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JOHNSON, A. K., AND J. E. SCHWOB. Cephalic angiotensin receptors mediating drinking to systemic angiotensin II. 
PHARMAC. BIOCHEM. BEHAV. 3(6) 1077-1084,  1975. - In rats implanted with cannulae to allow delivery of solutions to 
the cerebral ventricular system, pretreatment with 5 #g or 0.5 tag of saralasin acetate (Sar I Ala ~ Angiotensin II), an 
angiotensin II competitive analog, significantly attenuated drinking to subcutaneous (SC) injections of 500 tag of 
angiotensin II. However, pretreatment with either SC (5 tag or 20 #g) or with intravenous (5 tag) saralasin had no effect on 
drinking to SC angiotensin II (500 tsg). Intracranial (IC) injections of 5 ~zg of saralasin had no effect on drinking in response 
to SC injections of 0.8 cc of a 10 percent NaC1 solution and did not attenuate ingestion of a milk solution in a dessert test. 
On the basis of the specificity and the greater efficacy shown by IC saralasin in attenuating drinking to systemically applied 
angiotensin II, it was concluded that circulating angiotensin II reaches brain periventricular receptors which mediate 
drinking. 
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THE signif icance o f  the  renal  r en in -ang io tens in  sys tem as a 
h o r m o n a l  m e d i a t o r  of  d r ink ing  has been  es tab l i shed  by  
F i t z s imons  and  colleagues [ 1 3 ] .  Manipu la t ions  which  re- 
lea,;e renin  f rom the  k i d n e y  p roduce  dr ink ing  [ 17, 22, 25, 
2 8 ] ,  and  the  sys temic  adm i n i s t r a t i on  of  renin ,  ang io tens in  
I, or  ang io tens in  II induces  wa te r  c o n s u m p t i o n  [9, 12, 14, 
15] .  The i n t e r ac t i on  of  ang io tens in  wi th  a h y p o t h e t i c a l  
d ipsogenic  r ecep to r  is assumed to be the  in i t i a t ing  process  
wh ich  leads to  an ac t iva t ion  of  neura l  th i r s t  m e c h a n i s m s  in 
the  cent ra l  ne rvous  sys tem and  a c o n c o m i t a n t  mob i l i za t i on  
of  d r ink ing  behaviors .  Because of  the  p r imacy  of  the  
r e c e p t o r  processes  involved in the  h o r m o n a l  i n d u c t i o n  of  
dr inking ,  the  local iza t ion  of  the  ang io tens in  d ipsogenic  
recep tors  is a necessary  step in achieving an u n d e r s t a n d i n g  
of  the  m e c h a n i s m s  med ia t ing  ang io tens in  th i r s t  and  mot i -  
va ted  behavior .  

Two h y p o t h e s e s  bear ing  on b o t h  the  m e c h a n i s m  of  
ac t ion  o f  ang io tens in  in the  con t ro l  of  d r ink ing  and  on the  
general  loca t ion  o f  ang io tens in  recep tors  have been  present-  
ed by  F i t z s imons  [ 12] .  The  first, a per iphera l  hypo thes i s ,  
suggests t ha t  the  r en in -ang io tens in  sys tem acts by  increas ing 
the  sens i t iv i ty  o f  vascular  s t r e t ch  recep tors  so t ha t  a f fe ren t  
sensory  discharge is increased and  t h e r e b y  act ivates  cen t ra l  
th i i s t  systems.  This m e c h a n i s m  would  enab le  the  h o r m o n e  
to exer t  its d ipsogenic  ac t ion  w i t h o u t  en te r ing  the  bra in  
and engaging the  var ious bra in-bar r ie r  sys tems.  The second,  
a cen t ra l  hypo thes i s ,  s ta tes  t ha t  c i rcula t ing  ang io tens in  
exer ts  a d i rec t  ac t ion  on  receptors  i m m ed i a t e l y  associa ted 
wi th  the  brain.  At  the  present  t ime,  avai lable e x p e r i m e n t a l  
evidence does n o t  al low d i sc r imina t ion  b e t w e e n  the  two  
hypotheses .  

The  f inding t ha t  animals  dr ink  to direct  in t racran ia l  (IC) 
in jec t ions  of  ang io tens in  II [1,8]  and  tha t  the  th re sho ld  
dose for  el ici t ing dr ink ing  in t rac ran ia l ly  is 2 to  3 orders  of  
magn i tude  be low tha t  necessary to ob ta in  dr ink ing  wi th  
sys temic  delivery of  the  pep t ide  [4, 8, 27] has been  
i n t e r p r e t e d  to suppo r t  the  cent ra l  hypo thes i s .  However ,  
these data  may  also be i n t e r p r e t e d  as showing  tha t  IC 
in jec t ions  of  angio tens in  which  p roduce  dr inking  are no t  
mimick ing  the  cent ra l  ac t ion  of  per iphera l ly  genera ted  
angio tens in  b u t  are revealing the  ex is tence  of  a separate  and  
i n d e p e n d e n t  h o r m o n a l  h y d r a t i o n a l  sys tem in the  brain.  
Also, at the  present  t ime  there  is no  defini t ive evidence tha t  
per iphera l  ang io tens in  II, per  se, c i rcula t ing  in physiological  
a m o u n t s  (which  can p roduce  dr inking,  [5] ) gains access to  
the  cent ra l  ne rvous  sys tem.  

