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MK-421, the ethyl ester maleate salt of N-[S]-l-(ethoxycarbonyl)-3-phenyl-propy, l-
Ala-L-Pro, is an angiotensin I converting enzyme inhibitor. An initial objective was

to determine whether MK-421, administered at 0, 2'5, 5"0, 10'0, 20.0 and 40"0 mg/kg, ip

to 96 female rats 15min prior to administration of the fl-adrenergic agonist,

isoproterenol (25 ug/kg, ip), would inhibit the drinking induced by isoproterenol

during 2 h after its administration. The water intake induced by isoproterenol was
inhibited significantly by 2.5mg MK-421/kg. When a similar experiment was

performed using angiotensin 1 [AI) (200,ug/kg, ip) as the dipsogenic agent, MK-421

(5mg/kg, ip), administered 15min prior to AI, inhibited significantly both the

dipsogenic and the diuretic effect ofAI. However, administration ofangiotensin II

[All, 200/lg/kg, ip) 15min after MK-421 (5mg/kg) was accompanied by a water

intake that did not differ from AII alone. The drink induced by ip administration of
1.0 M NaCI solution ( 11_;,of body wt, ip) was not inhibited by administration of MK-

421 (5 mglkg) 15 rain prior to allowing access to water while the drink induced by a

24 h dehydration was partially inhibited. Thus, the drinks induced by adminis-
tration of either isoproterenol or AI are dependent on formation of AII. That

induced by, dehydration is partially dependent, while thai induced by, hypertonic
saline is independent of the formation of All.

MK-421 is a compound that inhibits the conversion ofangiotensin I to angiotcnsin

II (Gross, SweeL Ulm, Backhind, Morris, Weitz, Bohn, Wenger, Vassel, & Stone, 1981).

Since the drinking induced in rats by acute administration of the fl-adrenergic agonist,

isoproterenol, is most likely induced by way of the renin-angiotensin system

(Fitzsimons, 1979), an initial objective of this study was to determine whether

isoproterenol-induced drinking could be inhibited by administration of MK-421.

Additionally, the effect ofMK-421 on the dipsogenic responses to acute administration

of angiotensin I and lI were measured. A final objective was to determine whether

administration of MK-421 affected the drinking responses of rats to an intraperitoneal

load ofhypertonic sodium chloride solution as well as to a 24-h period ofdehydralion.
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MEIttOl)S

Experiment I: E_ect q] Varying Doses of MK-42! on lsoproterenol-induced Drinking

Ninety-six female rats of the Blue Spruce Farms (Sprague-Dawley) strain weighing
250-290 g were placed in individual metabolic cages. MK-421, t dissolved in saline, was

administered intraperitoneally in doses of 0, 2"5, 5"0, 10.0, 20-0, and 40.0 mg&g body wt

15 min prior to subcutaneous injection of 25/tg isoproterenol/kg body wt. Immediately

after isoproterenol was injected, each rat was given a preweighed water bottle

containing tap water (26 C). Water intake was measured hourly for 2h. Fluid

containers consisted of infant nursing bottles with cast bronze fountains as described

by Lazarow (1954).
The effect of treatment on mean water intakes of the six groups was assessed by a

one-way analysis of variance (Goldstein, 1964). Differences between groups were

compared by means of a t-test using the pooled variance from the analysis of variance
(Huntsberger, 1961). Significance was set at the 95 percent confidence limit.

Experiment 2: Effect of Estrus Cycle on Water Intake Induced by lsoproterenol

Since the phase of the estrus cycle has been shown to influence the drinking

response to low doses ofisoproterenol in rats (Findlay, Fitzsimons & Kucharczyk, 1979),

50 female rats of the Blue Spruce Farms (Sprague-Dawley) strain weighing 25(_300 g

were used to test the effect of phases of the estrus cycle on the drinking response to a

moderate dose ofisoproterenol. The rats were maintained in cages that were designed
to assess their locomotor activity (Fregly & Black, 1964). Female rats characteristically

increa_ their locomotor activity at estrus (Wang, 1923). After the activity cycle was

established ( 12 15 days), vaginal smears were also taken daily in the late afternoon and

the smears were examined microscopically after staining with 0.25% methylene blue.
The criteria for assessment of the vaginal cytology were essentially those of Long &

Evans (1922).

