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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 
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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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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 
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for recovery. The next day using two sessions per day 

separated by at least four hours either A-II (34ng/min.) or 

saline was infused for 20 minutes. As before any amount of 

water drunk during a 2H minute period prior to drug infusion 

used to clear the catheter was not included in the data. In 

this phase of the experiment only the amount drunk during 

the infusion period was recorded and used for analysis. 

The order of presentation was counterbalanced for the first 

two tests. However, in some cases for both intact and 

spinal animals, a response to A-II required more than one 

but no more than four repetitions of A-II infusion. When 

necessary these additional tests were carried out on the 

following days using two sessions per day with four hours 

between them. For the one spinal subject requiring four 

repetitions the concentration of the infusate was doubled 

to increase infusion rate to 64ng/min. To equate this sub

ject's data to the others its response was recorded as half 

the amount actually drunk. 

Results and Discussion 

All intact animals drank profusely after isoprotere

nol but this was not the case for the spinal animals 

(Table 1). Eventually all animals responded to A-II, the 

number of repetitions required is presented in Table 1. 

There appears to be no difference in either the number of 

attempts nor in the amount drunk when A-II was the dipsogen. 



Table 1. Water Intake for the Specified Periods of Time Following Injection 
of 0.3mg/kg Isoproterenol (S.C.) or 0.35M Saline and Following 
Infusion of A-II at 32 or 64ng/min or 0.35M Saline. 

Subjects 
Saline 
(1 hr) 

Isopro
terenol 
(1 hr) 

Saline 
(20 min) 

A-II 
(20 min) 

Number of trials to 
obtain a response 

from A-II 

1 0 6 0.8 0.6 3 

Control 2 0 11 0.0 5.9 2 

3 3 12 2.7 6.1 1 

Mean = 1.00 9.67 1.17 4.20 

4 (T—10) 4 6 0.3 3.5 1 

Spinal 5 (L-l) 0 0 0.0 5.7 2 

6 (T-10) 0 4 0.0 1.2 4 (64ng/min) 

Mean = 1.33 3.33 0.10 3.47 
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This data would seem to indicate that the lack of response 

from the spinal animals following isoproterenol was not due 

to any inability of these subjects to respond to external 

thirst stimuli. 

The fact that the drinking following isoproterenol 

was inhibited in the subject with the low spinal transection 

but was not after A-II is puzzling. A transection at that 

level should not have interrupted many of the renal affer

ents. One possible explanation might be that when the 

transections were made some of the neural elements above 

the transcetion itself were damaged. In general, however, 

the results do suggest that there are afferents to the cord 

which may play a role in beta adrenergically induced 

drinking. 

It is conceivable that any decrement in isoprotere

nol induced thirst may not have been due to elimination of 

afferents but rather to the removal of some efferent fibers. 

Sympathetic input to the kidney is known to be involved in 

the release of renin (Epstein, 1973; Vander, 1967; Ganong, 

1973). However, this activity would not be an important 

factor in view of the findings that isoproterenol drinking 

may not be dependent on renin. That some other activity of 

efferent fibers mediates the activation of some renal factor 

by isoproterenol is possible but no evidence at present 

supports such a hypothesis. 
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Unfortunately no strong conclusions concerning the 

impor.tance of renal afferents for drinking can be drawn be

cause of the small number of subjects and the problems en

countered in obtaining A-II induced drinking. The results 

are in accordance, though, with the hypothesis that removal 

of these afferents would eliminate a path by which isopro

terenol is dipsogenic. Further work on this question is 

obviously necessary. 



A POSSIBLE ROLE FOR THE VAGUS NERVE 
IN THE DEVELOPMENT OF THIRST 

As our knowledge concerning the control mechanisms 

of thirst increases, there is a concomitant increase in 

evidence pointing toward the involvement of vascular baro-

receptors in extracellular thirst. One line of evidence is 

negative. The R-A system originating with the kidney has 

been shown to be capable of mediating thirst when small 

amounts of renin (Fitzsimons, 1970, 1966) or angiotensin I 

and II infused systemically (Fitzsimons and Simons, 1969) or 

directly into the brain (Epstein et al., 1970) were 

able to produce drinking. However, bilateral nephrectomy 

did not effect the drinking produced by the administration 

of polyethylene glycol and only to reduce but not eliminate 

the water intake occurring after vena caval ligation (Fitz

simons, 1969). Both polyethylene glycol and caval ligation 

produce hypotension or hypovolemia and thus extracellular 

thirst, so apparently the renal R-A system is not the sole 

cause of this thirst. Careful monitoring of the plasma 

renin activity after polyethylene glycol or caval ligation 

has also shown that while renin activity increases with 

these minipulations there is no simple relationship between 

it and drinking (Leenen and Strieker, 1974). 

