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FALK, J. L., S. FORMAN AND M. TANG. Dissociation of dipsogenic and depressor responses produced by hypotensive 
agents. PI4ARMAC. BIOCHEM. BEHAV. 1(6) 709--718, 1973. - Since the direct, vascular, smooth-muscle-relaxing 
agents isoproterenol and diazoxide produce substantial drinking responses in water-satiated rats, other direct-acting 
(sodium nitrite, sodium nitroprusside, hydralazine) and indirect (methyldopate) hypotensive drugs were administered to 
assess their dipsogenic efficacy. Although characteristic hypotensive dose-effect relations were observed for these drugs, 
no significant drinking occurred over the range of doses producing hypotension. Combinations of the three direct-acting 
agents with the alpha-adrenergic blocker tolazoline yielded moderate dipsogenic effects, although tolazoline alone was 
dipsogenically ineffective at these do~s  (1 and 10 mg/kg) as determined in a previous study. Thus, the ineffectiveness 
of the direct-acting agents as dipsogens was not due to inherent behavioral toxicity. Propranolol, which was shown 
previously to antagonize diazoxide-induced drinking did not antagonize the hypotensive effect of diazoxide. Since some 
of the drugs used increase plasma renin activity, but failed here to stimulate drinking, increased plasma renin activity 
may be an incomplete explanation of the dipsogenic activity of certain peripherally-acting agents. 
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IN P R E V I O U S  studies  it was s h o w n  tha t  d iazoxide ,  a hypo-  
tensive b e n z o t h i a d i a z i n e  wi th  an t id iu re t i c  ac t ions ,  pro- 
duced a severe, p r imary  polydips ia  in rats [6,  7, 8 ] .  As par t  
of  a program a imed at de l inea t ing  the  d ipsogenic  ac t ion  of  
d iazoxide ,  several hypo t ens i ve  agents  were examined  to 
de l e rmine  if they  too  might  induce  wa te r  in take .  Some 
drugs ( sod ium ni t r i te ,  sod ium n i t ropruss ide )  were chosen  
because thei r  hypo tens ive  ac t ion  is s imilar  to  t ha t  of  
d iazoxide  [4, 24, 28, 31,  3 4 ] .  Tha t  is, they  are di rect ,  
vascular,  smoo th -musc le - re l ax ing  agents  whose  hypo t ens ive  
ac t ion  is no t  a t t r i b u t a b l e  to gangl ionic  b lockade ,  ca techol -  
amine  dep le t ion ,  d iure t ic  or cent ra l  nervous  act ions .  O t h e r  
drugs were selected pr imar i ly  on the  basis of  w h e t h e r  they  
s t imula ted  (hydra laz ine  and also sod ium n i t ropruss ide )  or 
inh ib i t ed  ( m e t h y l d o p a t e )  renin  release, as well as possessing 
e i the r  direct  (hydra l az ine )  or  indi rec t  ( m e t h y l d o p a t e )  hypo-  
tensive ac t ion  [2, 13, 14, 2 1 , 2 2 ,  26, 27,  3 3 ] .  

Recen t  e x p e r i m e n t s  have d e m o n s t r a t e d  tha t  the  dipso-  
genie ac t ion  of d iazox ide  is an tagon ized  specifically by  
p roprano lo l ,  a be ta -adrenerg ic  b lock ing  agent  [ 8 ] .  In order  
to d e t e r m i n e  w h e t h e r  this an tagon i sm was d e p e n d e n t  upon  
some reversal of  d iazox ide - induced  h y p o t e n s i o n ,  this  drug 
c o m b i n a t i o n  was repea ted  and b lood  pressure was moni -  
tored.  

If a par t icu lar  drug fails to  p roduce  a d ipsogenic  re- 
sponse  this could occur  e i the r  because  the  agent  is s imply  

no t  a d ipsogen or because it migh t  p roduce  behaviora l ly  
toxic  side effects  which  prevent  the  occur rence  of  d r ink ing  
(e.g., malaise).  For  this  reason,  if we suspec ted  t ha t  drug- 
induced  malaise might  in te r fere  wi th  dr ink ing ,  the par- 
t icular  agent  also was given in c o m b i n a t i o n  wi th  the  weak 
dipsogen to lazol ine  (an a lpha-adrenergic  b locker )  to de ter -  
mine  w h e t h e r  the  animals  would  indeed respond dipso- 
gen i ta l ly  while  s t imula ted  by the  agent  in ques t ion .  

