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ROWLAND, N. Comparison of the suppression by naloxone of water intake induced in rats by hyperosmolarity, 
hypovolemia, and angiotensin. PHARMAC. BIOCHEM. BEHAV. 16(1) 87-91, 1982.--The effect of naloxone upon 
water consumption by rats was assessed using two intensities each of IV NaCI (hyperosmolarity), SC polyethylene glycol 
(hypovolemia), and IV angiotensin II. In each case naloxone produced a dose-related reduction in the amount drunk. 
Angiotensin-induced drinking was most easily inhibited, and was abolished by only I mg/kg naloxone. In contrast, 1 mg/kg 
naloxone produced only a 50% reduction in NaCl-induced drinking, and hypovolemia-induced drinking was not completely 
reversed by 5 mg/kg. Naloxone was without effect upon the natriuresis after NaC1, or the hypertension during All 
administrations. Parallels are drawn between the effects of naloxone on these types of thirst, and of other perturbations 
including brain damage and taste adulteration. 
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N-ALLYL-NOROXYMORPHONE (naloxone) partially at- 
tenuates the amount of water consumed by water-deprived 
mammals [6, 8, 9, 10, 12, 16, 24, 26]. It is currently believed 
that this suppression of  behavior may be mediated via the 
blockade of opiate receptors by naloxone, and that endoge- 
nous opioids may somehow be involved in the organization 
of  drinking behavior (see [24] for a review). 

The physiological signals to drink after water deprivation 
arise from fluid losses in both the intracellular and extracellu- 
lar compartments,  and possibly from elevated plasma levels 
of the dipsogenic hormone angiotensin II (All)  (reviewed in 
[21]). It is feasible to experimentally produce any one of 
these three physiological signals, the preferred methods 
being intravenous (IV) administration of NaCI (osmotic 
stimulus), subcutaneous (SC) injection of  polyethylene 
glycol (PEG; hypovolemic stimulus), or IV infusion of A l l  
(hyperangiotensinemia) [21]. 

The water intake of fluid-deprived rats is typically re- 
duced up to 50% by high doses of naloxone, and one in- 
terpretation of this incomplete blockade might be that only 
one of  the physiological signals described above is suscepti- 
ble to naloxone 's  effects. It is therefore necessary to exam- 
ine the effects of naloxone on water  intake induced by NaCI, 
PEG, or A l l  separately. Some recent studies have made a 
start in this analysis, but for various reasons these reports 
are incomplete. For  example,  the large suppressions by 

naloxone of water intake induced in mice or rats by 
hyperosmolari ty [2, 6, 7, 17] were all obtained with painful 
SC or IP routes of administration. In certain paradigms, SC 
or IP administrations can nonspecifically obfuscate drinking 
responses to NaC1 which are observed with IV infusions [5, 
19, 20, 21]. Drinking in response to PEG or AII (both given 
SC) were strongly attenuated by naloxone [17], but in that 
initial study we used only one dose of each dipsogen and one 
high dose of naloxone, so were unable to compare the degree 
of inhibition with dose-response data for other dipsogens. 
Finally, while this manuscript was in preparation, Brown 
and Holtzman [3] reported that naloxone (1 mg/kg) produced 
a 50% attenuation of  water intake induced in rats by iso- 
proterenol or intracranial Al l .  However,  neither of  these 
stimuli produce a physiological state resembling either 
hypovolemia or peripheral hyperangiotensinemia (e.g., [29]), 
and the results do not bear directly upon the issue of opioid 
involvement in extracellular thirst. 

