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ABSTRACT 

Recent data suggested that a reduced plasma volume 

or blood pressure decrease was not solely mediated by the 

renin-angiotensin system. Bilateral nephrectomy which re­

moves the renin release mechanism has been shown to elimi­

nate water intake following administration of isoproterenol, 

a hypotensive drug. However, an angiotensin-II antagonist 

(saralasin acetate) while able to reduce the drinking which 

attends intravenous infusion of angiotensin did not do so 

after intraperitoneal injection of isoproterenol. The first 

of the present studies was based on the intention of the 

angiotensin antagonist experiment with the exception that 

isoproterenol in a smaller dose was also infused intravenous­

ly. Latency to respond to the dipsogenic stimuli showed 

that the angiotensin inhibitor significantly increased the 

time to begin drinking for both angiotensin and isoproterenol. 

This result indicated that an initial component of isopro­

terenol does involve the renin-angiotensin system. This 

study supported the earlier findings that the analog in­

hibited angiotensin-II but not isoproterenol induced intake. 

Other conditions which produce extracellular or 

hypotensive drinking such as inferior vena caval ligation 

viii 
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and subcutaneous polyethylene glycol require two or more 

hours to become effective. Neither of these procedures re­

quires the presence of the kidneys to produce at least some 

drinking. To test the possibility that isoproterenol in­

duced hypotension needs to be maintained for long periods 

of time to become effective when the kidneys were not 

present, a second injection of this drug was given four 

hours after the first. Bilaterally nephrectomized rats did 

not respond to isoproterenol while sham operated subjects 

did, but only to the first injection. 

Since the kidneys must be present for isoproterenol 

to induce thirst but the renin released by the kidney is not, 

some other renal factor must be responsible. In a pilot 

experiment at least some of the renal innervation was re­

moved by spinal transection. These data show tentatively 

that transection reduced the response of isoproterenol in­

jections but did not interfere with the drinking produced 

by angiotensin. 

A reduction in plasma volume by controlled hemorrhage 

produces an increase in plasma ADH titers. Since poly­

ethylene glycol also reduces plasma volume as it produces 

thirst the same mechanism may be operative in controlling 

ADH release and water intake. The baroreceptors of the 

thoracic vasculature have been shown to be involved in ADH 

regulation. Some of the baroreceptor afferents can be 
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cut by cervical vagotomy. Using unilateral cervical 

vagotomy in two separate experiments vagotomy decreased 

intake during a two hour period when intracellular thirst 

was produced by intraperitoneal injection of hypertonic 

saline. However, drinking during a 24 hour period was in­

creased over control when extracellular thirst was produced 

by subcutaneous polyethylene glycol. 



INTRODUCTION 

Contradictions exist concerning the mechanisms by 

which extracellular thirst, occurring as the result of fluid 

loss without osmotic effects, is mediated. It is well known 

that some pharmacologic agents which reduce systemic blood 

pressure also induce thirst (Lehr, Mallow and Krukowski, 

1967; Falk and Tang, 1972; Falk and Tang, 1974) but only 

when the kidneys are present (Houpt and Epstein, 1971). One 

proposed mechanism through which these drugs act is by caus­

ing the release of renin from the kidney. Renin is the 

enzyme necessary for the conversion of angiotensinogen, a 

tetradecapeptide, to the decapeptide angiotensin I which is 

converted by another enzyme to the octapeptide angiotensin II 

(Epstein, 1973). Angiotensin II undergoes further conver­

sion to angiotensin III, a heptapeptide. Angiotensin II 

(A-II) has been shown to be a powerful dipsogen when given 

either centrally (Epstein, Fitzsimons and Rolls, 1970; Peck, 

1973) or peripherally (Fitzsimons and Simons, 1969; Epstein, 

1972). The dipsogenic activity of both angiotensin I and 

III has been shown (Fitzsimons, 1971; Campbell, Brooks and 

Pettinger, 1974) but has not been studied as extensively as 

1 8 that of A-II. An A-II . inalog (Sar -Ala angiotensin II, 

1 
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saralasin acetate) which is a competitive inhibitor of the 

vasomotor effect produced by A-II (Johnson and Davis, 1972, 

1973; Turker et al., 1972) should inhibit the drinking re­

sulting from the administration of A-II and other depressor 

agents such as isoproterenol if the latter's activity is 

dependent upon the renin-angiotensin (R-A) system. 