Because of  the  pauc i ty  of  c o r r o b o r a t i n g  and converging 
data  on the  site of  ac t ion  med ia t ing  the  dipsogenic  effect  of  
angio tens in ,  a more  def ini t ive analysis is war ran ted .  Recen t  
success wi th  compe t i t ive  analogs of ang io tens in  in the  
e luc ida t ion  of  brain recep tors  involved in IC angio tens in  
i nduced  dr ink ing  [7] r e c o m m e n d s  these mater ia ls  as 
po t en t i a l  tools for  the  analysis of  the  site of  ac t ion  of  
c i rcula t ing  angio tens in .  Sar z Ala 8 ang io tens in  II in the  
ace ta te  form (Saralasin,  previously  called P-113, Norwich-  
Pharmacal ) ,  when  appl ied centra l ly ,  b locks  dr inking  to 
in t racran ia l ly  admin i s t e red  ang io tens in  [6 ,10]  and  w h e n  
infused  sys temical ly  in suff ic ient  doses a t t e n u a t e s  dr ink ing  
to i n t r avenous  angio tens in  II [ 1 0 , 3 0 ] .  The  basic experi-  
m e n t a l  ra t ionale  was fo rmu la t ed  to tes t  w h e t h e r  a low IC 
dose of  saralasin ace ta te  was more  effect ive than  an 
equ iva len t  or  greater  dose of  the  per iphera l ly  admin i s t e red  
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blocker  in a t t e n u a t i n g  the  dr inking  to per iphera l ly  adminis-  
tered angio tens in  II. Tha t  is, if  the  brain  conta ins  the  
u l t imate  target  tissue (cen t ra l  hypo thes i s )  upon  which  
angio tens in  acts to  p roduce  thirs t ,  t h e n  the  in t racran ia l ly  
applied b locker  would  be closer to  the  recept ive  t issue and  
the re fore  more  effect ive in reduc ing  the  dr ink ing  response  
than  per iphera l ly  admin i s t e red  compet i t ive  analog. Con- 
versely, if the  crit ical r ecep to r  tissue is loca ted  in the  
per iphery  then  the  in t racran ia l ly  delivered b locker  should  
be e i the r  less or at least no  more  effect ive than  sys temical ly  
applied blocker .  

GENERAL METHOD 

Animals 

Male a lb ino  rats (Sprague-Dawley derived, Univers i ty  of  
Iowa, D e p a r t m e n t  of  Psychology Animal  Colony) ,  weighing 
be tween  3 0 0 - 4 5 0  g at the  t ime of  the  beginning  of the  
expe r imen t ,  were individual ly  housed  in hanging cages (18 
cm high, 18 cm wide, and 24 cm long) cons t ruc t ed  of  
hardware  c loth  (3 /4  in. mesh)  and sheet  metal .  Teklad 
l abora to ry  pellets were always available on the f loor excep t  
dur ing dr inking  tests and tap wate r  was p resen ted  ad lib 
f rom meta l  d r ink ing  spouts  which  en te red  the f ron t  of  the  
cage near  the  floor.  A m b i e n t  l ight ing was p r o g r a m m e d  to  
tu rn  on at 0800  hr  and  off  at 2000  hr  and  the  co lony  
t e m p e r a t u r e  was ma in t a ined  at app rox ima te ly  22°C by air 
condi t ion ing .  

Surgery 

Intracranial cannulation. Prior to  surgery animals  were 
t rea ted  wi th  a t rop ine  sulfate (0.2 rag/ra t )  and  anes the t i zed  
wi th  Equi thes in  (3.0 cc/kg) ( Jenson-Sa lzburg  Labora tor ies ) .  
The head was shaved, the  an imal  was m o u n t e d  in a 
s te reo tax ic  i n s t r um en t ,  and the  scalp was incised. Af te r  
removing  the  pe r ios teum,  the  exposed  skull  was leveled 
using bregma and  l ambda  as re ferents  and  4 holes were 
drilled, one in to  each of  the  f ronta l  and parietal  bones ,  to  
receive stainless steel jewelers screws. A 23 ga guide cannu la  
system,  similar to t ha t  descr ibed by Epstein et al. 
[8 ] ,  was then  s te reotaxica l ly  imp lan ted  t h r o u g h  a small  
hole in the  skull. Previous work has shown  tha t  dr inking  
fol lowing IC in jec t ion  of  low doses of angio tens in  is the  
result  of  act ion of  the  h o r m o n e  on a per ivent r icu lar  
recep tor  site [3, 18, 21 ] .  The cannula  p lacement ,  8.7 m m  
an te r io r  to the  intra-aural  line, 1.3 m m  to  the  left  of  the  
saggital su ture  and  6.6 m m  ventra l  f rom the  surface of  the  
skull, was used in order  to  ensure  op t ima l  and reliable 
delivery of  in jec t ions  to  the  ven t r icu la r  sys tem [ 2 1 ] .  The 
guide cannu la  was fixed to the  skull  and jewelers screws 
wi th  m e t h y l  me thac ry l a t e  cemen t  and the incis ion was 
closed. A p rophy lac t i c  dose of penici l l in G (Pf izerpan AS 
60 ,000  un i t s / r a t )  was admin i s t e red  af te r  surgery. A mini- 
m u m  per iod  of  3 days pos topera t ive  recovery was al lowed 
pr ior  to screening tests. 

Jugular catheterization. Under  e the r  anes thes ia  the  r ight  
jugular  was exposed.  A ca the t e r  consis t ing of a 10 cm piece 
of  PE-50 tub ing  wi th  a 45 ° bevel at one tip was inser ted  
in to  the  jugular  so t ha t  the  t ip ended  at the en t rance  to the  
r ight  a t r i um (i.e., 32 m m  from en t ry  in to  the vein to the  
hear t  in the  size of  rats e m p l o y e d  in this  s tudy) .  The 
ca the t e r  was then  tied in to  the  vein and the  free end  run 
unde r  the  skin emerging t h r o u g h  a 7 m m  midl ine  incision in 
the  skin at the  scruff  of  the  neck.  The  ex te rna l i zed  end  was 

f ixed to the  skin by a suture.  The incis ion over the  exposed  
jugular  was closed and  the  ca the t e r  was filled wi th  sod ium 
hepar in  (100  un i t s /ml )  and closed wi th  an o b t u r a t o r .  
Ca the te rs  were m a i n t a i n e d  by f lushing and filling t h e m  with  
the  hepar in  so lu t ion  at the  conc lus ion  of  an in t r avenous  
test.  