The major aim of the present study is to build upon the 
incomplete data described in the previous paragraph by 
using appropriate dipsogens tested with several doses of 
naloxone. A second important parameter  is the intensity of 
the dipsogenic stimulus, a factor which has not yet  been 
studied for naloxone with these acute challenges. There is, 
however,  reason to investigate this parameter  since it has 
been reported that naloxone attenuated water intake by 57% 
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in 12-hr fluid deprived rats, while the same dose of naloxone 
produced only 29% inhibition in 24-hr deprived rats [8]. 
However, the absolute reduction of water intake was 6 ml in 
both cases. Thus, at a given dose, naloxone may attenuate 
water intake by a fixed amount rather than by a fixed per- 
centage (see also [17]). In the present work we have used two 
doses of each dipsogen. The lower dose was chosen to 
produce an intake of 3-4 ml in the test period; this intake 
corresponds to the largest spontaneous drafts in rats. The 
higher dose was chosen to produce an intake of 6-8 ml, close 
to that produced by 12 hr fluid deprivation. These intakes, 
matched across stimuli, are thus in a physiologically relevant 
range. 

METHOD 

Animals 

Seventy-three adult male Sprague Dawley rats (Zivic Mil- 
ler), weighing 250-400 g were used. They were housed indi- 
vidually with food pellets (Wayne) and tap water available at 
all times unless stated. Overhead lights were on from 0600- 
1800 hr, and all testing was performed near the middle of the 
day when spontaneous drinking is minimal. 

Surgery 

All surgical procedures were carried out on anesthetized 
(2.5 ml/kg Equithesin) animals. Some of the rats were fitted 
with indwelling jugular vein catheters, described elsewhere 
[151, for intravenous (IV) infusions. They were allowed 3 
days postoperative recovery prior to the start of testing, and 
were housed in infusion cages [15] throughout. Other 
animals were implanted with both a jugular vein catheter and 
a PE10 catheter into the abdominal aorta for recording mean 
arterial blood pressure 2 days later. 

General Test Procedure 

On test days, naloxone hydrochloride (Endo Labs) dis- 
solved in 0.9% NaCI carrier was injected subcutaneously 
(SC) at the designated dose in a volume of 1 ml/kg 15 min 
before the start of the drinking test. During the test, tap 
water was available in a graduated burette fitted with a metal 
sipping tube, and intakes were recorded to the nearest 0.1 ml 
at predetermined intervals. 

Hyperosmolarity. Hyperosmolarity was produced by the 
IV infusion of hypertonic NaC1. The animals (N=23, run in 
several batches) were connected to a syringe and infusion 
pump (Harvard Instruments) via PE60 tubing immediately 
after receiving the naloxone injection. The IV infusion of 2.0 
M NaC1 was started 15 min later. The infusions were given 
for 1 or 2 hr (giving totals of 2 and 4 mEq Na infused, respec- 
tively), and water intake was recorded every 30 rain for 3 hr. 
Food was absent throughout. Animals were tested only once 
on a given day, with 1-2 days between tests. Most of them 
were first studied without naloxone pretreatment, then after 
one or more doses of naloxone. No rat received more than 
three naloxone tests, and most received a second no- 
naloxone trial. The average intake was used in cases in 
which a given animal received a repeated treatment. 

During the NaC1 infusion experiments, 4 of the rats were 
housed and tested in metabolism cages for measurement of 
the excretion of the Na load. Urine was collected every hour 
for 4 hr during and after the infusion of 4 mEq/2 hr NaC1. On 
another day, the test was repeated after 1.0 mg/kg naloxone 
(SC). Water was available during these tests. The urine vol- 

ume was noted, and its Na concentrations determined by a 
flame photometric method. Cumulative Na excreted was 
calculated from the volume and concentration. 