Once weekly for three weeks, rats whose status in the estrus cycle had been
characterized both by their running activity and vaginal smears were used to measure

their drinking responses to isoproterenol (50 ktg/kg body wt, s.c.). In each study, about

half of each group received isotonic saline (1 ml/kg, s.c.). The drinking test was
conducted in the same fashion as that deseribed in Experiment 1.

Experiment 3: E_f'ect of MK-421 on the Responses of Blood Pressure and Heart Rate to
Administration of lsoproterenol

Ten female rats weighing 220-260g were anesthetized with pentobarbital

(40 mg/kg) and the left carotid artery cannulated with PE 50 tubing. The cannula was

tunneled beneath the skin and emerged at the back of the head. Each cannula was filled

with heparinized saline (3130 U/ml) and plugged with a 22 G stainless steel stylet. The
rats were caged individually. Two days after cannulation, the rats were transported in

their cages to an adjoining quiet room. The implanted cannula was attached to a

pressure transducer (Statham P23DB) coupled to a Grass polygraph. The rats were

unanesthetized and remained in their cages for a 1-h control period. Half of the rats

were then administered MK-421 (5mg/kg, ip) while the remaining rats received

isotonic saline (1 ml/kg, ip). One-half hour later, all rats received isoproterenol

_MK-421 was generously provided by Dr E. H. Blaine, Director, Renal Pharmacology, Merck Institute
for Therapeutic Research, West Point, PA 19486.
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(25 llg/kg, s.c.). Both blood pressure and heart rate were measured at 5 min interval,,, for

the first half-hour and at 10 rain thereafter for the remainder of the 120 min experiment.

Experiment 4. Ef]i'ct of M K-421 on Angiotensin I-induced Drinking

To assess the effect of MK-421 on angiotensin I-induced drinking, four groups (_fsix

rats each were treated as follows: Group 1 received the saline vehicle, Group 2 received

angiotensin I (United States Biochemical Corp., Cleveland, Ohio) (200/_g,,'kg bod5 wt,

s.c.); Group 3 received MK-421 (5mg/kg body wt, ip), and Group 4 received both

angiotensin I and MK-421. MK-421 was administered to Groups 3 and 4 15 min prior
to administration ofangiotensin I. Groups 1 and 2 received an equal volume of saline.

Groups 2 and 4 received angiotensin I 15 rain later, while Groups 1 and 3 received an
equal volume of saline. Immediately after the last injection, the rats were placed in

individual metabolic cages and given a preweighed water bottle. Collection of urine

was begun at this time. Water intakes and urine outputs were measured 1 and 2 h l_ter.

Statistical analysis was performed by means of a two-way analysis of varittnce
(Snedecor and Cochran, 1956).

Experiment 5: E[fi'ct _1 MK-421 on Angiotensin ll-induced Drinking

As in experiment 2, four groups compo_d of six rats each were studied: Group 1
received the vehicle; Group 2 was injected with angiotensin II (200/lg/kg body wt _.c.);

Group 3 was injected with MK-421 (5mg/kg body wt ip) and Group 4 received

angiotensin I I and MK-421. MK-421 was administered to Groups 3 and 4 15 m in prior

to treatment with Angiotensin II. The remaining two groups received an equal volume

of saline. Groups 2 and 4 received angiotensin lI 15 min later, while Groups 1 and 3

were injected with an equal volume of saline. The remainder of the protocol of this

experiment was identical to that of experiment 2.

Experiment 6: Ellcot _1 M K-421 opt DrinkiJlq Induced by Intraperitoneal h?jectioJ_ _?[
llypertonic Sodiztm Chloride Solution

Twenty-four female rats were divided equally into four groups. Group I was
untreated; Group 2 received MK-421 (5 mg/kg body wt); Group 3 received 1'_oof its

body weight of a 1.0 M NaCI solution intraperitoneally, and Group 4 received MK-421
followed by an intraperitoneal load of hypertonic NaCI solution. MK-421 was

administered 15 rain prior to loading with NaCI solution. The groups that did not

receive MK-421 received an equal volume of the vehicle. Immediately after injection of
the NaCI solution, the rats were placed in individual metabolic cages and each rat was

given a preweighed water bottle. Water intakes were measured 1 and 2 h later.