Screening Tests 

Intracranial angiotensin II. In o rder  to  insure reliable 
delivery of  so lu t ions  to  the  ven t r icu la r  sys tem,  animals  were 
screened by  response  to an IC in jec t ion  of  angio tens in  II. 
Fo l lowing  recovery f rom surgery,  animals  were r emoved  
f rom the i r  h o m e  cages and housed  ( food  and  wa te r  ad lib) 
in special screening cages (18.5 cm high, 22 cm wide, and  
37 cm long wi th  f ront ,  sides, b o t t o m ,  and  top  cons t ruc t ed  
f rom hardware  c lo th  and  a shee t -meta l  back)  for at least 
one n ight  pr ior  to  an IC angio tens in  II test .  When screening 
was begun,  the  an imal  and  its food were r emoved  f rom the  
cage. The o b t u r a t o r  was pulled out  of  the  guide cannula  
and replaced wi th  a 30 ga stainless steel  in jec to r  which  was 
c o n n e c t e d  to a r emote  10 ul syringe (Hami l ton )  by a 1 m 
piece of  PE-10 tub ing  runn ing  t h rough  the  top  of the  cage. 
The  ent i re  in jec t ion  sys tem had previously  been  filled wi th  
a so lu t ion  of  angio tens in  II amide (Hyper tens in ,  Ciba),  50 
ng/u l  in i so tonic  saline. The in jec to r  was designed so tha t  its 
t ip was flush wi th  the  t ip of the  p e r m a n e n t  guide cannula  in 
the  IC site. The  animal  was r e tu rned  to the  cage and, a f te r  
the  an imal  was rest ing quiet ly ,  a 1 ul in jec t ion of  the  
angio tens in  so lu t ion  was delivered over 10 sec. The  la tency 
to dr ink  and  the  a m o u n t  of  water  consumed  in 15 rain 
fo l lowing the  in jec t ion  were recorded.  An IC in jec t ion  was 
judged  to be posit ive if the  an imal  began dr inking  wi th in  
2.5 min fo l lowing the  t r e a t m e n t  and  consumed  at lease 1.5 
ml wi th in  the  15 rain test  period.  

Subeutaneous angiotensin II. Animals  tha t  were to be 
used in expe r imen t s  emp loy ing  per iphera l  admin i s t r a t ion  of  
angio tens in  II as the  dipsogenic  t r e a t m e n t  were screened 
twice (separa ted  by  one day)  for dr inking  to a subcu tane-  
ous (SC) in jec t ion  be tween  the  scapulae of  500 ug of  
angio tens in  II in 0.67 ml of  i so tonic  saline. Prior pi lot  
dose-response work showed  500 ug to be an op t imal  SC 
dose of  angio tens in  for the  e l ic i ta t ion of  drinking.  The 
cr i ter ion for  en t ry  in to  an expe r imen t  was dr ink ing  2 ml or 
more  wi th in  1 hr  in response  to the  second inject ion.  

Subcutaneous hypertonic saline. Animals  t ha t  were to be 
used in the  e x p e r i m e n t  e m p l o y i n g  per iphera l  admin i s t r a t ion  
of h y p e r t o n i c  saline as a dipsogenic  t r e a t m e n t  were tes ted  
for  d r ink ing  to two SC screening in ject ions  (separated by  
one  day) of  0.8 ml of  a 10 percent  NaC1 (Fisher  A.C.S.) 
so lu t ion  (made  in deionized water) .  The cr i ter ion for 
d r ink ing  to the  challenge was set at 2 ml or more wi th in  1 
hr  on the  second  screening test.  

Experimental Tests 

Each e x p e r i m e n t  was designed to evaluate  the effect  of a 
pr imary  t r e a t m e n t  of  b locker  (saralasin) on a subsequen t  
dr inking  response.  In expe r imen t s  where the p r imary  
t r e a t m e n t  was to be an 1C in jec t ion ,  animals  were r emoved  
f rom the i r  h o m e  cages and  in jec ted  in a ho ld ing  cage (same 
d imens ions  as the  hanging  cages previously descr ibed)  wi th  
2 ul of  the  appropr ia te  so lu t ion  at the  app rox ima te  rate of  
0.1 ul/sec.  The in jec t ion  sys tem was like tha t  used for IC 
angio tens in  screening excep t  the  PE tub ing  was general ly 
shor ter .  The  in jec tor  remained  in place for 2 min af te r  
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comple t ion  of  the inject ion,  then it was removed,  the 
ob tu ra to r  replaced and the animal re turned to its home  
cage. All IC test solutions were ei ther  artificial cerebro- 
spinal fluid (ACSF)  (Ell iot ' s  B solut ion,  Nat ional  Cancer 
Inst i tute ,  NIH; each ml conta ined NaC1, 7.3 rag; KCI, 0.3 
mg; CaClz '2H20,  0.2 mg; MgS04"7H20, 0.3 mg; Na2HPOa '  
7H2 0, 0.2 mg; Dextrose (hydrous) ,  0.8 rag; NaHCO3, 1.9 
rag; Phenol Red, 0.1 ug) or saralasin in ACSF.  

