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BROWN, D. R. AND S. G. HOLTZMAN. Suppression of drinking by naloxone in rats homo- and heterozygous for 
diabetes insipidus. PHARMAC. BIOCHEM. BEHAV. 15(1) 10%114, 1981.--The effects of the opiate antagonist, 
naloxone, alone and in combination with morphine, were examined on drinking induced by water deprivation in homo- and 
heterozygous Brattleboro rats manifesting an inherited diabetes insipidus. Both naloxone and a structurally-related con- 
gener, naltrexone (0.01-10 mg/kg), attenuated water consumption in a dose-related fashion of I hr water-deprived homozy- 
gotes, which exhibit a complete absence of vasopressin. Drinking was also reduced by the two drugs in 24 hr water- 
deprived heterozygotes, which have detectable levels of vasopressin. Morphine pretreatment enhanced the antidipsogenic 
effects of naloxone in a dose- and time-dependent manner. The administration of 10 mg/kg of morphine 3 hr before testing, 
which itself did not affect drinking, maximally potentiated the suppressant effects of naloxone on drinking in homozygotes. 
This potentiating effect of morphine persisted for at least 48 hr. These results indicate that vasopressin is not essential for 
the antidipsogenic effects of the narcotic antagonists. The polydipsic Brattleboro rat may provide a convenient animal 
model for studies of the effects of opiate agonists and antagonists on drinking behavior. 
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NALOXONE, a pure opiate antagonist devoid of significant 
intrinsic activity at low doses [4,32], has become a useful 
pharmacological tool in studies designed to determine the 
possible physiological functions of the endogenous opioid 
peptides (e.g. endorphins and enkephalins) [15]. The drug 
produces numerous physiological and behavioral effects, 
presumably through its blockade of opiate receptors and a 
consequent disruption of activity in endogenous opioid 
pathways [15, 19, 36]. 

A number of recent investigations have disclosed that 
naloxone exerts profound effects upon water intake, particu- 
larly that which occurs in response to conditions of actual or 
simulated body fluid deficits. In the rat, naloxone suppresses 
water consumption induced by periods of water deprivation 
[5, 6, 13, 16, 17, 25, 34], and by systemic injections of hyper- 
tonic sodium chloride solutions, which produce an intra- 
cellular dehydration [6,10], as well as drinking stimu- 
lated by isoproterenol and angiotensin II, which mimic states 
of extracellular dehydration [7]. In contrast, schedule- 
induced drinking, generated by intermittent food delivery 
and occurring in the absence of fluid deficits, is not at- 
tenuated by low to moderate doses of naloxone [7,23]. 

In the study of drug effects on drinking behavior, the 
Brattleboro rat may provide a convenient experimental 
model. Rats of this strain manifest a severe hypothalamic 
diabetes insipidus due to an inherited deficiency in the syn- 
thesis of vasopressin [22,40]. Vasopressin, a peptide hor- 
mone synthesized in hypothalamic magnocellular neuroen- 
docrine cells and released from the posterior pituitary, is 
intimately involved in the control of water metabolism, 
principally through its antidiuretic action [30]. Animals 
homozygous for the disease exhibit a complete lack of vas- 
opressin in the plasma [28] and brain [14] resulting in a 
marked polyuria with impairments in urine-concentrating 
ability and an intense polydipsia [22]. Furthermore, 
homozygous Brattleboro rats appear to manifest genetic de- 
fects in the opiate system. For example, these animals dis- 
play an impaired development of tolerance to the analgesic 
effects of morphine [11], decreased levels of leucine- 
enkephalin-like immunoreactivity in the pituitary [31] and 
alterations in opiate receptor number and affinity in tel- and 
diencephalic regions of the brain [29]. 