26 



27 

A more positive indication of baroreceptor activity 

in thirst comes from the close correlation between factors 

in the regulation of antidiuretic hormone (ADH) release and 

of thirst. Many stimulus conditions, hypertonic saline in

jection, dehydration, hemorrhage, and angiotensin II cause 

a release of ADH (Share, 1969; Peck, 1973) and also produce 

thirst. There is also an anatomical relationship. Stimu

lation of the lateral hypothalamus with acetylcholine pro

duces drinking as well as an increase in ADH titers (Gross

man, 1962). it has been suggested that ADH release and 

drinking may result from the dual activity of a single neu

ronal mechanism which defends body fluid balance (Epstein, 

1973). 

The baroreceptors in the thoracic vasculature, es

pecially on the low pressure venous side have been shown 

repeatedly to control ADH release (Fitzsimons, 1972; Gauer 

and Henry, 1963). Increased left atrial pressure has been 

shown to be invariably accompanied by a decrease in plasma 

ADH titer (Share, 1969), and generally a decreased blood 

volume produces an increased plasma ADH. Since the baro

receptors are active in the control of ADH levels and the 

mechanisms for both ADH release and thirst are similar in 

regard to stimuli and the angiotensin mechanisms it is 

probable that the baroreceptor system is also active in 

thirst. 
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Conditions which produce a decrease in vascular 

pressure such as fluid loss result in a decreased stretch 

in the walls of the blood vessels and of the heart. This 

produces a decrease in the stretch of the free nerve endings 

of the baroreceptors found in these areas and as a result a 

decrease in the tonic firing rate of these neurons (Paintal, 

1972). This decrease in activity apparently reduces the 

inhibitory effect that this system has on the ADH release 

system. To follow the parallel, similar conditions should 

produce drinking. Studies showing that drinking follows 

hypovolemia and reduced blood pressure, some of which have 

been previously described, are numerous. No data is avail

able, though, which directly correlates the neural activity 

of these baroreceptors or the nerves of which the barorecep-

tor axons are part, notably the vagus and glossopharyngeal, 

with thirst. 

When dogs receive bilateral vagotomy the usual re

lease of ADH caused by controlled hemorrhage is greatly 

reduced (Share, 1969). Removal of much of the road over 

which baroreceptor information passes inhibits the ability 

of the CNS to respond to previously adequate stimuli. If 

these nerves were cut bilaterally or unilaterally the abil

ity to respond to hypovolemic stimuli by drinking might be 

reduced. The only study to date which has considered this 

problem (Kozlowski and Sobocinska, 1971) indicated that 
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this was indeed the case. Kozlowski and Sobocinska reported 

informally that the response to cell dehydration thirst was 

reduced in dogs with unilateral cervical vagotomy. 

Why this should be so is not immediately obvious. 

Stopping baroreceptor input to the CNS should have the ef

fect of reducing tonic inhibitory activity in the mechanisms 

regulating the release of M)H and presumably thirst. Loss 

of this input should favor the release of the hormone. An

other problem with a reduced inhibition hypothesis is that 

with tonic inhibition removed and even with no stimulus 

present ADH levels or thirst should increase. For ADH at 

least this does not occur. The data given in Share's (1969) 

review indicate equivalence in ADH titers for intact and 

bilaterally vagotomized animals until blood loss occurs. 

Apparently an increase in heart rate and subsequent increase 

in blood pressure may be able to compensate through the ac

tivity of remaining baroreceptor input. In any case the 

reduced ability of hemorrhage to increase' ADH or of cellular 

dehydration (usually produced by injection of hypertonic 

saline) to produce drinking after vagotomy can be viewed as 

a loss of the ability to respond adequately to cellular de

hydration. Either a pathway mediating thirst stimuli is 

eliminated; or decreased baroreceptor activity, which 

should produce intake to volemic stimuli, instead inhibits 

the response to increased osmotic pressure in the 
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extracellular fluid. Under normal states of pressure and 

volume the lack of vagal afferents would have no effect on 

ADH release or thirst. 

