 was 
added  to the  last co l lec t ion  to cover  any loss. The resul t ing 
wate r  d r ink ing  s t imulus  was greater  than  here being mos t ly  
in the  3 - 4  1 range. Ouaba in  infused at 2510  n g / m i n  for  
41A hr,  which  is a larger dose than  e m p l o y e d  here,  r educed  
in take  m u c h  less - to  72 + 11% of  cont ro l .  With two o t h e r  
n o r m a l  n o n f i s t u l a t e d  animals,  depr ived of wate r  for  48 hr,  
in fus ion  at this  rate reduced  in take  f rom 2200  to 1450 ml 
in one an imal  and  f rom 2000 to 300  ml in the o ther .  
Depress ion of  in take  lasted less than  90 min.  By this  t ime 
b o t h  an imals  had d r u n k  an add i t iona l  1500 ml. 

The data  would suggest there  may  be a very sensitive 
re la t ion  be tween  in tens i ty  of  need and  dose level in 
resul t ing effect .  This is s u p p o r t e d  by  the obse rva t ion  in the  
paper  of  D e n t o n  e t  al. [15]  tha t  i n t r aca ro t id  infus ion  of  
ouaba in  at 1 8 0 3 - 2 5 1 0  n g / m i n  for 41/4 hr  a lmos t  en t i re ly  
abol ished salt appe t i t e  of  the  Na def ic ien t  animal.  Half  the  
rate of  i n t r aca ro t id  in fus ion  had  only a small  effect ,  and the 
same rate  of  in fus ion  given in t r avenous ly  had also on ly  a 
small  effect .  Thus  it appeared  t ha t  the d i f fe rent ia l  of  
c o n c e n t r a t i o n  of  in t race rebra l  b lood  cont r ived  by intra-  
carot id  as d is t inct  f rom in t r avenous  infus ion  of  the  same 
dose was suff ic ient  to p roduce  a marked  quan t i t a t ive  result .  
In the e x p e r i m e n t s  r epor t ed  here the in t r aca ro t id  in fus ion  
of  960 n g / m i n  ouaba in  resul ted  in a smaller  r educ t i on  in 
wate r  in take ,  c o m p a r e d  to the h igher  dose, a f te r  in fus ion  of  
e i the r  ang io tens in  or 4 M NaC1, and af te r  wate r  depr iva t ion .  
This data  is cons i s ten t  wi th  the previous  research ind ica t ing  
a dose re la ted response  [ 1 5 ] .  

The inges t ion of  food immed ia t e ly  preceding  the  pre- 
sen ta t ion  of  wate r  a f te r  231A hr  water  depr iva t ion  a t t enua t -  
ed the  effects  of  ouaba in  admin i s t r a t ion .  Af ter  48 hr  wate r  
depr iva t ion  when  food was no t  available dur ing wa te r  
p resen ta t ion ,  wate r  in take  was 7.2% of  con t ro l  levels and 
was vir tual ly  e l imina ted  in 6 of  the 8 animals  tes ted.  
However,  a f te r  231/2 hr water  depr iva t ion  when  food was 
available pr ior  to and dur ing  water  p re sen ta t ion ,  wate r  
in take  was 50.1% of  baseline levels (Table  2) and was 
vir tual ly  e l imina ted  in 3 of  8 animals  tested.  This differ- 
ent ia l  effect  of  1280 n g / m i n  ouaba in  on wate r  in take  
induced  by water  depr iva t ion  or wate r  depr iva t ion  and food 
in take  suggests tha t  food in take  provides  a s t imulus  to 
wate r  in take  (e.g., d ry  m o u t h )  tha t  is relat ively insensit ive 
to ouaba in .  

It is also wor th  no t ing  tha t  dur ing  ouaba in  t r e a t m e n t  the 
var iabi l i ty  of  90 rain food in take  (i.e., pe rcen tage  change in 
food in t ake )  was increased and tha t  there  was a s ignif icant  
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T A B L E  I 

TABLE MEAN _+ SEM 30 MIN WATER INTAKE (ML) AND 90 MIN FOOD INTAKE (G) ON 
BASELINE DAYS AND ON DAYS WHEN INFUSION OF 1280 NG/MIN OUABAIN OR 
PHYSIOLOGICAL SALINE AFTER 23~/2 HR WATER DEPRIVATION WERE GIVEN. TOTAL 
DAILY FOOD INTAKE (G) ON BASELINE DAYS AND AFTER INFUSION OF OUABAIN OR 
PHYSIOLOGICAL SALINE IS ALSO SHOWN. BASELINE INTAKE IS EQUAL TO THE MEAN 

INTAKE OF THE TWO DAYS PRIOR TO THE INFUSION.(N 8) 

Baseline Infusion Intake during 
Intake and after 

infusion 

30 rain water 1562 + 151 Physiol. Saline 1459 _+ 124 

Intake (ml) 1702 _+ 178 Ouabain 978 _+ 309* 

90 min food intake 385 _+ 93 Physiol. Saline 398 ÷ 83 

prior to water 262 +_ 71 Ouabain 236 ÷ 76 

presentation (g) 

Total daily 775 + 32 Physiol. Saline 772 _+ 35 

food intake (g) 722 +_ 45 Ouabain 731 + 55 

*p<0.01 ; paired t test; statistical comparison between baseline intake and intake on day of 
infusion. 