E X P E R I M E N T  1: H Y P O T E N S I V E  A G E N T S  AND D I P S O G E N I C  

RESPONSE 

Method 

Animals. T w e n t y - f o u r  male,  a lb ino  rats  ( H o l t z m a n  
s t ra in)  wi th  a mean  body  weight  o f  323 g (range:  
2 2 7 - 4 3 5  g) were used. They  were housed  individual ly  in a 
t empe ra tu r e - con t ro l l ed  room with  a 12-hr light - d a r k  cycle. 

Intake schedule. All animals  were adap ted  to the  follow- 
ing feeding-dr inking  schedule  for  3 - 6  days. Water  was 
always available f rom a ca l ibra ted  Rich te r  tube  and food 
was removed  only  for  a 3-hr period dur ing  the  day.  Nor- 
mally,  l i t t le food or wate r  is consumed  dur ing  this part  of  
the light cycle. This wa te r - in take  per iod wi th  a low mean  
and variance allows even small  drug- induced  increases to be 
de tec ted .  During the  3-hr per iod,  hou r ly  wate r  in take  was 
measured .  Then  food (Purina Labora to ry  chow,  pel le ted)  
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was replaced.  At the beginning  of  the  3-hr per iod,  animals  
were weighed and any drug or con t ro l  in jec t ion  adminis-  
tered.  Thus,  the  effect  of  various drug doses on  3-hr water  
in take  in the  absence  of c o n c o m i t a n t  food in take  was 
evaluated.  

Drugs. All drugs were dissolved in i sotonic  saline and 
admin i s te red  subcu t aneous ly  (SC) in vo lumes  less than  
0.8 ml. The fo l lowing drugs were used: Sodium ni t ro-  
prusside (Sigma Chemical  Co.), sodium ni t r i te  (F isher  Sci. 
Co.), hydra laz ine  IICI (Sigma Chem. Co.}, to lazol ine  HCI 
(Priscoline,  generouly  supplied by Dr. A. J. P lummet ,  Ciba 
Phaarmaceut ica l  Co., Sum m i t ,  N. J.), and m e t h y l d o p a t e  
HCI (a gift f rom Merck, Sharp and 1)ohmc Research Lab, 
Rahway,  N. Y.). All doses are specif ied as the weight  of  the  
salt. 

Procedure. The 24 animals  were divided in to  four  groups  
of six co r re spond ing  to four  drug dose-effect  s tudies.  
Within each group,  animals  were given one of  three  drug 
dose levels or a saline con t ro l  in jec t ion  on  each t r e a t m e n t  
day in r a n d o m  order .  The four  drugs used were sodium 
ni t r i te  (20, 40,  and 60 mg/kg) ,  sodium n i t ropruss ide  (1, 2, 
and 4 mg/kg) ,  hydra laz ine  (10, 20,  and 3 0 m g / k g ) ,  and 
m e t h y l d o p a t e  (25, 50, and 100 mg/kg) .  On non- in jec t ion  
days animals  remained  on  the in take  schedule  and 2 6 d a y s  
elapsed be tween  inject ions.  

Upon  c o m p l e t i o n  of the above  phase,  the  median  dose 
of  three  of  the  drugs was c o m b i n e d  wi th  e i ther  a 1 or 
10 mg/kg  to lazol ine  in jec t ion (SC). Tolazol ine  was given 
1 5 r a i n  before  the o t h e r  drug. in each group,  3 animals  
received the 10 mg/kg to lazol ine  dose plus the o t h e r  drug as 
the first t r e a t m e n t  and then  received the 1 mg/kg  to lazol ine  
dose plus the drug 3 - 4  days later. The o the r  3 animals  were 
t rea ted  in the  reverse order.  