Since in the following experiments a vagus will be 

sectioned in the neck thereby eliminating partially gastric 

innervation, the results of earlier studies concerned with 

the effects of stomach distension as a satiety cue should 

be reviewed. Supradiaphragmatic vagotomy in dogs increased 

daily food and water intake with the ratio between amounts 

of food and water remaining constant. However, drink size 

increased after vagotomy suggesting that there was a lack 

of vagal input acting as a distension cue for satiety 

(Towbin, 1955). Whether increased intake of water was 

secondary to increased food intake was not determined. 

Stomach preloading with water only one minute prior to giv

ing access to water will reduce drinking after deprivation 

in rats, guinea pigs, hamsters, and rabbits, but not in dogs 

or young rabbits (Adolph, 1950). Inhibitory effects pro

duced by stomach distension can be reduced by placing cocaine 

on the gastric mucosa (Montgomery and Holmes, 1955). Stom

ach distension did not reduce the response to intravenous 

hypertonic saline injection (Holmes and Gregerson, 1950) 

nor would cervical vagotomy (DiSalvo, 1955). However, to 

the extent that gastric distension may be involved in sati

ety this function exists only on a short term basis. That 

is, distension may act to stop immediate preabsorptive 
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drinking as measured for example by drink size, but not to 

regulate long term intake and hydration (Fitzsimons, 1966). 

Experiment 5: The Effect of Unilateral 
Vagotomy on Cell Dehydration Thirst 

This experiment was an attempt to replicate the 

findings of Kozlowski and Sobocinska (1971) and to investi

gate the effects that surgical recovery in terms of days 

after surgery might have on the response to cell dehydra

tion. Daily intake was observed to determine if unilateral 

vagotomy could alter daily intake over a period of nine days 

and to observe the course of recovery from the vagotomy. 

The possibility that the gastric afferents removed by uni

lateral cervical vagotomy eliminated a significant satiety 

input would be determined. If no change in daily intake 

occurred after vagotomy then this loss may not be an im

portant one. 

Only unilateral vagotomy was performed because of 

the physiologically detrimental effects of cutting both vagi. 

Branches of the vagus innervate the pharyngeal muscles. 

When these muscles are entirely denervated and paralyzed 

fluid can enter the lungs resulting in death within 24 hours. 

Bilateral vagotomy also interferes severely with the regula

tion of respiration by eliminating stretch receptor output 

from the lungs to hindbrain control systems. 
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Procedure 

Subjects were ten male albino rats weighing from 

273-360g (average weight = 309g). All animals were fed ad 

lib Purina lab chow and allowed access to tap water con

tinuously. Food was removed during the two hour period 

following administration of hypertonic saline, the dipso-

genic stimulus. These animals were assigned randomly to two 

groups to be given either left cervical vagotomy or a sham 

operation. Approximately 24 hours after surgery, the begin

ning of the second post surgical day, a 2ml intraperitoneal 

injection of 2M NaCl was given to all subjects. The cumula

tive amount drunk was observed 20, 40, 60, and 120 minutes 

afterwards. The same treatment was again performed on the 

beginning of the ninth post surgical day. 

During these and the intervening days a record of 

daily intake was kept. This record on days 2 and 9 did not 

include the amount of water drunk during the two hours fol

lowing injection of hypertonic saline. These test injec

tions were given at a time, 10:00 AM, two hours after the 

beginning of the daily light period. At this time the sub

jects were relatively inactive and water intake was normally 

low. Any water drunk following administration of hypertonic 

saline during this period would mostly be in an attempt to 

dilute the salt load and was not considered to be part of 

the normal daily intake. 
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Left or sham cervical vagotomy was performed with 

the animals under ether anesthesia. The procedure for the 

sham vagotomy involved a longitudinal midline incision in 

the ventral region of the neck. Using blunt dissection the 

overlying muscles and fascia were separated until the left 

vagus and carotid artery were visible. The vagus was light

ly manipulated and then the wound was closed and sutured. 

When the vagus was to be cut the connective tissue around 

it was carefully stripped away until a 2-4mm portion could 

be pulled away from the carotid artery and cut. The section 

was made approximately 1.5cm below the bifurcation of the 

carotid into its internal and external branches. 