Recently, however, Tang and Falk (1974) have shown that 

saralasin acetate does not inhibit isoproterenol drinking 

though it does inhibit drinking induced by A-II (Epstein, 

Hsiao and Johnson, 1973). 

Other manipulations which directly produce a de­

crease in blood pressure, inferior vena caval ligation or 

injection of a hyperoncotic solution of polyethylene glycol 

(PG) , result in drinking (Fitzsimons, 1961, 1964; Fitzsimons 

and Strieker, 1971) which is not entirely dependent on the 

presence of the kidney (Fitzsimons, 1961, 1969) and sub­

sequently of the R-A system described above. 

Though the R-A system can account for the drinking 

response to these various stimuli when the kidneys are pres­

ent some other adjunctive mechanism must also exist to ex­

plain the drinking that occurs after bilateral nephrectomy 

or after an angiotensin inhibitor. Two different systems 

have been proposed which could play a role in extracellular 

thirst other than the R-A system. One of these systems 

would require the presence of the kidney which could mediate 

thirst inducing stimuli through renal afferent fibers or 
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some hormonal system other than that involving renin, perhaps 

one of the prostaglandins. Such kidney dependent neural or 

hormonal systems would explain the dependence of the dipso-

genic activity of isoproterenol on the kidney but not solely 

on the R-A system. 

The other possibility is that baroreceptors, free 

nerve endings acting as stretch receptors, found in the 

walls of the veins, arteries, and heart monitor blood pres­

sure or blood volume. These receptors are able to inform 

central drinking systems of a fluid need when pressure or 

volume is lower than normal and conversely lack of need when 

conditions of normal or overhydration exist. The purpose of 

the following studies was to explore the possibility of the 

existence of those non R-A kidney related mechanisms and 

the system utilizing baroreceptors in the mediation of extra­

cellular dipsogenesis. 

The experiments used to explore the necessity of 

kidney dependent mechanisms in extracellular thirst included 

a replication of the findings of Tang and Falk (1974) that 

saralasin acetate did not inhibit A-II drinking. The present 

experiments differed in using, unlike Tang and Falk, the 

same intravenous route of administration for both A-II and 

isoproterenol. To determine the possibility that by pro­

longing the action of isoproterenol drinking may be produced 

without the kidneys, rats were bilaterally nephrectomized 

and given two doses of isoproterenol fours hours apart. The 
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drinking of these animals was compared with that of appro­

priate controls. In an attempt to determine the importance 

of renal innervation three rats with spinal transections at 

T-10 only were given, at different times, A-II or isopro­

terenol and drinking was compared to that of intact controls. 

The role of the vagus in long term drinking follow­

ing either an intracellular challenge of hypertonic saline 

or extracellular challenge produced by PG was studied. The 

difference in amount drunk between rats with left cervical 

vagotomy or sham surgery was compared following hypertonic 

saline or PG. 



THE DIPSOGENIC ACTIVITY OF ISOPROTERENOL 
AND ITS DEPENDENCE ON THE KIDNEY 

Recently Tang and Falk (1974) and others (Fisher, 

1974; Hsiao and Zimmer, 1974) have reported that an octa-

peptide analog of A-II, saralasin acetate, will inhibit the 

drinking produced by intravenous administration of A-II but 

not when that drinking was induced by isoproterenol or other 

dipsogenic depressor agents. However, these experiments are 

generally carried out with routes of administration which 

provide for radically different rates of drug entrance into 

the system. On the one hand, A-II must be infused intra­

venously because of its extremely short half life of eight 

seconds. On the other hand, isoproterenol is usually in­

jected subcutaneously thereby reducing its entrance rate 

and prolonging its action relative to A-II. It could be 

argued that the reason the inhibitor did not reduce iso­

proterenol or beta-adrenergic drinking was because the 

amount of A-II produced by the action of renin released 

from the kidney due to these drugs overwhelms the inhibitor 

at the level of the receptor. 

In the first of the present experiments both iso­

proterenol and A-II were infused intravenously and drinking 

measured during and after the infusion period to equate 

5 
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the dipsogenic effects of the two. With infusion rates 

which produced roughly the same amount of water intake, in­

fusions were again carried out using both dipsogens either 

with or without treatment by saralasin acetate. 