In light of these many characteristics, one objective of 
this investigation was to evaluate the effects of naloxone and 
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a structurally-related congener, naltrexone, on drinking in- 
duced by water  deprivation in Brattleboro rats both 
homozygous and heterozygous for diabetes insipidus. 
Heterozygotes manifest reduced plasma and brain vasop- 
ressin levels, but their water consumption lies within the 
range of normal rats [14, 28, 41]. In addition, several reports 
have indicated that pretreatment with single doses of  opiate 
agonists in mice markedly enhances the potency and efficacy 
of the narcotic antagonists in reducing the analgesic effects 
of morphine [35, 37, 38, 43]. It was of interest to apply these 
findings to the actions of naloxone in the present drinking 
paradigm. Therefore, another objective was to determine if 
pretreatment with single doses of morphine, having no ef- 
fects on drinking alone, would modify the ability of naloxone 
to suppress water intake of the homozygous Brattleboro rat. 

METHOD 

Animals 

The subjects were male Brattleboro rats: 21 homozygous 
and 12 heterozygous for diabetes insipidus (Blue Spruce 
Farms, Altamont,  NY). All animals weighed between 160- 
230 g at the start of the experiments.  The subjects were 
housed in individual cages in a colony room with an average 
temperature of 72°F and under constant illumination be- 
tween 0700-1900 hr. Water  and food (Rodent Laboratory  
Chow No. 5008, Ralston Purina Co., St. Louis, MO) were 
freely available in the home cages except during periods of 
controlled water deprivation. 

Narcotic Antagonist Studies 

Twelve rats heterozygous and 6--9 homozygous for dia- 
betes insipidus were used in studies to characterize the sup- 
pressant effects of naloxone and naltrexone on drinking. In 
these and all subsequent experiments,  homo- and heterozy- 
gotes were deprived of water for 1 and 24 hr, respectively,  
prior to tests of water intake. Food was present during all 
water deprivation intervals. Every subject underwent 2-3 
trial sessions for familiarization with the deprivation and ex- 
perimental procedures before the initiation of drug testing. 
Thirty minutes prior to water intake determinations, rats 
were weighed and injected SC with drug (0.01-10 mg/kg) or 
isotonic saline. Tests with naloxone preceded those with nal- 
trexone. In studies of the time course of action of the nar- 
cotic antagonists,  a single 3.0 mg/kg dose of naloxone or 
naltrexone was administered SC to 1 hr water-deprived 
homozygotes.  Drug injections were given on separate days,  
at randomly-determined 30 min intervals up to 6 hr prior to 
water intake measurements.  In these studies only, control 
injections with isotonic saline were administered at the start 
of  the water intake test period. Subjects in all studies were 
allowed free access to water in the home cages for 30 min 
from a 25 ml graduated cylinder fitted with a metal drinking 
spout. Water  intake tests were conducted in both the pres- 
ence and absence of food; food was absent in time course 
studies. Water  intake at the end of the test period was meas- 
ured to the nearest 0.2 ml. Following drinking tests, animals 
were given free access to food and water until the next 
period of deprivation. All tests were conducted between 
0900-1500 hr, twice weekly in heterozygotes and three times 
weekly in the homozygotes.  

Morphine Pretreatment Studies 

The effects of  morphine on the ability of naloxone to sup- 

press drinking in homozygous Brattleboro rats were exam- 
ined in two sets of experiments.  In one study, the effects of 
morphine were evaluated with respect to dose in 11 homozy- 
gotes. Rats were pretreated with morphine (0.1-17.5 mg/kg) 
or isotonic saline, SC, 3 hr prior to water intake tests. 
Naloxone (1.0 mg/kg) or saline was injected SC 30 rain be- 
fore testing. Water  consumption was measured in the home 
cages for 30 rain, in the manner described above. Food was 
absent during the tests of water intake. In a second study, 
the effects of morphine were examined as a function of the 
length of  the pretreatment interval preceding naloxone ad- 
ministration. This study was conducted in 9-11 homozygote 
rats. Morphine (10 mg/kg) or saline was injected SC, 3, 12, 
24, or 48 hr prior to water intake determinations. Naloxone 
(0.01-10 mg/kg) or saline was administered SC, 30 rain be- 
fore testing. Water  consumption was measured in the home 
cages for 30 rain, in the manner described previously. Food 
was present during the tests of water consumption. Testing 
in both studies was conducted three times weekly between 
0900-1300 hr. 