A separate analysis of variance for each successive • 

period, 20, 40, 60, and 120 minutes, was performed using 

the cumulative data obtained at the end of each period. In 

each analysis the response to hypertonic saline by vago-

tomized versus sham operated subjects and day two versus 

day nine were compared. Post hoc Tukey HSD tests were used 

to look at differences between vagotomy and sham subjects 

on either day two or day nine alone. Daily intake by the 

vagotomy group and the sham group was compared on all but 

the seventh with Student's "t" . 

Results and Discussion 

During the first hour, the response to hypertonic 

saline (Figure 4) was significantly greater (Table 2) on 



A» — Sham vagotomy - beginning of day 9 
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Figure 4. Cumulative water intake following an intraperitoneal injection of 2ml 
of 2M NaCl.—This stimulus was administered at the beginning of the 
second and ninth days after left cervical vagotomy. CO 



Table 2. Source Tables for Each of the Four Analyses 
Performed on the Data from Experiment 4. 

Source df MS F P 

20 Minutes 

Vagotomy vs. Sham (V--s) 1 3.784 0.549 >.05 

Error 8 6.890 

Days 1 22.260 7.772 <.01 

Days by V-S 1 2.964 1.035 > .05 

Error 8 2.864 

40 Minutes 

Vagotomy vs. Sham (V-•s) 1 50.244 10.035 <.025 

Error 8 5.007 

Days 1 97.240 22.899 <.005 

Days by V-S 1 0.110 0.026 >.05 

Error 8 4.246 

60 Minutes 

Vagotomy vs. Sham (V-S) 1 44.700 6. 574 <.05 

Error 8 6.800 

Days 1 64.440 11. 192 <.025 

Days by V-S 1 1.300 0. 226 >.05 

Error 8 5.758 

120 Minutes 

Vagotomy vs. Sham (V-S) 1 70.688 4.818 >.05 

Error 8 14.671 

Days 1 11.858 1.453 >.05 

Days by V-S 1 0.008 0.010 >.05 

Error 8 8.159 
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day nine than on day two regardless of surgical treatment. 

Since both vagotomized and sham operated groups showed 

roughly similar increases over days it would seem that the 

changes were due to recovery from surgery. Differences in 

day effects were not present after two hours due to con

tinued drinking by the subjects at two days while at nine 

days the response had for the most part dissipated by the 

first hour. This lack of difference suggests that at two 

days the response took longer to develop than at nine days 

but would have eventually reached the nine day level at 

some point beyond the two hour test period. 

By 40 minutes after injection a significant decrease 

was evident in the amount drunk by vagotomized rats regard- " 

less of whether the hypertonic saline was administered on 

the second or ninth day after surgery. Post hoc tests 

showed this difference to be consistent within each day 

tested: Day 2 vagotomy = .920ml, Day 2 sham = 3.940ml 

(p<.05); Day 9 vagotomy = 5.180ml, Day 9 sham = 8.500ml 

(p<.05). After 60 minutes the overall vagotomy versus 

sham difference was still present but subsequent post hoc 

tests showed that a significant difference occurred only on 

day 9; vagotomy = 7.080ml, sham = 10.580ml (p<.05). Two 

hours later no significant vagotomy effect was present for 

either day even though the magnitude of the differences was 

the same. Compared to the previous time periods the error 
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term (Table 2) for the vagotomy effect was doubled indicat

ing an increase in response variability. 

Since drinking was reduced by unilateral vagotomy 

the comments of Kozlowski and Sobocinska were supported. It 

might be argued that the additional surgery involved with 

vagotomy relative to a sham or that effects on systems in

nervated by the vagi other than those involving barorecep-

tors could reduce drinking. However, even when considerable 

time was allowed for daily drinking to stabilize and for 

recovery from surgical trauma the effects remained. 

Comparisons of daily intake (Figure 5) found a sig

nificant difference only at the end of the first day fol

lowing surgery (t = 3.675, df = 8, p<.01). By the end of 

three days, daily intake became relatively stable and equal 

for both groups. 

Finally there were no significant Day by Vagotomy-

Sham interaction effects as might be suggested by the data 

obtained at 20 minutes (Figure 4). At this point there was 

no differential response created by vagotomy on day nine as 

there was on day two. It was originally thought that re

covery might eliminate the effect but the lack of any sig

nificant interaction contradicts this idea. 
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Experiment 6: The Effect of Unilateral 
Vagotomy on Hypovolemic Thirst 

The previous experiment showed that a reduction of 

vagal baroreceptor input to the CNS resulted in a reduced 

response to a stimulus producing intracellular thirst. The 

system of baroreceptors directly monitoring vascular stretch 

and thereby blood pressure or vascular fullness is apparent

ly able to modify the thirst produced by hypertonic saline. 