Experiment 1; Comparison of the Dipsogenic 
Activity of A-II and Isoproterenol 

Both Infused Intravenously 

Procedure 

The subjects used in the first experiment were four 

male albino rats weighing from 414-484 grams. These as well 

as all animals in subsequent experiments were housed in in­

dividual cages illuminated from 8:00 AM to 9:00 PM and al­

lowed ad lib access to tap water and Purina lab chow except 

during testing. Food was removed during those periods fol­

lowing the various dipsogens when fluid intake was recorded. 

Testing was performed twice daily, once in the morn­

ing beginning 9:00 - 10:00 AM and again in the evening, 

6:00 - 7:00 PM. Each testing period consisted of infusion 

for 22.5 minutes where the first 2.5 minutes served to clear 

the catheter. In this manner either dipsogen or control 

solution was infused for 20 minutes only. A Harvard Appara­

tus model 975 infusion pump was used to administer the drugs 

at a rate of 0.01 ml/minute. The amount of plain tap water 

drunk from 50 ml. glass tubes graduated in tenths of a 

milliliter was recorded every five minutes during the in­

fusion period then 30, 40, 60, and 120 minutes after drug 
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infusion began. The following compounds and dosages were 

1 5 used: Asp -lie angiotensin II (Schwarz-Mann) at 64 ng/min.; 

isoproterenol at 1.0 and 0.5 ug/min.; and normal saline was 

used as a control. Each of the four subjects received each 

of the four drug conditions in a counterbalanced order. 

Approximately 24 hours prior to the initial test 

pre caval catheters of PE 50 tubing (Clay-Adams) were im­

planted. Under ether anesthesia, the 10 cm. catheter was 

introduced into the right jugular with its tip near or 

entering the right atria and the other end brought under the 

skin to the top of the head. The free end was delivered 

through an incision in the skin of the head and sutured in 

place. Before placing the catheter in the animal it was 

filled with a solution of heparin (Lipo-hepin from Riker, 

1,000 USP units/ml.) diluted with normal saline to 100 USP 

units/ml. 

Results and Discussion 

A-II produced the greatest intake during the 20 

minute infusion period (Figure 1). Isoproterenol at the 

lower infusion rate produced a lower intake than A-II but 

greater than was produced by the high infusion rate of iso­

proterenol. All of the dipsogens produced greater intake 

than was observed for saline. After infusion was stopped 

the response to both isoproterenol doses rapidly increased 

relative to the response following A-II. After two hours 
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the intake following the high dose of isoproterenol was 

greater than for the lower dose of that drug or A-II. 

The increased intake which occurred immediately 

after infusion of isoproterenol stopped together with the 

reduced rate of drinking just prior to cessation indicated 

a prostrating effect. It was observed that a short time 

after isoproterenol infusion was begun the animal appeared 

to be lethargic, often lying flat on the cage floor. It 

would seem that the greater the amount of isoproterenol 

given the greater the thirst produced. However, this thirst 

must compete with the prostration which also appears to in­

crease with greater amounts of the drug. Once blood levels 

of isoproterenol are reduced as it is metabolized the 

prostrating effect is reduced and drinking behavior can be 

better manifested. 

Note in Figure 1 that after infusion was stopped 

intake began to increase during the subsequent 20-40 minutes 

for both doses of isoproterenol. There also appeared a 

smaller increase in intake following saline infusion which 

was limited to the ten minute period after infusion was 

stopped. Drinking after saline infusion was most likely an 

artifact produced by arousing the animal after eliminating 

the noise and other stimuli caused by the infusion pump. 

The reduced response to higher doses of isoproterenol 

has been observed previously using the subcutaneous route of 
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administration (Hsiao, 1974). These results point out the 

importance of choosing doses of depressor agents which do 

not interfere greatly with the ability of the animal to 

respond yet still be large enough to induce a state of 

thirst. The total dosage of isoproterenol over the 20 min­

ute infusion period was 22.3 and 44.6 ug/kg for a rat of 

the average weight of the subjects used in this experiment 

(448g). These amounts are low compared with those given 

subcutaneously by some investigators (Houpt and Epstein, 

1971; Leibowitz, 1971) who use dosages in the 100+ug/kg 

range where lower doses may have been more appropriate. 