Drugs 

Naloxone hydrochloride, naltrexone hydrochloride (both 
supplied by Dr. Robert  E. Willette, National Institute on 
Drug Abuse), and morphine sulfate (S.B. Penick Co., 
Newark,  N J) were dissolved in 0.9% saline and injected sub- 
cutaneously in a volume of  1.0 ml/kg of body weight. In each 
series of experiments,  the various doses of naloxone and 
naltrexone (0.01-10 mg/kg) and morphine (0.1-17.5 mg/kg) 
were administered in random sequence. All drug doses are 
expressed in terms of the free base. 

Data Analysis 

Water  intake data were converted to ml of water con- 
sumed per kg of body weight. In order to facilitate compari- 
sons among the different experimental groups, the data were 
further transformed to a percentage of the saline control 
value for each animal in each series of  experiments.  The 
transformed data were statistically evaluated by analysis of  
variance for randomized block designs, and comparisons of 
treatment means to those of  saline controls were made by a 
two-tailed Dunnett 's  t test. A two-way analysis of variance 
was used to compare the dose-response curve for naloxone 
in unpretreated rats with the naloxone dose-response curves 
following pretreatment with morphine (Fig. 4). A p value of  
less than 0.05 was selected as the upper limit for statistical 
significance. 

RESULTS 

Suppression of  Drinking by Naloxone and Naltrexone 

The absolute volumes of water (by body wt) consumed by 
water-deprived homo- and heterozygous Brattleboro rats 
under control conditions of  each drug series are presented in 
the legend of Fig. 1. Although there was little variability in 
baseline water intake within each genotype, 1 hr water- 
deprived homozygotes consumed more water under control 
conditions than did 24 hr deprived heterozygotes,  a differ- 
ence which was significant only between those groups tested 
with naloxone (p<0.01). 

Both naloxone and naltrexone (0.01-10 mg/kg) decreased 
water consumption induced by deprivation in homo- and 
heterozygous Brattleboro rats (Fig. 1). The water intake of 
homozygotes was reduced by 19 and 27% by 1.0 mg/kg of 
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FIG. 1. Suppression of water intake by naloxone and naltrexone in 
Brattleboro rats homozygous (Ho-DI) and heterozygous (He-DI) for 
diabetes insipidus. Homo- and heterozygotes were deprived of 
water for 1 and 24 hr, respectively, prior to testing. Each point 
represents the mean_+ S.E. of 9 observations in homozygotes and 12 
observations in heterozygotes. The absolute values of water intake 
obtained in tests with isotonic saline (points above Sal) are: 
49.7_+3.5 and 37.8_+2.8 ml/kg of body weight for naloxone-treated 
homo- and heterozygotes, respectively, and 47.1 _+3.8 and 39.9- + 1.8 
ml/kg of body weight for naltrexone-treated homo- and heterozy- 
gotes, respectively. Significant differences between control and 
treatment means are indicated as **p<0.01. 

naloxone and naltrexone, respectively. Ten mg/kg of 
naloxone and naltrexone further decreased water intake by 
49 and 53%, respectively (Fig. 3). Naltrexone, in doses as 
low as 0.1 mg/kg, significantly decreased water consumption 
by 26% in heterozygotes. One mg/kg of naloxone and nal- 
trexone reduced drinking by 35 and 42%, respectively (Fig. 
3). The variability of the response of the heterozygotes to 
antagonists tended to be less than that of the homozygotes at 
each of the doses tested. 