T A B L E 2  

MEAN _+ SEM CHANGE IN 90 MIN FOOD INTAKE (%)OR WATER IN- 
TAKE (%) FOR PHYSIOLOGICAL SALINE AND 1280 NG/MIN OUA- 
BAIN TREATED ANIMALS. THE PERCENTAGE CHANGE = (INTAKE 
DURING INFUSION -:- AVERAGE INTAKE DURING THE TWO 
BASELINE DAYS PRECEDING THE INFUSION) x 100. CORRELA- 
TION BETWEEN CHANGE IN FOOD INTAKE AND CHANGE IN 

WATER INTAKE IS ALSO SHOWN 

Infusion A Food intake (%) A Water intake (%) 

Physiological Saline 108.2 _+ 5.2 98.8 _+ 10.9 

Ouabain 100.5 _+ 30.2 50.1 + 15.4 

Correlation between A food intake and A water intake: 
Control: r = .14, y = 3X + 65.68, p<0.10. 
Ouabain: r = .90, y = 0.46X + 3.82, p<0.01. 

correla t ion be tween  percentage change in 90 min food 
intake and percentage change in water  intake.  These data 
indicate that  the effects  o f  ouabain are no t  res t r ic ted to the 
neural sys tems subserving water  intake.  The fact that  bo th  
food and water  intake were severely reduced (i.e., to  less 
than 10% of  baseline values) in some animals could suggest 
that  the effect  o f  ouabain on water  intake was, in part ,  due 
to its toxic i ty  (e.g., the animals decreased intake because of  
nausea). However,  in o ther  animals food intake was 
unchanged or increased during ouabain t r ea tment .  In 
addi t ion,  since none  of  the animals showed any signs of  
nausea or distress in so far as they might  be visible in sheep 
(e.g., placing head in b o t t o m  of  cage) it is conceivable that  
ouabain in ter feres  wi th  the neural  systems contro l l ing  bo th  
hunger  and thirst.  

In regard to the neural  sys tems control l ing thirst ,  water  
intake subsequent  to the infusion of  hype r ton i c  solut ions is 
of ten  considered to be media ted  by the dehydra t ion  or 
shrinking of  osmorecep to r s  located in the hypo tha l amus  
[11, 21, 23, 32] .  Recent ly ,  however ,  Andersson [2,3] 
ques t ioned  the o smorecep to r  theory  and instead p roposed  

that  dr inking in response to infusion of  hyper ton ic  solu- 
t ions is media ted  by brain cells, located near the third brain 
ventricle,  which are sensitive e i ther  to their  immedia te  
env i ronmenta l  Na concen t ra t ion  or to CSF Na concent ra-  
t ion. Evidence cons is tent  with this lat ter  proposal  is that 
intraventr icular  infusion of isotonic  or hype r ton ic  saccha- 
rides blocks water  intake in goats during intracarot id  
infusion of  hype r ton ic  NaCI [281. In addi t ion,  the inges- 
t ion of  water  subsequent  to the intraventr icular  infusion of  
angiotensin lI was also though t  to be media ted  by brain 
cells sensitive to Na ions. That is, Andersson suggested that 
angiotensin II caused thirst  by increasing ei ther  the ent ry  of  
Na in to  these brain cells or the mo v emen t  of Na from CSF 
to the brain cells [2, 3, 4, 5] .  

Assuming that  the level of  ouabain achieved in these 
exper imen t s  inhibi ted  the Na pump (i.e., Na-K d e p e n d e n t  
ATPase) then  there are several possible explana t ions  for the 
lower water  intake observed during infusion of angio- 
tensin II or 4 M NaCI in ouabain t reated animals. First, in 
regard to angiotensin II infusion,  if water  intake is media ted  
by increased en t ry  of  Na into receptor  cells [21, then 
ouabain adminis t ra t ion  should have enhanced  thirst  since 
ouabain would have, if anything,  increased intracellular Na 
concen t ra t ion  [25] .  Since increased water  intake did not  
occur,  the data are inconsis tent  with this type of Na 
receptor .  On the o ther  hand,  if water intake is media ted  by 
increased mo v emen t  of  Na from CSF to the receptor  cells 
[21, and this Na m o v e m e n t  is d e p e n d e n t  on the Na pump 
[22] then  inhibi t ion of  the Na pump by ouabain would be 
expec ted  to decrease water  intake. Second,  in regard to 4 M 
NaC1 infusions,  it is possible that  the increased entry of  Na 
into the receptor  cells during ouabain adminis t ra t ion  
reduced e i ther  the envi ronmenta l  Na of  the receptor  cells or 
the amoun t  of  cellular shrinkage. Thus, decreased water  
intake in this si tuation could be consis tent  with ei ther  the 
Na recep tor  or the o smorecep to r  theory.  Thirdly,  in regard 
to bo th  angiotensin or 4 M NaCI infusions,  it should be 
no ted  that  increased activation of Na-K ATPase, ei ther  
direct ly or indirect ly (i.e., subsequent  to increased intra- 
cellular Na), i tself has been proposed  to induce thirst  [ 101. 
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The inhib i t ion  of  Na-K ATPase by ouabain would,  there- 
fore, be expec ted  to decrease water  intake.  