In exper iments  where the drinking response was elicited 
by a peripherally administered thirst  challenge the animals 
were removed from their  cages 5 rain after  receiving the 
primary t rea tment  and injected subcutaneously  be tween  
the scapulae with the dipsogenic st imulus or its cont ro l  and 
then re turned to the home cage. These peripherally injected 
solutions were (1) isotonic saline (Baxter) ,  (2) angiotensin 
I! amide in isotonic  saline, and (3) 10 percent  hyper ton ic  
saline. 

E X P E R I M E N T  1 

The initial exper iment  examined  the effect  of  intracra- 
nial p re t rea tment  with the angiotensin II antagonist ,  sarala- 
sin, on systemically applied angiotensin II. 

Me th od  

Four teen  animals were screened for IC drinking to 
angiotensin II and all responded reliably. The 14 animals 
were then screened for drinking to SC angiotensin II and 12 
met  the drinking criterion. These 12 animals were then 
distr ibuted to receive initially e i ther  1 or 2 blocks of  
t r ea tment  condit ions.  Block 1 consisted of  three condi- 
tions: (1) an IC inject ion of  ACSF fol lowed by a SC 
isotonic saline t rea tment  (0.67 ml); (2) an IC inject ion of  
ACSF fol lowed by a SC inject ion of  500 ug of  angiotensin 
II (0.67 ml); and (3) an IC inject ion of  0.5 ug of  saralasin in 
ACSF fol lowed by a SC injection of  500 ug of  angiotensin 
II (0.67 ml). Block 2 consisted of  3 t rea tment  condi t ions  
with condi t ions  (1) and (2) ident ical  to condi t ions  ( 1 ) a n d  

(2) in Block 1. Condi t ion  (3) in Block 2 was an IC inject ion 
of  5 ~g of  saralasin in ACSF fol lowed by a SC injection of  
500 ug of  angiotensin II (0.67 ml). The order  for the 3 
condi t ions  within each block was randomized  for each 
animal. Four  animals received Block 1 first and then Block 
2. Eight animals went  through Block 2 and then received 
Block 1. Water intakes were recorded 5 min after  the 
primary t rea tment  and 60 rain after  the dipsogenic treat- 
ment.  

Resu l t s  and Discussion 

Summarized in Table 1 are the mean water  intakes for 
the 65 min fol lowing the primary t reatment .  There was no 
difference in water  intake 5 rain fol lowing the primary 
t reatment .  One of  the animals became ill during the course 
of  testing and was removed from the exper iment .  A 
statistical analysis of  the t rea tment  condi t ions  in Block 1 
showed a significant difference in water intake, F ( 2 , 2 0 ) =  
8.72, p<0 .01 .  Planned comparisons of  the effect  of  0.5 ug 
pre t rea tment  of  saralasin as compared  with ACSF pretreat-  
ment  on peripheral  angiotensin II showed a significant 
decrease fol lowing applicat ion of  the blocker, t(10) = 
3.004, p<0 .02 .  An analysis for Block 2 condi t ions  showed 
a significant difference in water intake across condit ions,  
F(2,20)  = 9.76, p<0 .01 .  The planned comparison of  the 
effect  of  pre t rea tment  with ACSF or 5 ug of  saralasin 
showed a significant reduct ion in water  intake produced by 
the compet i t ive  analog, t(10) = 2.744, p<0 .05 .  

The results indicate that  there is a systematic  at tenua- 
t ion by intracranially applied saralasin on drinking induced 
by peripheral administrat ion of  angiotensin II. 

E X P E R I M E N T  2 

The second exper iment  tested whether  there was a 
comparable  antagonism by saralasin on water  intake follow- 
ing SC angiotensin t rea tment  when the peptide inhibi tor  
was administered subcutaneously.  

TABLE 1 

E F F E C T  O F  I N T R A C R A N I A L  S A R A L A S I N  O N  D R I N K I N G  P R O D U C E D  BY S U B C U T A N E O U S  A N G I O T E N S I N  

Treatments 

Primary Treatment ACSF* (IC) ACSF (IC) 0.5 ~g Saralasin 5.0 t~g Saralasin 
+ + + + 

Dipsogenic Treatment Isotonic Saline 500 /sg 500 ug 500 ug 
(SC) Angiotensin II Angiotensin II Angiotensin lI 

Mean Water Intake 0.4 -+ 0.21[ 4.1 ± 0.87-~ 2.3 + 0.92 1.6 + 0.88 
(mls + SEM) 

Number of Observations 

p Values 

22 22 11 11 

- - <0.02 <0.05 

*ACSF = artificial cerebrospinal fluid 
tMean intakes for the ACSF + isotonic saline condition and also for the ACSF + 500 ~g Angiotensin II condition were statistically not 

different between treatment blocks so that for tabulation, mean intakes are collapsed over both blocks and the SEM is calculated for the 
number of observations. 

~Compared with ACSF-Angiotensin II condition within each block of treatments 
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T A B L E  2 

E F F E C T  O F  S U B C U T A N E O U S  S A R A L A S I N  O N  D R I N K I N G  P R O D U C E D  BY S U B C U T A N E O U S  A N G I O T E N S I N  

Treatments 

Primary Treatment Isotonic Saline Isotonic Saline 5 /~g Saralasin 20 ug Saralasin 
(SC) (SC) (SC) (SC) 

+ + + + 

Dipsogenic Treatment Isotonic Saline 500 ug 500 ug 500 ug 
(SC) Angiotensin II Angiotensin I1 Angiotensin I1 

(SC) (SC) (8C) 

Mean Water Intake 0.3 + 0.09* 4.3 + 0.52* 5.4 + 0.76 3.7 -+ 0.55 
(mls +- SEM) 