The duration of the suppressant effects of naloxone and 
naltrexone on drinking was determined in water-deprived 
homozygous Brattleboro rats. Each drug was administered 
at a dose of 3.0 mg/kg, 0-6 hr prior to testing. Both drugs 
produced a significant reduction in water intake which was 
rapid in onset, being apparent within 30 min after drug ad- 
ministration (Fig. 2). The drugs differed with respect to their 
peak suppressant effects: naltrexone maximally reduced 
water consumption by 9(9%, whereas naloxone decreased 
drinking by 55%. Furthermore, the suppressant effects of 
naltrexone were longer in duration than those of naloxone. A 
significant suppression of water intake remained up to 2.0 
and 3.5 hr following the administration of naloxone and nal- 
trexone, respectively (Fig. 2). 

Effects of  Naloxone on Drinking after Morphine 
Pretreatment 

Water-deprived homozygotes pretreated with 10 mg/kg of 
morphine 3 hr prior to testing with isotonic saline exhibited 
no differences in water consumption compared to control 
conditions in which rats were pretreated with saline 3 hr 
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FIG. 2. Time course for the suppression of water inake by 3.0 mg/kg 
of naloxone (upper graph) and naltrexone (lower graph) in 
homozygous Brattleboro rats. Subjects were deprived of water for 1 
hr prior to testing. Water intake measurements were conducted for 
30 min following 0-6 hr drug pretreatment. Each point represents the 
mean_+S.E, of 6-7 observations. The absolute values obtained in 
tests with isotonic saline (points above Sal) are 44.9_+5.3 and 
42.4_+ 3.6 ml/kg of body weight for naloxone- and naltrexone-treated 
groups, respectively. Significant differences between saline control 
and treatment means are indicated as: *p<0.05, and **p<0.01. 

prior to a second injection of saline (cf. legend, Fig. 3). How- 
ever, morphine (0.1-17.5 mg/kg) administered 3 hr prior to 
testing enhanced the suppressant effects of 1.0 mg/kg of 
naloxone on drinking in a dose-related manner. One mg/kg of 
naloxone alone reduced water consumption by 32%, and pre- 
treatment with 0.3-3.0 mg/kg of morphine further decreased 
water intake after naloxone administration by 40 to 60% (Fig. 
3). Maximal enhancement of the suppressant actions of 
naloxone was apparent following l0 mg/kg of morphine; at 
this dose, water intake was diminished by 79%. 

The effects of morphine on the ability of naloxone to at- 
tenuate drinking were time-dependent as well as dose- 
related. The optimum dose of morphine, l0 mg/kg, was ad- 
ministered 3-48 hr prior to testing the suppressant activity of 
0.01-10 mg/kg of naloxone on drinking in water-deprived 
homozygotes. This dose of morphine had no effects on water 
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FIG. 3. Dose-dependent potentiation by morphine of the suppres- 
sion of water intake by 1.0 mg/kg of naloxone in homozygous 
Brattleboro rats. Subjects were deprived of water for 1 hr prior to 
testing. Morphine (0.1-17.5 mg/kg) was administered 3 hr prior to 
water intake tests. Each point represents the mean_+S.E, of 11 ob- 
servations. The absolute volume of water consumption obtained in 
tests with isotonic saline (point above Sal-Sal) is 40.0_+ 1.9 ml/kg of 
body weight. The absolute volume of water intake following the 3 hr 
pretreatment with 10 mg/kg of morphine in the absence of naloxone 
(not shown) was 50.0_+5.1 ml/kg of body weight, which was not 
significantly different from the saline control value (p>0.05). Signif- 
icant differences between naloxone suppressant activity in the ab- 
sence (point above Sal-Nx) and presence of morphine are indicated 
as: *p<0.05, and **p<0.01. 