Experiment 7: E[]ect _] MK-421 (m Dehydration-induced Drinking

Four groups of six rats each were used in this experiment: Group 1 was a water-

replete control group; Group 2 was also water-replete but received MK-421 (5 mg 'kg,

body wt, ip); Group 3 had been deprived of water for 24h, and Group 4 was both

dehydrated and injected with MK-421 (5 mg/kg body wt, ip). MK-421 was administered

15 min prior to allowing rats access to water. The remaining rats received an equal
volume of saline at this time. Each animal was placed in an individual metabolic cage

15 min later and given a preweighed water bottle. Water intakes were measured at
1 and 2 h later.

Statistical analyses of Experiments 5, 6 and 7 were performed as described in

Experiment 4.
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Experiment I

Each dose of MK-421 reduced significantly the drinking response characteristically

observed after administration of isoproterenol (Figure 1). The reduction in water

intake during both hours was roughly a linear function of the dose of MK-421

administered. There appears to be little question that MK-421 is capable of inhibiting

the drinking response to isoproterenol and that it was effective for at least the 2 h of this

study.
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FK;URr: 1. The dose-response relationship between dose of MK-421 administered

and accumulative water intake during the first h (a), and first 2 h (b) following administration of

25 pg isoproterenol/kg s.c. is shown, lsoproterenol was administered 15 min after administration
of MK-421. The numbers in each bar represent the number of animals tested at each dose of MK-

421. One standard error is set offat each mean. *p <005; **p < 0-01 compared to control group

(0 dose).

Experiment 2

Ingestion of water in response to administration of isoproterenol at 50/_g/kg was

not affected significantly by the phases of the estrus cycle as was observed by Findlay,

F'itzsimons, & Kucharczyk (1979) for much lower doses (411g/kg) (Figure 2). Water

intake in response to administration ofisotonic saline was also unaffected by the phases

ofthe estrus cycle (t-'igurc 2). it is apparent from this sludy that the effect of phases ofthe
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FK,trm! 2. Mean water intake of rats administered either saline ( 1 ml/kg body wt, s.c.! ia) or

isoproterenol (50 t,g/kg body wt, s.c.)(b) during the various phases of the estrus cycle of the rat.

The initials of the various phases are listed under the bars and include: E (estrus), M [metestrus),

D (diestrus) and P (proestrus). The numbers in each bar represent the number of rats tested. One

standard error is set off at each mean.

estrus cycle on water intake of rats is observed most readily with low doses of

isoproterenol and is masked by higher doses.

Experiment 3
Administration of MK-421 (5 mg/kg) had no significant effect on the responses of

either mean blood pressure or heart rate to administration ofisoproterenol {Figure 3).
When the MK-421 treated group was compared to controls, the change in mean blood

pressure failed to differ during the lirst 40 rain. Thereafter, the blood pressure of the
M K-421 treated group returned to pretreatment level, in contrast to the control group

whose mean blood pressure remained depressed throughout the stud3,.

Mean change in heart rate was similar for both groups throughout the study. Heart

rate increased above pretreatment level within 1 min of the subcutaneous injection of

isoproterenol; reached maximal levels within approximately 30 min, and returned to

pretreatment level within 90 min after treatment.

Experiment 4
MK-421 (5mg/kg body wt, ip) prevented both the dipsogenic and diuretic

responses that characteristically accompany administration of angiotensin I to rats

{Fregly, 19801 (Figure 4a and bl. However, MK-421 alone had no signilicant effect
either on water intake [Figure 4(a) and {b)] or urine output [Figure 4(c} and (d)] during

the 2h of the study.

Experiment 5
Administration of MK-421 in combination with angiotensin II had no effect on the

drinking response normally elicited by administration ofangiotensin II alone (F regly,
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FIGURE 3. The changes in mean blood pressure (a) and mean heart rate (b) of conscious rats
administered isoproterenol (25 llg,/kg body wt. s.c.) are shown. Half of the rats were pretreated
with MK-42 i 15mg/kg, ip) (O 1;30 min prior to administration ofisoproterenol control ((3). One
standard error is set off at each mean. *p<0.05; **p <0"01 compared to control group.

1980} (Figure 5). The rats receiving MK-421 plus angiotensin I! drank virtually the

same amount of water as those receiving only angiotensin 11. Water intake in these two

groups was significantly greater than that of either the control animals which received
no drug or those administered MK-421 alone. Treatment with MK-421 alone had no

effect on water intake beyond that of the control group.