Number of Animals 27 27 16 11 

*Mean intakes for the Isotonic Saline + Isotonic Saline condition 
were statistically not different between treatment groups so that mean 

Method  

Thir ty-f ive naive rats were screened for d r ink ing  to SC 
angio tens in  lI. Twen ty - seven  d e m o n s t r a t e d  reliable dr ink ing  
and each of  the  responsive animals  was assigned to 1 of  2 
t r e a t m e n t  blocks.  In this  expe r i m en t ,  the  p r imary  t reat-  
men t  was a SC inject ion.  Animals  were removed  f rom the i r  
h o m e  cage, in jected subcu t aneous ly  be tween  the  scapulae 
with 0.1 ml of  e i the r  i so tonic  saline or saralasin in i so ton ic  
saline, and re tu rned  to the  h o m e  cage for 5 min. Af te r  this  
interval  they were r emoved  and in jected with e i the r  0.67 ml 
of  i so ton ic  saline or  500 ,zg of angio tens in  II in 0.67 mt of  
i sotonic  saline and  re tu rned  to the  h o m e  cage. 

Sixteen animals  received the  fol lowing cond i t ions  in 
r a n d o m  order:  ( 1 ) a SC in jec t ion  of  i so tonic  saline fol lowed 
by a n o t h e r  SC in jec t ion  of  i so tonic  saline, (2) a SC 
in jec t ion  of  i so tonic  saline fol lowed by a SC t r e a t m e n t  wi th  
angio tens in  II, and (3) a SC in jec t ion  of  5 ug of  saralasin 
fol lowed by a SC in jec t ion  of angio tens in  11. The remain ing  
11 animals  received in r a n d o m  order  the same types  of  
t r ea tmen t s  excep t  tha t  for cond i t ion  (3) the  p r imary  
t r e a t m e n t  was a SC in jec t ion  of 20 ug of  saralasin r a the r  
than 5 ug. Water  in takes  were recorded  5 min af te r  the  
pr imary  t r e a t m e n t  and 60 rain af te r  the dipsogenic  t reat-  
ment .  

Results and Discussion 

Shown in Table  2 are the  mean  in takes  for  the 65 min  
fo l lowing the pr imary  t r e a t m e n t  for the cond i t ions  across 
b o t h  t r e a t m e n t  blocks.  There  was no  d i f ference  in wate r  
in take  5 rain fo l lowing the  pr imary  t r ea tmen t .  Stat is t ical  
analysis across the  3 cond i t i ons  for the  group of  animals  
which  received the  5 ug saralasin t r e a t m e n t  showed  a 
s ignif icant  effect  of t r e a t m e n t s  on wate r  in take ,  F (2 ,30)  
=29.58,  p < 0 . 0 0 1 .  However,  a p lanned  compar i son  of  the  
effect  on angiotens in  I1 induced  dr inking  of pr imary  
t r e a t m e n t s  of  SC iso tonic  saline vs. SC 5 ug saralasin 
showed  no signif icant  differences.  

Analysis  for  the  3 cond i t ions  for the  group of  animals  
which  received the  20 ug saralasin t r e a t m e n t  showed  a 
s ignif icant  effect  of  t r e a t m e n t s  on water  in take ,  F (2 ,20)  = 

and also for the Isotonic Saline + 500 ug Angiotensin II condition 
intakes were collapsed over Blocks for tabulation. 

16.51, p < 0 . 0 0 1 .  Compar i son  of  the  effect  on angio tens in  I1 
dr ink ing  by pr imary  t r e a t m e n t s  of  SC isotonic  saline vs. SC 
20 ug of  saralasin revealed no  signif icant  difference.  

The  results of  the  present  s tudy  indioate  tha t  saralasin 
appl ied per iphera l ly  in doses even 40 t imes  greater  t han  
tha t  shown to be effect ive by cent ra l  admin i s t r a t ion  did not  
s ignif icant ly  a l ter  the  wate r  in take  fol lowing per ipheral  
angio tens in  II. 

E X P E R I M E N T  3 

Al though  the  results  of  Expe r imen t s  1 and 2 suppor t  the  
hypo thes i s  of  a brain re la ted r ecep to r  med ia t ing  dr inking  to 
per iphera l  angio tens in  II, it is possible t ha t  the IC route  is 
more  effect ive in a t t e n u a t i n g  angio tens in  dr ink ing  than  SC 
t r e a t m e n t  merely  because the in t racrania l ly  applied b locker  
has more  ready access to  the  sys temic  circulat ion.  In order  
to be cer tain tha t  the  relative eff icacy of IC in jec t ion  as 
compared  to SC t r e a t m e n t  was no t  an ar t i fact  of the  
facili ty of  en t ry  in to  the  c i rculat ion,  the  effect  of  direct  
vascular in jec t ion  ( in t r avenous )  of  b locker  on SC angioten-  
sin II was examined .  