Hypovolemia. Hypovolemia was produced by SC admin- 
istration of hyperoncotic colloid PEG. Depletion of the vas- 
cular volume occurs over a period of hours, and drinking 
dose not emerge for several hours [28]. We thus employed a 
paradigm of delayed access to water [17] so that the temporal 
structure of this drinking test was comparable to those for 
the other dipsogens. Rats were lightly etherized and were 
injected SC, in the middle of the back, with 5 ml of 20% or 
30% PEG (FW 20,000; w/v in 0.9% NaCI). They were re- 
turned immediately to their home cages from which food and 
water had been removed. Naloxone was injected (IP, to be 
remote from the site of the PEG injection and edema) 5 hr 45 
rain later, and after another 15 min water was presented. 
Water intake was recorded every 30 min for 2 hr. Each rat 
(N= 18) received a total of 2 PEG tests, separated by 1 week. 
Six additional controls received SC NaC1 (5 ml 0.9%) instead 
of PEG as the initial injection, a second injection of 0.9% 
NaC1 (1 mg/kg IP), and were then given a drinking test using 
the same time schedule as for the PEG tests. 

Hyperangiotensinemia. Hyperangiotensinemia was 
produced by a continuous IV infusion of AII (ileu '~ isomer, 
endogenous to rat; Sigma) at a rate of 64 or 256 ng/10/zl/min. 
The rats (N=34) were injected with naloxone 15 min before 
the start of the infusion. All rats were first screened with All 
and no naloxone, and then with two or more doses of 
naloxone on different days; a few rats served in both NaCI 
and angiotensin experiments, but their data are in no way 
different from those with a less extensive experimental his- 
tory. Food was present during the All  infusion, but was 
virtually never eaten. Water intakes were recorded every 10 
rain throughout the test, but for brevity only the 30 and 60 
min values will be reported. These times represent, respec- 
tively, soon after initiation of drinking in the no naloxone 
condition, and the end of the test. No drinking occurred 
immediately after the infusion before the rats were discon- 
nected from the infusion line. 

The mean arterial blood pressure was recorded from the 
aorta catheter of the two additional freely-moving rats using 
a Statham pressure transducer and a Grass 7 polygraph. 
Pressure was recorded before and during 10 min successive 
IV infusions of All  at rates of 64 ng/10/~l/min and 256 ng/40 
/xl/min. The infusion was then stopped for 1 hr to allow blood 
pressure to return to baseline. Naloxone (5 mg/kg, SC) was 
then injected and, starting 15 min later, the infusion se- 
quence was repeated. Blood pressure reached a maximum 
during the first 5 min of these infusions; thereafter it re- 
mained steady, or fell very slowly. 

Statistical Treatment 

All results were analyzed using one-way analysis of vari- 
ance and t-tests. We have made no assumptions concerning 
the shape of dose-inhibition curves, and thus have not calcu- 
lated ED50's by a mathematical procedure. 

RESULTS 

Intravenous NaCI 

The amount of water consumed was related to the dose of 
NaCI infused (Fig. 1). Almost all of the intake occurred dur- 
ing the infusions, with very little after the infusion was 
stopped (note the minimal intakes in the 2nd hour of the 2 
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FIG. 1. Cumulative water intakes (M±SE) at various times during 
and after continuous intravenous (IV) infusion of 2 M NaCI in rats 
pre-injected (SC) with various doses of naloxone hydrochloride. 
Left: Infusion of 4 mEq NaC1 at 2 mEq/hr (N's=22, 4, 17, 5 for the 
respective doses of naloxone shown). Right: Infusion of 2 mEq NaC1 
in 1 hr (N's=8). The intakes after 1 and 5 mg/kg naloxone are, in 
each case, significantly (0<0.05) less than the intake after no 
naloxone treatment (open bars). 

mEq test and in the 3rd hour of the 4 mEq test). The drinking 
to 2 mEq NaCI was 81% attenuated by 1.0 mg/kg naloxone. 
In the animals which were infused with 4 mEq, at the end of 
the first hour (2 mEq infused) the intakes were 1[1% (0.1 
mg/kg), 40% (1.0 mg/kg) and 0% (mg/kg) of control. At the 
end of the 2nd hour the respective percentage intakes were 
93, 51 and 3. Notice that the overall suppression of intake 
expressed as percent was greater at the lower dose of  NaC1 
(81%) than at the higher dose (49%: p<0.05). However,  the 
reductions in absolute intake were not significantly different 
between the low (2.65 ml) and high (3.31 ml) doses of NaCI. 
Note also the apparent delay in response at 0.1 mg/kg. 