However, to test the hypothesis that the baroreceptors can 

be a primary path mediating thirst, volemic or pressure 

changes should be manipulated and the role of the vagus 

determined. Without one of the vagi, drinking after a re

duction in extracellular fluid (ECF) should be reduced if 

the analogy with ADH is to be maintained. 

In the following experiment as in the previous one 

unilateral vagotomy was compared with a sham. In order to 

study the role of vagal function alone without any influence 

by the peripheral R-A system all subjects underwent bilat

eral nephrectomy. Another difference between this and pre

vious experiments was that in this experiment the animals 

were allowed only isotonic saline during testing instead of 

plain water. After bilateral nephrectomy there would be no 

way for the animal to excrete injested water. Any plain 

water drunk would tend to dilute the plasma and the well 

documented osmotic thirst system (Fitzsimons, 1972; Epstein, 

Kissileff and Stellar, 1973) in its role of reducing thirst 
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in response to ECF dilution could inhibit the response to 

hypovolemia. 

Procedure 

Subjects were twenty male albino rats of predomi

nantly Sprague-Dawley derivation weighing between 251-332g 

(average weight = 294g). They were maintained on ad lib 

Purina lab chow and free access to tap water until testing 

when food was removed and access given to .15M saline made 

with tap water. Approximately lh to 3 hours after surgery, 

unilateral vagotomy or sham and bilateral nephrectomy, a 

solution of 10 percent polyethylene glycol 20M (Union Car

bide) in normal saline was injected subcutaneously 15ml/kg 

under the backskin. The amount drunk 3h, 8, and 24 hours 

following injection of the PG solution was observed. The 

data were converted from ml to ml/lOOg body weight to coin

cide with the fact that dosage was determined on a weight 

basis. Analysis involved comparisons of the cumulative 

amount of saline drunk between the vagotomized and sham 

groups up to the end of each of these time periods with 

Student's "t,r. 

Both nephrectomy and vagotomy or its sham equivalent 

were performed as described previously. Treatment of all 

twenty subjects was completed over three days in order to 

keep surgical intervals between the subjects on any one day 

from getting longer than two hours. If any showed excess 
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bleeding as determined by the presence of blood on the 

paper below their cage or drinking of less than 5ml after 

24 hours their data were eliminated. Two subjects, one for 

each reason, were removed from the experiment reducing the 

number in each group to nine. 

Results and Discussion 

Contrary to expectation results showed that the 

vagotomized animals drank significantly more saline during 

the 24 test period (Figure 6) than did the sham operated 

animals, 15.044ml/100g versus 9.689ml/100g (t = 2.415, df = 

16, p <.05). No reliable differences were observed after 

3 h or 8 hours though by the end of the later period a large 

difference did exist. 

These data support the idea presented earlier that 

vagal section would reduce tonic inhibition of central 

drinking mechanisms. The explanation that unilateral cervi

cal vagotomy might enhance intake by eliminating satiety 

cues from the stomach does not seem warranted. The previous 

experiment showed no increase in daily.intake after vagotomy. 

Also the intake observed during this experiment was over 24 

hours, a long enough time period over which stomach cues 

would not be expected to play a role. To be certain, a 

partial subdiaphragmatic vagotomy would have to be employed 

as a control. Some support for the finding that vagotomy 

might increase intake does exist. Sobocinska (1970) has 
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reported that in dogs with right or left unilateral vago-

sympathectomy there was an increased total body water con

tent. On the basis of this data he suggested that 

elimination by vagosympathectomy of the tonic inhibition of 

the thirst center from cardiac volume receptors would explain 

this phenomenon. 



GENERAL DISCUSSION 

The results of the present experiments and those of 

others (Houpt and Epstein, 1971) allow the conclusion that 

the mechanism by which isoproterenol produces drinking is 

in some way kidney dependent. It has been shown that neph

rectomy eliminates the drinking following isoproterenol. 