Method  

Seventeen  ou t  of  21 animals  t ha t  were screened for  
dr inking  to per iphera l  (SC) angio tens in  r e sponded  reliably. 
The day fol lowing the  last screening test  the  positive 
animals  received an in t r avenous  ca the t e r  and, a f te r  a day of  
recovery,  the  animals  en te red  the  tes t ing  regime. On Day 1 
animals  received as a pr imary  t r e a t m e n t  e i the r  0.2 ml of  
i so tonic  saline or 5 ug of  saralasin in 0.2 ml of  i so tonic  
saline t h rough  the  in t r avenous  ca theter .  Bo th  t r e a t m e n t s  
were fol lowed immedia t e ly  wi th  a 0.2 ml wash of  i so ton ic  
saline. The animals  were then  r e tu rned  to the i r  h o m e  cages 
and 5 rain la ter  a dipsogenic  t r e a t m e n t  of a SC in jec t ion  of  
angio tens in  II in 0.67 ml of  i so tonic  saline was given. On 
Day 2 the  animals  rested,  and on Day 3 the  animals  
received the  remain ing  test  cond i t i on  which  they  had no t  
received on Day 1. Immedia t e ly  fol lowing the  conclus ion  of  
the  test  on Day 3 the  animals  received a test  to diagnose the  
pa tency  of  the  in t r avenous  ca the ter .  This  was carried out  



BRAIN A N G I O T E N S I N  II R E C E P T O R S  

TABLE 3 

E F F E C T  O F  I N T R A V E N O U S  S A R A L A S I N  ON D R I N K I N G  P R O D U C E D  BY S U B C U T A N E O U S  A N G I O T E N S I N  

1081 

Treatments 

Primary Treatment Isotonic Saline (IV) Isotonic Saline (IV) 5 ug Saralasin (IV) 
+ + + 

Dipsogenic Treatment Isotonic Saline 500 tzg 500 ~g 
(SC) Angiotensin II (SC) Angiotensin II (SC) 

Mean Water Intake 0.2 -+ 0.16 2.6 ± 0.76* 3.7 ± 0.85 
(mls _+ SEM) 

Number of Animals 15 t 17 17 

*Although screening data for this group was comparable to that of other experiments, IV catheterization and/or IV injections appear 
to have attenuated the response to SC angiotensin II. 

tAll  catheters were shown to be patent; however, two animals did not recover from the narcosis induced by the sodium pentobarbital. 

by determining if the onset  of  narcosis fol lowing an 
inject ion of  40 mg/kg of  sodium pentobarbi ta l  (60 mg/ml)  
through the  in t ravenous ca the ter  had a latency of  5 sec or  
less fol lowing comple t ion  of  the inject ion.  On Day 4 the 
animals rested and on Day 5 they received a baseline 
cont ro l  test consisting of  a 0.4 ml inject ion of  isotonic  
saline fol lowed 5 min later by a 0.67 ml SC injection of  
isotonic saline. Water intakes were recorded 5 min after the 
primary t rea tment  and 60 rain after  the dipsogenic treat-  
ment .  

Fol lowing the screening, animals entered a block of  3 
t rea tments  o f  (1) a primary t rea tment  of  an IC inject ion of  
ACSF fol lowed 5 min later by a dipsogenic t rea tment  of  SC 
isotonic  saline (0.8 ml); (2) IC ACSF,  fol lowed 5 min later 
by SC 0.8 ml 10 percent  NaCI; and (3) IC 5 ug of  saralasin 
in ACSF fol lowed 5 min later by 0.8 ml 10 percent  NaC1. 
Animals received these t rea tments  in rand6m order  with at 
least one rest day intervening between any 2 tests. Water 
intakes were recorded 5 min after the primary t rea tment  
and 60 rain after  the dipsogenic t rea tment .  

Resu l t s  and  Discussion 

Shown in Table 3 are the mean intakes for the various 
t r ea tment  condit ions.  There was no difference in water  
intake 5 min fol lowing the primary t rea tment .  The critical 
comparison between the condi t ion  of  intravenous isotonic 
saline fol lowed by SC angiotensin II and the condi t ion  o f  
in t ravenous saralasin fol lowed by SC angiotensin II was no t  
significant, t (16) = 1.547, p>  0.05. 

These data indicate that  the decrease in drinking to SC 
angiotensin II produced by IC saralasin in Exper iment  1 
cannot  be due to a more  effect ive delivery of  b locker  to the 
systemic circulat ion by IC inject ions as compared  with  SC 
injections.  

EXPERIMENT 4 

Ano the r  potent ia l  source of  error  in in terpret ing the 
blocking effects of  saralasin in Exper iment  1 is that  the 
reduct ion  of  drinking seen fol lowing the IC inject ion might  
actually reflect a generalized behavioral  disrupt ion rather  
than a specific block of  angiotensin induced drinking. The 
fol lowing exper iment  assesses the generali ty of  the effect  of  
IC saralasin on drinking by examining  the effect  of  the 
analog on cellular thirst. 

Me th od  

Eleven animals were implanted  with IC cannulae. Af te r  
recovery from surgery the animals were screened for 
drinking to IC angiotensin and 10 were found to drink 
reliably. These 10 then received 2 hyper ton ic  saline 
screening tests. All 10 animals met  the drinking cri terion.  

Resu l t s  and  Discussion 

The effect  of  IC inject ions of  saralasin on drinking to 
hyper ton ic  saline is shown in Table 4. There was no 
difference in water intake 5 min fol lowing the primary 
t reatment .  An IC t rea tment  of  ACSF fol lowed by SC 0.8 
ml of  10 percent  NaC1 produced  4.6 ml of  water intake, or 
thirst  mot iva t ion  approximate ly  equivalent  to that  seen 
fol lowing an IC pre t rea tment  of  ACSF fol lowed by SC 500 
ug of  angiotensin II (Exper iment  1) (i.e., 4.1 ml intake).  
There was a significant effect  on water  intake across 
t reatments ,  F(2,18)  = 7.95, p<0 .01 .  However,  the water  
intake seen fol lowing t rea tment  with hyper ton ic  saline was 
no t  significantly changed by IC saralasin, t(9) = 1.709, 
p>0 .5 .  These results confirm the findings by Summy-Long  
and Severs [29] that intraventr icular  saralasin does not  
alter the drinking response to cellular dehydrat ion.  Conse- 
quent ly ,  the saralasin blockade in Exper iment  1 appears 
specific to angiotensin induced thirst. 