The natriuretic response to NaC1 infusion was not altered 
by naloxone (1 mg/kg) at any time during the test. In the first 
4 hr after 4 mEq NaC1 (infused during the first 2 hr) rats 
excreted 3.12_+0.26 mEq Na (M_+SE) in 13.4 ml urine, and 
drank substantial amounts (cf. Fig. I). Following naloxone 
pretreatment, 3.30-+0.26 mEq Na was excreted in 13.2 ml 
urine in 4 hr, despite much reduced water intake. 

PEG-Induced Hypovolemia 

Control PEG-treated rats drank throughout the 2 hr test, 
and for brevity only the intakes after 1 and 2 hr are shown in 
Fig. 2. Naloxone produced a dose-related suppression of  
PEG-induced drinking. The intakes, expressed as percent 
control, after 2 hr in the 30% PEG condition were: 0.1 mg/kg, 
82%; 1.0 mg/kg, 40%; and 5 mg/kg, 46%. In the 20% PEG 
condition, the respective intakes were 68, 58 and 56%. The 
additional controls which did not receive PEG consumed no 
water during the 2 hr test. All of  the observed intakes to PEG 
shown in Fig. 2 are thus above this zero baseline. 

Intravenous Al l  

AII elicited water intake which increased both with dura- 
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FIG. 2. Cumulative water intakes (M_+SE) after 1 and 2 hr of a 
drinking test staring 6 hr after SC injection of polyethylene glycol 
(PEG). Rats were injected IP with vehicle (open bars) or various 
doses of naloxone hydrochloride 15 min prior to the drinking test. 
Left: Intakes after 1.0 (N= 12), and 5.0 mg/kg (N=6) naloxone, but 
not after 0.1 mg/kg (N=6) were significantly (0<0.05) lower than the 
intakes of vehicle-treated rats (N = 16) after 30% PEG. Right: Simi- 
larly for 20% PEG; N's=17, 6, 12, 5. 
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FIG. 3. Cumulative water intakes (M±SE) after 30 and 60 min of a 
continuous intravenous infusion of fileu angiotensin II. Rats were 
injected SC with vehicle (open bars) or various doses of naloxone 
hydrochloride 15 min prior to the drinking test. In all cases, the 
intakes of animals treated with 0.1, 1.0 or 5.0 mg/kg naloxone were 
lower (0<0.05) than those of vehicle-treated rats, and the 0.01 mg/kg 
dose was effective (0<0.05) at 1 hr after 64 ng/min. N's (64 ng/min): 
25, 11, 9, 9, 8; (256 ng/min): 22, 12, 11, 8. 

tion of the test, and as a function of dose (Fig. 3). Following 
pretreatment with 1.0 mg/kg naloxone, water intake was re- 
duced to less than 6% of control in all conditions (N's=9-11).  
The intakes after 0.1 mg/kg naloxone were 39% and 43% (64 
ng/min at 30 min and 1 hr), and 37% and 39% (256 ng/min at 
30 min and 1 hr) of control. An even lower dose (0.01 mg/kg 
naloxone) was effective in reducing water intake at the lower 
dose of Al l  (the higher dose was not tested). 

Naloxone (5 mg/kg) altered neither basal nor AII-induced 
increments in mean arterial blood pressure. Only two 
animals completed this experiment, but their data were simi- 
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lar, quite clear, and negative. Before naloxone, the basal 
mean arterial pressure was 88.5 mm Hg, the steady level 
after 10 min 64 ng AII/min was 120.5 mm, and at 256 ng/min 
increased to 149.0 mm. The corresponding values after 
naloxone were 86.0, 124.5 and 152.0 mm Hg. 

DISCUSSION 

The present data confirm and extend previous work on 
the reduction of water intake by naloxone. Our results 
suggest that the efficacy of naloxone may differ among the 
various dipsogens. 