Experiment 6

The water intake that characteristically accompanies intraperitoneal loading
with hypertonic NaCI solution was not affected by prior administration of MK-421

(Figure 6). No significant difference in drinking response was observed between the rats

administered an intraperitoneal load ofhypertonic saline and MK-421 and those that

received only the hypertonic saline load. Both groups drank significantly more than

either the control or the group that received MK-421 only. Water intakes of the latter

two groups did not differ significantly from each other.
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FI(;URI 4. Accumulative water intakes (upper panels) and urine outputs (lower panels)

during the first hour [(a) and (c), and first 2 h (b) and (d)] following administration ofangiotensin I
([]) (2001_g,'kg body wt, ip), MK-421 ([])(5 mg/kg body wt, ip) and both drugs (I) are shown,

control ([_). Angiotensin I was administered 15rain after administration of MK-421. One
standard error is set off at each mean.
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FI(;tTRI: 5. Accumulative water intakes during the first hour (a) and first 2h (b) following

administration ofangiotensin I1 (_).(200Itg 'kg body wt, ipt, MK-421 (_), 15 mg'kg body x_l, ip)
and both drugs 111) is shown, control (_l: Angiotensin II was administered 15min after

administration of MK-421. One standard error is set oil" at each mean.
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Fl(a_Rt: 6. Accumulative water intakes during the first hour (a) and lirst 2h (b) following
administration of I per cent of body ,,,,eight of 1 M NaCI solution, ip are shown. Hypcrlonic saline

was administered 15 rain after administration of MK-421 {5 mg/kg, ip). Control 112]); MK-421
([]): NaC11[_])and MK-421 and NaCI (l}. One standard error is set off at each mean.

Experiment 7

Dehydration increased water intake significantly (p < 0-01 ) above that of the control

group [Figure 7 (a) and (b)]. Administration of MK-421 to normally hydrated rats had

no significant effect on water intake. When MK-421 was administered to dehydrated

rats, water intake was attentuated significantly during both the first and second hours.
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fq(;tRI 7. Accumulative water intakes are shown during the first hour (a) and first 2 h (b)

hours following return of water to rats that were dehydrated for 24 h. MK-42115 mg/'kg, ip) was

administered 15 rain prior to allowing access to water. Control ([]); MK-421 [[] }: dehydrated
(_}, and MK-421 and dehydrated (1L One standard error is set off at each mean.

DISCUSSION

Inhibition of the angiotensin I converting enzyme by MK-421 attenuated

significantly the drinking response accompanying acute administration of the [%

adrenergic agonist, isoproterenol. The present results are the first to report this effect of

M K-421 and to provide a dose-response curve for this particular relationship. Since the

angiotensin I converting enzyme is also responsible for the inactivation of the peptide,

bradykinin, the results suggest that either the failure to form angiotensin !1. or the
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prolonged half-life of bradykinin, or both, may be responsible for the failure of

isoproterenol to induce a dipsogcnic response in rats treated with MK-421. The latter
seems unlikely since only large doses of bradykinin, administered exogenously to rats
in combination with an angiotensin I converting enzyme inhibitor, increased their

drinking response {Fregly, Lockley, & Simpson, 1981).

The results of Experiment 2 indicate that a moderate dose of isoproterenot can

mask the effect of phases of the estrus cycle on water intake. In addition, the results of

Experirnent 3 suggest that MK-421 did not inhibit isoproterenol-induced drinking by

preventing the decrease in blood pressure that characteristically accompanies its
administration. Decreases in blood pressure during the first hour after administration

ofisoproterenol, when the major portion of the drinking response occurs, were similar
for M K-421-treated and control groups [Figure 3 (at]. Further, M K-421 failed to affect

the characteristic increase in heart rate induced by isoproterenol [Figure 3 (b)]. These

results support the suggestion that inhibition ofisoproterenol-induced drinking occurs
as a result of blockade of the conversion ofangiotensin l to angiotensin II by MK-421.

Attenuation of the drinking response to isoproterenol was observed earlier with the

compound, captopril, which is also an angiotensin converting enzyme inhibitor

{Barney, Katmich, & Fregly, 1980; Katovich, Barney, Fregly, & McCaa, 1979). When
the earlier results are compared with the present ones, a seven-fold greater acti_ ity of

M K-421 over captopril in the inhibition o fisoproterenol-induced drinking is apparent.