Results 

Figure 1 shows the  mean  3-hr wate r  in takes  fol lowing 
in ject ions  of three  of  the drugs. For  all th ree  drugs the 
magn i tude  of  the  d r ink ing  was small. Analyses of  variance 
(one-way,  repeated measures  design, [ 3 5 ] ,  p. 105) per- 
formed on the  sodium ni t r i te  and sodium n i t ropruss ide  
groups yielded insignif icant  F-values. The overall  F for  the 
hydra laz ine  group was s ignif icant  (F = 4 .62 ,  d f  = 3, 15. 
p < 0 . 0 5 ) .  However,  since the  animals  were depressed at the  
largest dosage (30 mg/kg) ,  an analysis of  variance was per- 
formed exc luding  this dosage point .  The  resul t ing F-value 
of  2.25, d r =  2, 10, was not  s ignif icant  (p>0 .1 ) .  There fore ,  
the signif icant  overall F-value for hydra laz ine  would seem 
to be largely due to the  depressive effect  of  the largest dose. 
r a the r  than  any  d ipsogenic  effect  of  the  lower doses, t l ence ,  
none  of  the  three  hypo tens ive  agents  ew~ked a d ipsogenic  
response.  

Figure 2 shows that  when  the  median  dose of  the  three  
hypo tens ive  agents  was c o m b i n e d  with 1 or 10 mg/kg  tolaz- 
ol ine mode ra t e  d r ink ing  resul ted.  The  3-hr wa te r  in take  for  
each hypo tens ive  agent  a lone  was tes ted for s tat is t ical  
s ignif icance against the in take  induced  by its c o m b i n a t i o n  
wi th  the two dose levels of  tolazol ine.  Sodium ni t r i te  in 
c o m b i n a t i o n  wi th  1 0 m g / k g  to lazol ine  p roduced  grea ter  
water  in take  than  sodium ni t r i te  a lone ( p < 0 . 0 2 5 ) .  Sodium 
n i t ropruss ide  was synergized by b o t h  1 mg/kg  (p<O.01)  and 
1 0 m g / k g  ( p < 0 . 0 0 5 )  tolazol ine.  When hydra laz ine  was 
c o m b i n e d  wi th  1 0 m g / k g  to lazol ine  as the  first drug com- 
b ina t ion  t r ea tmen t  all three  animals  died. There fore ,  the  
d rug -combina t i on  data shown for  hydra laz ine  are for the 

remain ing  animals  which  received the to lazol ine  in the 
1 10 mg/kg  order .  While Fig. 2 shows a sizable increase 
over the 20 mg/kg  hydra laz ine  d r ink ing  level when  I mg/kg  
to lazol ine  was given in c o m b i n a t i o n  with the  hydra laz ine ,  
the small n u m b e r  of  animals  involved does not  permit  :t 
valid s ignif icance test.  

M e t h y l d o p a t e  did not  p roduce  water  in take  in excess of  
that  seen under  saline cont ro l  cond i t ions  at any of  the dose 
levels given. 

EXPEI~.IMI.~N'I 2: HYI'OTI':NSIVE .-\GENt'S: I'IME COIJRSt'~ Ol" 
EI"H'X'I S 

While the drugs used in Exper imen t  1 are all k n o w n  
hypo tens ive  agents ,  it is possible tha t  the general  lack of 
d ipsogenic  eff icacy could be a t t r i bu tab le  to inappropr ia t e  
dosage or t empora l  onset  with  respect  to the  hypo tens ive  
response.  In order  to assess these drugs and compare  them 
with the k n o w n  hypotens ive ,  d ipsogenic  effect of  diaz- 
oxide,  the present  e x p e r i m e n t  was unde r t aken .  

Me t h o d 

Animals. Twelve male,  a lb ino rats ( l l o l t z m a n  s t ra in l  
with a mean  body  weight of  326 g (range: 274 3 7 8 g )  were 
used. They were housed  as in Expe r imen t  1. 

Blood pressure determipmtion. Indirect  b lood pressure 
was measured  with a tai l-cuff  me thod .  The comple te  sys tem 
was composed  of c o m p o n e n t s  m a n u f a c t u r e d  by Narco Bio- 
Systems.  Inc., l l o u s t o n ,  Texas.  Rats were adap ted  to light 
restraint  in a plast ic cage which  had a t empera tu re -  
con t ro l led  base for gent le  hea t ing  to induce  vasodi la t ion.  A 
pressure cuff  was placed at the  base of  the  tail and was 
inf la ted up to 200 mm Hg and def la ted  at a rate of  10 m m  
l lg/sec by a p rog rammab le  e l e c t r o - s p h y g m o m a n o m e t e r .  A 
pulse t r ansducer  fas tened distal to the cuff  recorded pulses 
and the poin t  of  pulse reappearance  dur ing  cuff  def la t ion  
was taken as the systol ic  pressure.  The pulse and pressure 
levels were recorded s imul taneous ly  on a Physiograph.  
Several d e t e r m i n a t i o n s  per  day were taken ,  and with gentle  
hand l ing  reliable day- to-day b lood pressures were recorded.  