The amount of water consumed during IV NaCI infusions 
was attenuated in a dose-related was by naloxone. Water 
intake was reduced by approximately 50% at a dose of 1.0 
mg/kg naloxone, and was virtually abolished by 5.0 mg/kg. 
The percent decrease in intake was greatest for the 2 mEq 
NaCI, but the absolute reduction of intake was quite similar 
between the 2 and 4 mEq NaC1 conditions. There was no 
consistent evidence that naloxone was increasing the latency 
to drink, or increasing the threshold, since little drinking 
occurred in the hour after the infusions. Further, there was 
no evidence that the physiological disposition of the infused 
NaCI differed between naloxone-treated and control groups, 
since the rate of Na excretion was identical in both groups. 
These data are quite comparable to the 70% reductions in 
water intake seen after single IP or SC injections of NaC1 
following 1.0 mg/kg naloxone [1, 6, 7, 17]. There is no rea- 
son, therefore, to regard those reductions as artifacts of the 
route of administration. 

Water intake during hypovolemia (PEG) was likewise re- 
duced by naloxone. As with the NaC1 stimulus, PEG- 
induced intake was approximately 50% attenuated by 1.0 
mg/kg naloxone. The hypovolemic stimulus differed from 
the osmotic stimulus insofar as higher doses of naloxone did 
not further attenuate PEG-induced water intake. However, 
Ostrowski et al. [17] observed 80% reduction in water intake 
of PEG-treated rats receiving a still higher dose of naloxone 
(10 mg/kg). In that study, saline-treated control rats had 
substantial baseline intakes, so the naloxone + PEG-treated 
rats were drinking that baseline and more. In the present 
work, the baseline was zero, so for a given number of mi 
reduction in intake, the percent reduction would be lower in 
the present study than in Ostrowski et al. [17]. The important 
fact is that a high dose of naloxone produced incomplete 
suppressions of water intake in both studies. 

It should also be noted that the naloxone was adminis- 
tered IP to the PEG-treated rats in this study, which differs 
from our normal SC procedure. This finding may limit the 
certainty with which we can compare the various stimuli, 
since IP administered naloxone may be metabolized faster 
than after SC injection. In glucoprivic feeding experiments, 
the reduction in food intake lasted longer after SC injection 
[17]. There are additional measures which might have been 
taken to equate doses of naloxone but which were beyond 
the scope of this paper. These include a measurement of the 
rate of absorption and catabolism of naloxone in 
hypovolemia and/or direct IV administration of naloxone in 
all three stimulus situations. 

The water intake induced by the IV infusion of Al l  was 
strongly inhibited by naloxone. A dose of 0.1 mg/kg reduced 
the intake by over 50%, and 1.0 mg/kg eliminated water in- 
take. This reduction in water intake was not secondary to 
any alteration of the pressor response to Al l  which might, 
for example, have led to reduced penetration of the peptide 

hormone across capillary endothelial junctions in brain. The 
present infusions produce plasma levels of All  which only 
slightly exceed the normal physiological maximum [13], and 
so may be regarded as a more natural form of All  stimulus 
than either a SC bolus [17] or an intracerebroventricular in- 
jection [3]. In both of these latter cases the attenuation of 
All-induced drinking by naloxone was either less complete 
[17] or naloxone was less potent [3] than in the present work, 
possibly because of the sudden intensity of the stimulus 
produced by the SC or intracerebroventricular routes. In 
unpublished experiments performed at the same time as 
those reported herein, 1.0 mg/kg naloxone produced only 
50% reduction in water intake following 10 ng All  into the 
lateral cerebral ventricle. This result replicates the report of 
Brown and Holtzman [3] but also argues for the un- 
physiological nature of that stimulus. It may be concluded 
that, when the peptide All  is administered by the normal 
physiological route, the induced water intake is potently 
inhibited by naloxone. Whether this represents actions in 
brain or periphery, and at the same or different sites, is not 
addressed by the present data. 