This has not been reported previously.
Isoproterenol-induced drinking can be blocked by//-adrenergic antagonists (I,ehr,

Mallow, & Krukowski, 1967: Katovich & Fregly, 19781. There is also experimental

evidence suggesting that isoproterenol-induced drinking is mediated by the renin

angiotensin system. This has been summarized recently by Fitzsimons (1979). Thus,
Leenen & McDonald (19741 and Scammell & Fregly (1981) reported that adminis-

tration ofisoprotereno[ was accompanied by dose-dependent increases in plasma renin

activity. Leenen & McDonald (1974) also reported a dose-dependent water intake in
their rats. That a reduction in blood pressure was not necessary for the release ofrenin

to occur was shown by Weinberger, Aoi, & Henry (1975) who reported that slices of

kidney from rats released renin in t,itro when isoproterenol was added to the medium
bathing the renal slices. Chiaraviglio (1979) reported that injection of saralasin, a

competitive antagonist for angiotensin II receptors, into the third cerebral ventricles of
rats blocked their drinking response to intraperitoneal administration ofisoproterenol.

These results may be interpreted to suggest that the drinking response to peripheral

administration of isoproterenol requires: (a)the formation of angiotensin II peripher-

ally; (b) the entrance of angiotensin It into the central nervous system, and (el the

binding ofangiotensin II to receptors in the cerebral ventricles. However, there are still
some unanswered questions regarding the involvement of the renin-angiotensin

system in isoproterenol-induced drinking (Atkinson, Kaesermann, Lambelet, Peters, &
Peters-Haefeli, 1979; Blaine, Husutt, Rowland, Stricker, & Zimmerman, 1979).

Administration of MK-421 to rats also attenuated their dipsogenic response to

administered angiotensin I, but not to angiotensin II (Figures 4 and 5). This suggests

that conversion of angiotensin I to angiotensin is important for the manifestation of a

drinking response to administered angiotensin I. Similar results were also observed

with captopril (Katovich, Barney, Fregly & McCaa, 1979).

In contrast to its effect on the dipsogenic responses to isoproterenol and

angiotensin I, MK-421, like captopril {Barney, Katovich & Fregly, 1980), had no

signilicant effect on the drinking response accompanying administration of hypertonic
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saline (Figure 6). This suggests that failure to form angiotensin II is not important for

the drinking response to administration of hypertonic saline.

Administration of MK-421 attenuated the drinking response accompanying a 24-h
period of dehydration; however, the drinking response was still significantly greater

than that of hydrated rats treated with MK-421 (Figure 7). This suggests that

dehydration-induced drinking is only partially dependent on the angiotensin II

pathway for arousal of thirst and drinking (Greenleaf & Fregly, 1982; Oatley, 1978).

Abdelaal, Mercer, & Mogensen [1976) measured plasma renin activity in rats both
after administration of hypertonic saline and a 24-h period of dehydration. They

reported that plasma renin activity did not increase after administration of hypertonic

saline and concluded that formation of angiotensin II was not important for the

induction of drinking under these conditions. However, plasma renin activity increased

significantly after a 24-h period of dehydration. The level of plasma renin activity was

correlated significantly with the magnitude of the post-dehydration drinking response.
The data reported in the present study, using an angiotensin converting enzyme

inhibitor, agree well with those of Abdelaal, Mercer, & Mogensen (1976).

Dual pathways for the induction of thirst and drinking have been proposed by a

number of investigators (Findlay et al., 1979; Fitzsimons, 1979; Greenleaf & Fregly,
1982; Kucharczyk & Mogensen, 1978; Oatley, 1973). The results of the present

experiments lend support to this concept. Thus, isoproterenol, angiotensin I and

angiotensin II induce thirst and drinking via the angiotensin II pathway. In contrast,

the drinking response to administration ofhypertonic saline appears to be independent

of the angiotensin II pathway and to be mediated by the osmoreceptor pathway.

Dehydration-induced drinking appears to be mediated by both pathways. The

redundancy in the pathways for induction of dehydration-induced drinking would
appear to reflect the physiological importance of the response. Additional studies will

be required to determine what proportion of the dehydration-induced drink is
mediated via each pathway.
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