Drugs. Sodium n i l ropruss ide  and sodium ni t r i te  were 
used as per  Expe r imen t  1. Diazoxide (3-methyl -7-ch loro-1 ,  
2. 4 - h e n z o t h i a d i a z i n e - l ,  1-dioxide),  generous ly  supplied by 
Sobering Corp. ,  Bloomfield ,  N. J. ( l l ype r s t a t ) ,  was dissolved 
m I N NaOll  and isotonic  saline. The least a m o u n t  of 
NaOH so lu t ion  was used for the par t icular  dose level which 
would allow the drug to be dissoved. The rat io  of  1 N 
NaOH to isotonic  saline for the 3 dose levels o f d i a z o x i d e  
was: 1:1~~ for 20 mg/kg,  1:7 for 40 mg/kg,  and 1:3 f o r 8 0  
m g / k g  d iazox ide .  Diazoxide so lu t ions  were prepared  
immedia te ly  pr ior  to inject ion.  Propranolo l  h y d r o c h l o r i d e  
was dissolved in i sotonic  saline. All drugs were admin i s te red  
St" immedia te ly  pr ior  to placing the an imal  in to  the  b lood 
pressure recording s i tua t ion ,  excep t  p roprano lo l  which  was 
admin i s te red  15 rain pr ior  to d iazoxide .  

Experimental  design. Three  animals  were assigned to 
each group which  consis ted of  a par t icular  drug or drug 
c o m b i n a t i o n .  The  animals  were adap ted  for 4 weeks to the 
b lood pressure d e t e r m i n a t i o n  s i tua t ion  in which thei r  pres- 
sures were recorded 3 t imes per  week. Dose-effect  re la t ions 
were d e t e r m i n e d  for cer ta in  drugs, with  at least 7 days 
elapsing be tween  doses. Two of  the drugs and thei r  dose 
levels used in Expe r imen t  I were admin i s t e red  in this 
e x p e r i m e n t  {sodium ni l ropruss ide ,  sodium ni t r i te) ,  as well 
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as d iazoxide  and d iazox ide -proprano lo l  c o m b i n a t i o n s .  All 
dose levels were admin i s te red  to each animal  in a nonsys-  
t emat ic  order  wi th in  each group.  

Results 

Figure 3 shows tha t  all three  drugs yielded hypo tens ive  
effects  and tha t  the range of  h y p o t e n s i o n  was roughly 
similar. Figures 4, 5, and 6 del ineate  the  t ime course of  the 
hypo tens ive  effects  over a one-hr  period.  The  hypo tens ive  
effect  of  sod ium n i t ropruss ide  occur red  with shor t  l a tency  
but  was also of  shor t  du ra t ion .  Figure 4 shows tha t  even at 
the largest dose, the  b lood pressure had recovered or was on 
the way to recovery af ter  one hour .  However ,  for  sod ium 
ni t r i te  and d iazoxide ,  doses which  were hypo tens ive  re- 
mained so dur ing  the ent i re  one -hou r  b lood  pressure 
m o n i t o r i n g  period (Figs. 5 and 6). As shown by Fig. 7, 
p roprano lo l  a lone had no hypo tens ive  effect ,  no r  did it 
an tagon ize  the hypo tens ive  effect  of  d iazoxide .  In fact at 
IO mg/kg,  p roprano lo l  appears  to p roduce  a modes t  hyper-  
tensive effect .  