EXPERIMENT S 

The fol lowing exper iment  was designed to determine 
whether  IC saralasin t rea tment  disrupts nonthirs t ,  ingestive 
behavior.  Animals with ad lib access to food and water  will 
consistent ly consume substantial  amounts  of  a milk solu- 
t ion if  daily access is provided [23] .  This dessert test allows 
an assessment of  any nonspecif ic  disruptive effect  the 
inhibi tor  may exert  on animals funct ioning with no 
apparent  fluid or  energy imbalance.  Also, the consumma-  
tory m o t o r  pat terns for milk drinking are basically the same 
as those for the ingestion of  water. 
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TABLE 4 

EFFECT OF INTRACRANIAL SARALASIN ON DRINKING PRODUCED BY CELLULAR DEHYDRATION 

Treatments 

Primary Treatment ACSF* (IC) ACSF (IC) 5 ug Saralasin (IC) 
+ + + 

Dipsogenic Treatment Isotonic Saline 0.8 ml of 10% NaCI 0.8 ml of 10% NaC1 
(SC) (SC) (SC) 

Mean Water Intake 1.1 + 0.28 4.6 + 0.93 6.4 + 1.28 
(mls + SEM) 

Number of Animals 10 l 0 10 

*ACSF = artificial cerebrospinal fluid 

Method 

Twelve animals were prepared with IC cannulae. All 
responded  reliably to an IC screening to angiotensin II. 
Fol lowing screening, at the same t ime every day, animals 
were removed f rom their  home cages (in which food and 
water was available ad lib) and were placed in a dessert  test  
cage (16.5 cm high, 16 cm wide, and 29.8 cm long, with 
front ,  back, and b o t t o m  of  hardware cloth 3/4 in. mesh, 
wooden  sides, and a metal  sliding top).  Two drinking spouts  
similar to those in their  home cages entered  th rough  the 
wire mesh near the b o t t o m  of  the cage. The rats were 
proffered  tap water  through one of  the spouts  and a milk 
solut ion through the second consist ing of  1 part Bordon ' s  
sweetened condensed  milk mixed with 2 parts tap water  
[23] (bo th  milk and water  were at ambient  tempera ture) .  
After  1 hr in the dessert  cage, animals were re turned to 
their home cage. Animals were exposed  to this si tuation for 
several days until  the daily intake of milk was stable 
(approx imate ly  one week).  Then the rats were randomly  
assigned to receive an IC inject ion of  e i ther  ACSF or 5 ug 
of  saralasin in ACSF prior to exposure  to the dessert  test 
si tuation.  After  comple t ion  of  the injection and replace- 
ment  of  the ob tura tor ,  animals were put immedia te ly  into 
the dessert test cage, and allowed to drink for 1 hr at which 
t ime intakes of  water  and milk were recorded.  The animals 
were re turned to their  home cages. Fol lowing the initial IC 
test injection the rats were allowed to restabilize their  
intake of  the milk for 3 days. Then they received the 
remaining IC t rea tment .  

Results and Discussion 

One animal did not  drink any of the milk solut ion after  
2 weeks of  exposure  and one animal became ill during the 
course of  testing. Both were wi thdrawn from the experi-  
ment .  The effect  of  IC saralasin on the fluid intake of  
animals is shown in Table 5. Water intake was not  
significantly altered in the test s i tuation,  t(9) = 0.511, 
p>0 .05 .  

lntracranial  saratasin did not  disrupt  milk drinking. 
Rather,  the effect  of  the analog was to produce  a slight (17 
percent)  but statistically reliable increase in milk intake,  
t(9) = 4.33, p<0 .01 .  The reason for the reliable increase in 
milk intake over the hour  test fol lowing IC saralasin is 

TABLE 5 

EFFECT OF INTRACRAN1AL SARALASIN ON MILK AND 
WATER DRINKING IN A "DESSERT" TEST 

Treatments 

Artificial Cerebrospinal 
t:luid (IC) 

5 ~g Saralasin 

Mean Milk Intake 15.1 ± 0.64 17.5 + 0.91 
(mls _+ SEM) 

Mean Water intake 0.5 + 0.34 0.8 + 0.31 
(mls -+ SEM) 

Number of Animals 10 10 

p Value <0.01 

unclear. The intracranially injected analog produces  core 
t empera ture  hypo the rmia  (personal  communica t ion ,  John  
Simpson)  and the increased intake of  milk may be an 
energy regulatory response [2] .  However,  it is unlikely that  
the blocking effect  of  IC saralasin on SC angiotensin II is 
the result of  saralasin inducing a compe t ing  hunger  drive. 
Data f rom this laboratory indicate that  af ter  24 hr of  food 
deprivat ion (water  ad hb) animals did not  have a signifi- 
cantly altered water  intake in a one hr test following 500 ug 
of  SC angiotensin II as compared  to their  response 
fol lowing ad lib food (for ad lib food condi t ion,  mean 
water  intake = 4.7 + 0.91 ml; for food deprived condi t ion,  
mean water  intake = 7.4 -+ 0.743; n = 7). 