Experiment 2: Failure to Inhibit isoproterenol 
Induced Drinking by an Angiotensin Inhibitor 

Procedure 

The subjects were male albino rats weighing approxi­

mately 350-400g. They were housed individually and given 

ad lib Purina lab chow and tap water except during testing 

when the food was removed. Utilizing the data from the 

previous experiment a 0.5ug/min. infusion rate of isoprotere­

nol was chosen but a higher dosage of A-II, 128ng/min. was 

used. These dosages were selected to provide a relatively 

low strength beta adrenergic stimulus as compared to the 

A-II level. In this way it was hoped that any drinking 

occurring after isoproterenol in combination with the A-II 

1 8 inhibitor (saralasin acetate, Sar -Ala angiotensin II from 
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Norwich) would not be due to its ability to produce enough 

endogenous A-II to overwhelm the inhibitor while maximizing 

the amount of A-II induced drinking to which the isopro­

terenol drinking would be compared. 

The inhibitor when used was infused in an amount 

10X the molar amount of A-II or 1114 ng/min. 20 minutes 

prior to and during the following 20 minute period when the 

dipsogen was given. The control for inhibitor was the in­

fusion of normal saline 20 minutes prior to the period when 

the dipsogen was given. 

The technique used to infuse combinations of in­

hibitor and dipsogen was to fill a section of PE 50 tubing 

80cm long (this length contained solution for 20 minutes of 

infusion at 0.01 ml/min.) with either saline or saralasin 

acetate. This section of tubing was then attached between 

the implanted catheter and a smaller section of tubing from 

the infusion pump with a piece of 23 gauge stainless tubing 

at each end used as a connector. A small bubble was intro­

duced at the interface between the section filled with in­

hibitor or saline and the tubing from the pump to eliminate 

mixing of the solutions. In order to infuse both dipsogen 

and inhibitor simultaneously solutions were made twice the 

concentration desired and mixed 1:1 just before infusion 

was to begin. 

All subjects (n = 7) received the following sequence 

of treatments. Overall two testing sessions occurred each 



12 

day, one in the morning and one in the evening so that at 

least 4 hours intervened between the sessions. The first 

session followed implantation of catheters as described 

above by approximately 24 hours. A-II was presented twice 

to insure that all animals would respond while the data used 

for analysis was that obtained during the second presenta­

tion. Isoproterenol was presented during the next two 

periods again with the data for analysis taken from the 

second presentation. Finally on the third day the inhibitor 

was administered in combination with either dipsogen such 

that all subjects received isoproterenol plus inhibitor and 

A-II plus inhibitor in the morning or afternoon session in 

a counterbalanced order. The amount of plain tap water 

drunk during the period when dipsogen was given was observed 

as well as latency to the first drink. If no drinking oc­

curred the maximum possible latency of 1200 seconds (20 

minutes) was assigned for purposes of analysis. Both the 

amount drunk and latency with and without saralasin acetate 

were compared with Student's "t" for each dipsogen. 

Results and Discussion 

Figure 2a presents the mean amount drunk for each 

dipsogen with and without the inhibitor while Figure 2b 

shows average latency to the first drink for the same con­

ditions. The small increase in the amount drunk during 

isoproterenol plus inhibitor was not significant (t = 1.039, 
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df = 6, p>.05) but the decrease observed when A-II was 

given with the inhibitor was significant (t = 3.026, df = 6, 

p<.05). These data confirm the results obtained by Tang 

and Falk (1974) and further indicated that the inability of 

saralasin acetate to inhibit beta adrenergic drinking was 

not due to the possibility that large amounts of A-II pro­

duced by isoproterenol were able to overcome the inhibitor. 

Furthermore, these results were obtained using a much lower 

dose of A-II, a total of 80ug was used by Tang and Falk 

while only 2.56ug per rat was used in the present experi­

ment, and of the inhibitor 200ug per 20 minutes was used by 

Tang and Falk but only 22.28ug per 20 minutes was used here. 