All of the present and published results of the effects of 
naloxone on water intake of animals given acute homeostatic 
challenges must be contrasted with those observed after 
water deprivation. Rats deprived of water for 24 hr show 
only a 30% reduction in drinking to doses as high as 10 mg/kg 
naloxone, with threshold doses of 0.5-1.0 mg/kg [6, 8, 9, 10, 
16, 17, 26]. The reduction of water intake (in ml) was similar 
in 12 hr water deprived rats, although in terms of percent it 
was greater [8]. Comparing the deprivation results with those 
from the three dipsogens tested in this study suggests strong 
similarities between the PEG dipsogen and water depriva- 
tion, especially in dose-sensitivity to naloxone and mag- 
nitude of reduction. 

These considerations have additional implications. First, 
Al l  cannot be the exclusive mediator of extracellular de- 
hydration thirst, since a dose of naloxone which totally 
inhibited AII-induced drinking only slightly attenuated 
PEG-induced drinking. If we assume that naloxone does not 
interfere with the production of All  or renin during 
hypovolemia, then the contribution of All  to hypovolemic 
thirst must be quite small (see also [13,29]). Second, since 
isoproterenol-induced drinking was only partially inhibited 
by 1.0 mg/kg naloxone [3], a dose which completely 
abolished water intake induced by IV All,  then All  can at 
most be only a partial mediator of isoproterenol-induced 
drinking and a major contribution may come from hypoten- 
sion per se (cf. [29]). Third, since water deprivation is 
thought to produce a combined intracellular and extracellu- 
lar fluid deficit, then the naloxone inhibition data suggest 
that extracellular mechanisms predominate in the deprived 
rat. (If intracellular mechanisms were predominant then one 
would expect a more complete inhibition). This assertion is, 
however, directly refuted by an elegant physiological study 
[18] showing that extracellular depletion plays a minor role in 
deprivation thirst in rats. Clearly, other factors need to be 
considered. 

We have argued that both initiation and termination of 
water consumption may be determined by fluid receptors 
both at peripheral and systemic levels [20, 21,23]. In particu- 
lar, environmental and taste factors have important 
facilitatory roles. In the latter case, we have shown that 
interference with normal taste leads to a disruption of regula- 
tory water intake [20]. Of particular relevance are observa- 
tions that adulteration of the drinking water with quinine 
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leads to subs tan t i a l  inh ib i t ion  of  d r ink ing  induced  by  acu te  
s t imuli  such  as t hose  used  in the  p r e s en t  work ,  while  
dep r iva t i on - induced  wa te r  in take  is less a f fec ted  [4, 14, 22]. 
V iewed  f rom this  pe r spec t ive ,  ou r  p r e s e n t  da ta  are  cons is -  
t en t  wi th  an  h y p o t h e s i s  tha t  n a l o x o n e ' s  effects  upon  w a t e r  
in take  are  med ia t ed  t h r ough  an effect  upon  tas te  pe rcep t ion  
(wa te r  is less pala table) .  Such  an  h y p o t h e s i s  gains suppor t  
f rom a r ecen t  d e m o n s t r a t i o n  t ha t  n a l o x o n e - t r e a t e d  ra ts  show 
a d imin i shed  p re f e r ence  for  swee t  so lu t ions ,  as i f  so lu t ions  
t as ted  less swee t  [11]. Le  M a g n e n  and  his col leagues  inter-  
p re ted  tha t  resul t  in t e rms  of  a l te red  r e i n f o r c e m e n t  mech-  

an i sms  by  na loxone .  Such  a pos i t ion  dove ta i l s  well  wi th  the  
impl ica t ion  of  opioids  in o t h e r  types  of  m o t i v a t e d  b e h a v i o r  
and /o r  genera l  r e i n f o r c e m e n t  p r o c e s s e s  (e.g., [24, 25, 27]). 
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