G E N E R A L  D I S C U S S I O N  

The present  series of  studies was designed to examine 
which of  the two  current  hypotheses  [ 1 2] of  the dipsogenic 
site of  act ion of  systemic angiotensin is tenable.  The results 
of  Exper iment  1 indicated that  IC saralasin, a compet i t ive  
inhibi tor  o f  angiotensin II, effectively reduced the drinking 
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p roduced  by  sys temical ly  (SC) appl ied ang io tens in  II. When  
comparab l e  doses of  saralasin were appl ied e i the r  subcu ta -  
neous ly  or  i n t r avenous ly  pr ior  to  SC ang io tens in  t r e a t m e n t ,  
the re  was no  a t t e n u a t i o n  of  the  d ipsogenic  effect .  C o n t r o l  
e x p e r i m e n t s  e x a m i n i n g  c o n s u m m a t o r y  responses  ind ica te  
t ha t  IC saralasin does n o t  d i s rupt  c o n s u m m a t o r y  behavior .  
Taken  t oge the r  these e x p e r i m e n t s  can be i n t e r p r e t e d  as the  
first direct  e x p e r i m e n t a l  evidence showing  tha t  pe r iphera l  
ang io tens in  II p roduces  th i r s t  by  d i rec t  ac t ion  on  the  bra in  
r a the r  t han  by ac t ion  on  a per iphera l  r ecep tor .  Fu r the r -  
more ,  the  results  suggest tha t  b o t h  b l o o d - b o r n e  and  
ce rebrosp ina l  f luid-carried ang io tens in  exer t  a d ipsogenic  
ac t ion  by  engaging the  same cent ra l  ang io tens in  receptors .  

The  loca t ion  of  cen t ra l  ang io tens in  sensi t ive sites has 
been  the  top ic  of  cons iderab le  research.  Early s tudies  [8]  
conc luded  t ha t  there  was a b road  band  of  t issue sites 
sensi t ive to ang io tens in  (e.g., p r eop t i c  area, septa l  region,  
an t e r io r  h y p o t h a l a m u s ,  etc.) .  However ,  f u r t he r  exper i -  
men ta l  sc ru t iny  of  the  IC dr ink ing  p h e n o m e n a  revealed 
tha t ,  for  the  ac t iva t ion  o f  d r ink ing  mechan i sms ,  the  cri t ical  
aspect  of  in jec t ions  i n to  sensi t ive tissue was t ha t  the  
h o r m o n e  ac tua l ly  gains access to  the  ce rebrosp ina l  fluid [3, 
18 19, 21 ] and  no t  the  t issue site per  se. These  f indings  led 
to the  conc lus ion  tha t  pe r iven t r i cu la r  r ecep to r  sites mus t  
media te  the  dipsogenic  response  to IC angio tens in  II and  
tha t  the  same per iven t r icu la r  sites cou ld  possibly  be reached  
by  b l o o d - b o r n e  ang io tens in  [18,  19, 20, 21 ] .  

E x p e r i m e n t a l  suppor t  for  pe r iven t r i cu la r  r ecep tors  acces- 
sible to  sys temical ly  gene ra t ed  ang io tens in  comes  f rom the  
fo l lowing lines of  research:  (1)  r ad iome t r i c  s tudies  which  
show tha t  sys temical ly  appl ied ang io tens in  is exc luded  f rom 
bra in  p a r e n c h y m a  p roper  (e.g., an t e r i o r  h y p o t h a l a m u s ,  
p reop t i c  area, cor tex ,  etc.)  [24 ;  Epste in ,  J o h n s o n  and  

Shrager,  u n p u b l i s h e d  obse rva t i ons ] ,  (2)  au to rad iog raph ic  
s tudies  in mice [31]  and  in rats [20 ,26]  which  show tha t  
fo l lowing sys temic  in jec t ion  of  labeled angio tens in  II, 
rad ioac t iv i ty  is h igh in the  ven t r i cu la r  spaces, per iventr ic-  
ular  tissues, the  choro id  plexuses,  and  ex t ra  b lood-bra in  
bar r ie r  organs,  and  (3) r ad iomet r i c  analysis which  shows a 
rapid en t ry  of  rad ioac t iv i ty  in to  the  ce rebrosp ina l  fluid 
fo l lowing sys temic  in fus ion  of  labeled angio tens in  II 
[ 1 9 , 2 0 ] .  The  results  of  E x p e r i m e n t  1, showing  tha t  
saralasin wi th  access to the  ven t r i cu la r  sys tem [21]  
a t t e n u a t e s  d r ink ing  to sys temical ly  del ivered angio tens in  II, 
lend add i t iona l  suppor t  to  the  hypo thes i s  of  a per iventr ic-  
ular  site o f  act ion.  

Recen t  f indings have s h o w n  tha t  there  is a cephal ic  
ren in-ang io tens in  sys tem in which  c o m p o n e n t s  comparab l e  
to those  of  the  renal  r en in -ang io tens in  sys tem are synthe-  
sized de novo  in the  brain  [11,  16, 32 ] .  The exis tence  of  
this  brain sys tem has p r o m p t e d  m a n y  invest igators  to  
specula te  tha t  this  cent ra l  sys tem may have an i m p o r t a n t  
role in thirs t .  If  at  some t ime  this  p roposed  func t ion  for the  
cent ra l  sys tem is expe r imen ta l l y  subs t an t i a t ed ,  it may  be 
necessary to  reassess the  f indings p resen ted  here,  for  they  
would  also be c o m p a t i b l e  wi th  the  more  complex  h y p o t h -  
esis tha t  there  is a per iphera l  d ipsogenic  ang io tens in  
r ecep to r  wi th  i npu t  in to  a cen t ra l  th i rs t  sys tem and  tha t  
there  is a cen t ra l  ang io tens in  l ink t ha t  is suscept ib le  to  
b lockade  by saralasin. However,  in light of  our  cu r ren t  
u n d e r s t a n d i n g  of  the  m e c h a n i s m s  of  ang io tens in  thirs t ,  the  
mos t  pa r s imon ious  conc lus ion  to be drawn f rom the  results 
of  the  present  analysis is t ha t  c i rcula t ing angio tens in  lI does  
gain access to  per ivent r icu la r  d ipsogenic  recep tors  and  
t he r eby  mobi l izes  d r ink ing  behavior .  
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