The inability to induce intake by isoproterenol in the 

nephrectomized animal was not dependent on a maintained or 

repeated hypotension produced by repeated application of 

the drug with a four hour interval between subcutaneous in

jections. It may be possible that a four hour interval is 

too long and that shorter intervals with smaller amounts of 

isoproterenol injected would be more effective. This does 

not seem likely in view of the face that much less drinking 

was observed after the second injection than after the first. 

Rather than an expected increase or at least continued 

drinking a decrease or habituation to isoproterenol was ob

served. In Lehr et al. (1967) repeated injection of a 

smaller dose than was used here, O.lmg/kg, of isoproterenol 

at two hour intervals produced drinking after each injection 

but the magnitude of intake appears to fall with each repe

tition (See Figure 4 in Lehr et al., 1967). 

44 
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The mechanism by which isoproterenol functions does 

not require that the renal R-A system be present. Treat

ment with the angiotensin II analog saralasin acetate which 

is a competitive inhibitor of A-II does not reduce the 

drinking to isoproterenol but does reduce the response to 

A-II. These results obtained here when both dipsogens were 

administered by intravenous infusion are comparable to those 

of Tang and Falk (1974) who used the subcutaneous route for 

isoproterenol and IV infusion for A-II. Since the time of 

onset of drug effects are more carefully controlled by 

intravenous infusion comparisons of latencies to drink were 

made for both dipsogens with and without the inhibitor. 

Latency was increased significantly after application of the-

inhibitor even when isoproterenol was the dipsogen. This 

data suggests that an initial start signal may be provided 

by the R-A system though these hormones do not control the 

amount drunk. 

The role of the kidney in isoproterenol induced 

drinking seems to involve afferent fibers from the kidney. 

Spinal section at a level where input from the kidney is 

probably received reduced isoproterenol induced drinking. 

The reduction was not due to the inability of the subjects 

to respond to exogenous drinking stimuli since a response 

to infused A-II was still available after transection. How

ever, these conclusions must remain tentative until studies 

with larger sample sizes can be carried out. The cord 
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should also be severed at successively higher levels to see 

where the effect starts and ends since the exact level of 

entry of renal afferents in the rat may be above T-10. 

The role of the vagus and presumably the barorecep-

tors in the development of thirst is evident but not simple. 

The hypothesis provided by Kozlowski and Sobocinska (1971) 

that unilateral vagotomy reduced the water intake induced 

by intracellular (osmotic) stimuli has been supported. These 

results were not caused by the additional surgical inter

vention of vagotomy itself since the decrement was observ

able nine days after surgery when daily intake for both 

vagotomized and sham animals was equivalent. This data fol

lows the hypothesis proposed by analogy with known baro-

receptor regulation of ADH secretion (Epstein, 1973). When 

both vagi are severed in acute preparations ADH secretion is 

reduced following controlled hemorrhage relative to animals 

with intact vagi. Rather than a facilitation of thirst by 

reducing vagal inhibition, cutting these nerves removes the 

ability of rats to respond to intracellular challenges. 

Unilateral vagotomy also reduced the daily intake of 

water for the first two days after the surgery was performed. 

This reduction could have been due to an alteration in the 

function of baroreceptor related thirst mechanism such that 

"normal" hypovolemic stimuli were not as effective. Since 

the daily water intake did recover it was also possible that 

the initial reduction was due to debilitating effects of 
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vagotomy on the gastro-intestinal tract or on other systems 

which have vagal innervation. However, there was at no 

time an increase in the daily intake of the vagotomized 

group as compared to control. This is contrary to 

Sobocinska's (1970) suggestion that increased total body 

water he observed after unilateral vagotomy in dogs was the 

result of increased intake but falls under the control of 

increased ADH and aldosterone secretion. 

Unexpectedly, PG in an amount which produced rela

tively low levels of hypovolemia (Strieker, 1968) produced 

a greater intake of .15M saline in unilaterally vagotomized 

animals. Both the vagotomized and the sham groups had under

gone bilateral nephrectomy so the renal R-A system was not 

involved. These results favor the interpretation that re

moving vagal input reduces tonic inhibition of central 

thirst systems rather than eliminating the ability to re

spond to intracellular thirst. 

In extracellular or volemic thirst it is suggested 

that the vagus in responding to volume or pressure loss 

initiates intake in parallel with increased angiotensin 

activity and the thirst this activity produces. As the an

imal is rehydrated vagal afferents become more active and 

may together with less angiotensin produced excitation, 

inhibit further drinking. 
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