Assuming an average weight of 375 grams per rat the average 

total dose of isoproterenol used in our laboratory was 

26.7ug/kg or about half that used by Tang and Falk. By 

using this lower dose and spreading its effects by infusion 

the prostrating side effects of isoproterenol and any ir­

regularities in plasma concentration would be reduced. 

The latency data (Figure 2b) provided information 

about the role that A-II might play in isoproterenol in­

duced drinking. Latency to the first drink increased for 

both A-II and isoproterenol when the inhibitor was admin­

istered simultaneously. For isoproterenol, saralasin acetate 

increased mean latency from 557 seconds to 787 seconds 

(t = 3.132, df = 6, p<.05) with one subject not drinking 
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during the allotted 20 minute infusion period. The increase 

was larger when the inhibitor was used with A-II rising from 

489 to 1017 seconds (t = 3.620, df = 6, p<.02) with two 

subjects not drinking. The finding that latency to drink 

following isoproterenol was increased by the inhibitor sug­

gests that there is at least an initial component of the 

isoproterenol induced thirst which depends on the renin-

angiotensin system. Though this system may have something 

to do with the onset of drinking following isoproterenol 

it apparently has very little to do with the actual amount 

drunk since there was no decrease in intake when the in­

hibitor was given. 

Experiment 3: Repeated Administration 
of Isoproterenol 

Isoproterenol induces a general vasodilation through­

out the vasculature (Aviado, Wnuck and DeBeer, 1958) and 

subsequently reduces renal perfusion. It is thought (Vander, 

1967, Ganong, 1973) that reduced blood flow through the kid­

ney is monitored by the juxtaglomerular apparatus which in 

response releases renin. The previous experiments indicated 

that isoproterenol induced thirst is not dependent on the 

release of renin from the kidney. On the other hand data 

existing (Houpt and Epstein, 1971) strongly shows that the 

presence of the kidneys is necessary for isoproterenol to 

have any dipsogenic effect. Other manipulations reducing 

blood pressure have been shown to induce drinking even 
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after nephrectomy (Fitzsimons, 1961, 1969). These manipu­

lations, hyperoncotic dialysis by injection of polyethylene 

glycol (PG) or vena caval ligation, vary in any number of 

ways with drug induced hypotension. One way involves the 

time required for these treatments to become effective in 

terms of both inducing hypotension and water intake. Hypo­

tensive drugs are usually effective within one hour after 

which their effects diminish (Falk, Forman and Tang, 1973). 

The time required for a subcutaneous injection of PG to 

become effective is approximately two hours (Strieker and 

Jalowiec, 1970) with its dipsogenic activity continuing for 

more than nine hours when plain water was available. Caval 

ligation is also effective over long periods of time 

(Fitzsimons, 1969). 

If it were important that blood pressure were main­

tained for at least two hours for extrarenal mechanisms to 

begin mediating thirst then if the drug induced hypotension 

could be prolonged drinking independent of the kidney might 

appear. 

Procedure 

Male albino rats ranging in weight from 328 to 410g 

and averaging 358g were fed ad lib Purina lab chow except 

during those times when stimuli were presented and the sub­

sequent hours when drinking was measured. Plain tap water 

was always available. These animals were divided into 
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three groups for different treatments: Nephrex-lsop, Neph-

rectomized and receiving isoproterenol as the dipsogenic 

stimulus (n = 6); Nephrex-Sal, nephrectomized and receiving 

saline, i.e., no dipsogen (n = 4); and Sham-Isop, sham 

surgery with isoproterenol as a stimulus (n = 4). 

Isoproterenol in a relatively high dose of .3mg/kg 

was injected subcutaneously (backskin) once approximately 

two hours after surgery and again four hours after the first 

injection. The repeated injection was used to determine 

if possibly it might induce drinking in the nephrectomized 

animals where the first would not. The four hour interval 

between injections was necessary to reduce the deleterious 

effects of a hypotensive drug together with any surgical 

shock which may have been present. The amount drunk was 

recorded 1, 2, 3, and 4 hours after the first injection and 

again one and four hours after the second. 

Surgery was performed as follows. All animals re­

ceived dorsal bilateral incisions through which the 

kidneys were delivered. For the sham operated animals the 

kidneys were then returned to their normal position after 

which muscle and skin were sutured separately. For those 

animals to be nephrectomized the fat surrounding the kidneys 

was stripped. Care was taken not to damage or accidentally 

remove any adrenal tissue. A suture was tied tightly around 

the combined renal artery, vein and the ureter after which 
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these vessels were cut distal to the suture and the organ 

removed. All surgery was performed under ether anesthesia. 