A n o t h e r  possible exp lana t ion  for the ef fec ts  of  ouabain 
adminis t ra t ion  on water  intake is that  ouabain could 
in terfere  with normal  neuron  func t ion ing  by its effects  on 
e i ther  Na-K d e p e n d e n t  ATPase [12, 16, 17, 29, 30] or 
neu ro t r ansmi t t e r  uptake  [ 12,31] .  The ef fec ts  of  ouabain 
on any part icular  behaviour  would be d e p e n d e n t  on factors  
such as the accessibili ty or aff ini ty of  the sys tem with 
regard to the drug. It has been shown that  d i f fe rent  areas of  
the brain have d i f fe rent  aff ini t ies for ouabain.  Donaldson 
e ta l .  [17] injected labelled ouabain in to  the third brain 
ventricle of  rats and showed  that  h i p p o c a m p u s  and hypo-  
thalamus had high aff ini ty  relative to cor tex ,  for ouabain.  
The hypo tha lamic  area is involved in food and water  
regulation and Bergmann e ta l .  [8] d e m o n s t r a t e d  that  
p lacement  of  ouabain in the hypo tha l amus ,  part icularly in 
the region of  the supraopt ic  nucleus,  was very effect ive in 
reducing bo th  normal  and h y p e r t o n i c  NaC1 elicited water  
intake.  Fur ther ,  the decreased effect iveness  of  ouabain on 
water  intake af ter  23V2 hr water  deprivat ion,  which was 
immedia te ly  p receded  by food  intake (Expe r imen t  4) could 
be due to the fact that  the drinking was, in part ,  prandial  or 
dry m o u t h  drinking. There is evidence suggesting that  
prandial  dr inking is a learned response in bo th  weanling and 
recovered hypo tha lamica l ly  lesioned rats [24] .  Thus, it is 
possible that  the prandial  dr inking was no t  d is rupted  due to 
its not  being p r edominan t l y  ini t iated by hypo tha lamic  
structures.  

Ouabain could exer t  its inhib i tory  ef fec ts  anywhere  in 
the chain of  events  f rom the s t imula t ion  of  the recep tor  to 
the end organ responsible  for the c o n s u m m a t o r y  behaviour.  
In this regard several observat ions  are wor th  not ing.  First ,  
in some of  the ouabain t reated animals in which there was 

marked reduc t ion  of  water  intake in response to angio- 
tensin II or 4 M NaC1 infusion,  relative to contro l  levels, 
investigation of  the water  bin did occur.  Similar behaviour  
was r epor ted  by Den ton  et  al. [ 15] in expe r imen t s  in which 
ouabain admin is t ra t ion  e l iminated  Na intake of Na defi- 
cient sheep. These observat ions  could suggest that  the 
receptors  have signalled the appropr ia te  in fo rmat ion  but 
the inhib i t ion  of  neural  activity b ey o n d  the recep tor  level 
p revented  the c o n s u m m a t o r y  response f rom occurring.  On 
the o the r  hand ,  the behaviour  is also cons is tent  with the 
hypo thes i s  that  while a major i ty  of  the recep tors  have been 
blocked there are enough  unb locked  receptors  to initiate a 
partial  response to the stimuli. The fact that  ouabain is 
more  effective on some types  of  thirst  than others  is 
cons is tent  with this hypothes is .  That  is, the observat ion 
that  ouabain is less effective in inhibi t ing (1) water  
deprivat ion induced thirst  when food is available then  when 
food is no t  available or (2) water  deprivat ion (plus 10 g 
NaHCO3) induced  thirst  in sheep wi th  parot id  fistula [ 15] 
than it is in normal  sheep suggests that  ouabain is no t  
merely in te r rupt ing  neurons  in a final c o m m o n  pa thway  of  
water  ingest ion behaviour.  

In conclusion ouabain infusion in to  the blood supply to 
the brain has been shown to inhibit  water  intake induced 
by various stimuli. Ouabain inhibi ted  water  intake during 
int racarot id  infusion of 4 M NaC1 or angiotensin II and 
after  e i ther  231A or 48 hr water  deprivat ion.  The data 
suggested that  the effects  of  ouabain on water  intake af ter  
water  deprivat ion were a t t enua ted  by having food intake 
precede  the p resen ta t ion  of water.  The results could be 
a t t r ibutable  to the effects  of  ouabain on Na t ranspor t  at the 
receptor  level but effects  at o ther  levels in the neural 
pa thway  be tween  the receptor  and the e f fec to r  organ can 
not  be ent irely el iminated.  
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