DISCUSSION 

Isopro te renol  [16]  and d iazoxide  [6, 7, 8] are b o t h  
agents with  marked  eff icacy for p roduc ing  wate r  in take  

when  injected per iphera l ly ,  even though  they  are b o t h  ant i -  
diuretics.  Since b o t h  agents  derive the i r  hypo tens ive  ac t ion  
from direct  re laxa t ion  of vascular  s m o o t h  muscle ,  addi- 
t ional  drugs having this direct  vasodi la tory  ef fec t  were 
tested for possible dipsogenic  eff icacy.  Sodium ni t r i te ,  
sodium n i t ropruss ide  and hydra laz ine ,  a l t hough  direct  vaso- 
di lators  [4, 24, 28, 29, 3 0 , 3 4 l ,  failed 1o yield signif icant  
d r ink ing  in the present  s tudy ,  t lowever ,  the c o m b i n a t i o n  of  
each of  the  drugs with to lazol ine  p roduced  mode ra t e  dr ink-  
ing responses,  d e m o n s t r a t i n g  that  the  three direct  vaso- 
di lators  were no t  s imply incapac i t a t ing  the ammals  wi th  
respect  to weak dipsogenic  effects.  Tolazol ine  a lone did not  
evoke a d r ink ing  response  18] at the (loses used in the 
present  e x p e r i m e n t  (I and 10 mg/kg) ,  but some dr ink ing  
was no ted  when  a large dose of 17 mg/kg was given [161.  It 
is of  interest  tha t  to lazol ine  in the present  dose range acted 
synergist ical ly with  all three  of  the direct vasodi la tors  to 
evoke some dr inking.  [t also acted synergist ical ly to in- 
crease d iazox ide- induced  dr ink ing  [ 81. 

It has been  proposed  that the  mechan i sm by which beta-  
adrenergic  and cer tain o the r  agents  evoke dr inking  is by the 
release of renin 111, 12, 19, 20 ] .  Presumably ,  the released 
renin acts upon  plasma renin subs t ra te  to increase the circu- 
lat ing level of  angio tens in ,  a proven dipsogenic  agent  [91. 
Renin release can occur  hy direct ,  be ta-adrenerg ic  s t imula-  
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tion of renal receptors, or indirectly as a sympathetic re- 
sponse to various cardiovascular and pharmacological stim- 
uli {1,10]. While there is evidence correlating these two 
modes of renin release with the evocation of drinking [20],  
and studies demonstrating that nephrectomy abolished the 
drinking induced by isoproterenol [11, 12, 19], phentol- 
amine [19], hydralazine plus bretylium [ 19], lithium [11 l 
and diazoxide [8],  the present experimental results cannot 
offer unequivocal support to an explanation completely 
dependent upon the renin-angiotensin system. There was a 
failure to find any dipsogenic response to hydralazine 
alone, and the response which has been reported [25] was 
of small magnitude ( 2 - 4  ml). However, hydralazine stimu- 
lated renin release in the rat as efficaciously as isopro- 
terenol [261 and the present experiment covered the 
appropriate dose range. It also increased plasma renin 
activity in normotensive and hypertensive humans [33] and 
to a moderate extent in dogs ]2]. Likewise, sodium nitro- 
prusside alone failed to evoke drinking, but has been shown 
to release renin in the dog [2, 5, 32] and in man [13,14]. 

Neither the direct hypotensive nor the renin-releasing 
actions of the various drugs, then, seem able to predict the 
presence or degree of the dipsogenic response. Thus, al- 

though diazoxide and isoproterenol are both dipsogens 
[7,16] and depressor, renin-releasingagents [1 ,3 ,  15, 18, 
26, 36],  this correlation may not reflect the mechanism of 
action of their dipsogenic property. 

Both hydralazine and methyldopa produce increases in 
renal blood flow [17, 23, 30] even though they are hypo- 
tensive agents. But while hydralazine increases plasma renin 
activity [2, 26, 33],  methyldopa decreases it [21,22,  27].  
Nevertheless, neither agent alone is dipsogenic. Perhaps 
some endocrine concomitant of a reduced renal blood flow 
is more important in producing a dipsogenic response than 
the accompanying plasma renin activity changes. 

It is clear that the dipsogenic property of diazoxide is 
unrelated to the hypotensive effect per se. Not only do 
several other hypotensive agents fail to evoke drinking, but 
the antagonism of diazoxide-induced drinking by pro- 
pranolol [8] cannot be explained by any accompanying 
antagonism of the hypotension. Propranolol did not alter 
the course of diazoxide-induced hypotension in the present 
study, even though it has some pressor action in the rat 
[37,38]. This pressor action is evident at 10 mg/kg (cf. 
Fig. 7). 
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