Results and Discussion 

The average cumulative amount drunk for the periods 

given above are presented in Figure 3. Dunnets1 tests 

(Meyers, 1972) for comparing the Nephrex-Isop group with 

either of the control groups, Nephrex-Sal or Sham-lsop, were 

used for the cumulative 4 and 8 hour data. At four hours 

the amount drunk by the Nephrex-Isop group (4.16ml) was 

significantly less (p<.01) than for the Sham-lsop. group 

(11.20ml) but not significantly less (p>.05) than the 

Nephrex-Sal group (5.25ml). There were no significant dif­

ferences between any of the groups during the four hours 

after the second injection if only the amounts consumed 

during this and not the previous four hour period were con­

sidered: Nephrex-Isop (3.33ml), Nephrex-Sal (2.25ml), 

Sham-lsop (2.88ml). While the Sham-lsop group drank most 

after the first injection there were essentially no dif­

ferences after the second. These data do not support the 

hypothesis that a repeated or maintained decrement in blood 

pressure induced by isoproterenol, a beta adrenergic drug, 

could induce drinking independent of the kidney. In fact, 

the response during the second period was smaller in all 

groups pointing to a loss in the effectiveness of isoprotere­

nol to induce drinking. 
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Figure 3. Cumulative water intake after two injections of isoproterenol (0.3mg/kg) 
to bilaterally nephrectomized or sham operated animals.—The injections 
were made at time = 0 and again at time = 4 hours after recording 
intake for the previous time period. 
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That beta adrenergic dipsogenesis is dependent upon 

some aspect of the kidney was again supported even though 

the*R-A system is not solely responsible for this drinking. 

Since it is apparent that the kidney must be present the 

next question that arises is what aspect of this organ is 

responsible. Tang and Falk (1974) have speculated that 

there may be some other renal endocrine factor mediating 

isoproterenol drinking. Another possibility is that this 

•factor is neural rather than endocrine. Neural mediation 

is at present a more valid hypothesis since renal afferents 

are known to exist but nothing is known of another renal 

endocrine factor with the possible exception of the prosta­

glandins . 

The renal afferents, as well as efferents, pass 

along the renal artery and vein within the connective tissue 

surrounding these vessels and eventually enter the spinal 

cord. The precise point of entry into the cord for the rat 

is not available to the knowledge of this author. In the 

human, sympathetic efferents are known to leave the cord as 

high as T-5 (Ranson and Clark, 1959) but less is known about 

afferent pathways. Netter (1962) depicts renal afferents 

in the human to enter the cord from T-10 to L-2. Interrup­

tion of renal innervation should inhibit beta adrenergic 

drinking if these fibers play a necessary role. A brief 

study using spinal transection in order to eliminate renal 

innervation was performed in order to test this hypothesis. 
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Experiment 4; Lack of Isoproterenol Induced 
Drinking After Spinal Transection 

Procedure 

Animals were male albino rats weighing approximately 

300g and were maintained ad lib on Purina lab chow except 

during the collection of data and were given access to tap 

water at all times. Spinal transections were performed 5-8 

weeks prior to the experiment. The spinal cords of two 

subjects were transected at T-10 while that of a third sub­

ject was transected at L-l. Three other animals receiving 

no spinal surgery were employed as controls. 

The subsequent procedures were divided into two 

phases. The first dealt with obtaining a measure of isopro­

terenol induced drinking from both groups and second to ob­

serve whether the ability to respond to exogenous dipsogenic 

stimuli had been reduced by spinal section. In the first 

phase the amount drunk for one hour after a subcutaneous 

injection of isoproterenol, 50ug/kg and 0.5ml/kg, was com­

pared with the amount drunk after a similar volume of 0.15M 

saline administered subcutaneously. These tests were per­

formed on the same day with four hours intervening between 

them. The order of administration of isoproterenol or saline 

was counterbalanced as far as possible with only three sub­

jects per group. On the following day, pre caval catheters 

were implanted as described above and one day was allowed 