FIG. 4. Time-dependent effects of morphine (10 mg/kg) on the sup- 
pression of water intake by naloxone in homozygous Brattleboro 
rats. Subjects were deprived of water for 1 hr prior to testing. Mor- 
phine was administered 3, 12, 24, or 48 hr prior to water intake 
determinations. The naloxone dose-response after 12 hr morphine 
pretreatment was similar to the one obtained after 24 hr pretreat- 
ment and is omitted for purposes of clarity. The dose-response curve 
of naloxone in the absence of morphine (naloxone only) in homozy- 
gotes is the same one that appears in Fig. 1. Each point represents 
the mean+S.E, of 9 observations in all groups undergoing morphine 
pretreatment. The absolute values obtained in tests with isotonic 
saline are: 42.3+2.7, 60.! +5.3, and 54.1 _+2.9 ml/kg of body weight 
in the 3, 24, and 48 hr morphine-pretreated groups, respectively. All 
doseiresponse curves for naloxone after pretreatment with mor- 
phine are significantly different (p<0.05) from the dose-response 
curve for naloxone in the unpretreated rats. 

intake determined 3--48 hr later. However,  naloxone signifi- 
cantly reduced (p<0.01) water intake by 76 and 98% at doses 
of 1.0 and 10 mg/kg, respectively, following 3 hr pretreat- 
ment with morphine (Fig. 4). This enhancement of the effects 
of naloxone on drinking diminished with longer morphine 
pretreatment intervals• Thus, 1.0 and 10 mg/kg of naloxone 
decreased drinking by 40 and 84% in animals treated with 
morphine 24 hr previously (Fig. 4). The effects of  12 hr mor- 
phine pretreatment (not shown) were similar to those ob- 
served after 24 hr pretreatment. The dose-effect curve for 
naloxone after 48 hr morphine pretreatment was still signifi- 
cantly different (p<0.05) from that of naloxone in the ab- 
sence of morphine (Fig. 4). 

All drugs, at the doses tested, had no significant effects on 
either the overt behavior at the time of testing, or the general 
health of any experimental subject. 

DISCUSSION 

The narcotic antagonist, naloxone has previously been 
shown to suppress drinking in normal rats induced by a wide 
variety of dipsogenic stimuli• The results of this study extend 
these findings to drinking in rats with hereditary hypotha- 
lamic diabetes insipidus. Homozygous Brattleboro rats dis- 
play a complete inability to synthesize or secrete vasopres- 

sin, and the copious water consumption of these animals, 
accentuated by mild water deprivation, was reduced by 
naloxone and its structural congener, naltrexone in a dose- 
related manner. Thus, vasopressin does not appear to be 
essential for the elaboration of the antidipsogenic effect of 
narcotic antagonists. Furthermore, previous studies have 
examined the effects of naloxone solely in Sprague- 
Dawley-derived rat strains. The present observations extend 
these findings to the Long Evans rat strain, to which the 
Brattleboro rat is related [39]. Indeed, the water intake of 24 
hr water-deprived heterozygous Brattleboro rats, which pos- 
sess low levels of  vasopressin, was suppressed by naloxone 
in a dose-related pattern similar to that previously observed 
in normal, Sprague-Dawley-derived rats [5]. 

The onset of the antidipsogenic effects of both naloxone 
and naltrexone was apparent immediately after the adminis- 
tration of both drugs, probably due to their rapid tissue dis- 
tribution [1]. However ,  naltrexone had a greater potency and 
longer duration of action in attenuating water consumption 
relative to naloxone. These results are consistent with the 
greater potency and duration of action of naltrexone com- 
pared to naloxone in other procedures involving drug inter- 
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actions with the opiate receptor, such as binding affinity [9], 
the precipitation of withdrawal-jumping in morphine- 
dependent mice [8] and the precipitation of an abstinence 
syndrome in morphine-dependent monkeys [42] and humans 
[26]. 

Morphine enhances the suppressant effects of  naloxone 
on drinking in homozygous Brattleboro rats. The magnitude 
of this enhancement of  naloxone activity is related to both 
the dose of  morphine and the length of the morphine pre- 
treatment interval. The morphine-induced potentiation of the 
antidipsogenic effects of naloxone was evident for at least 48 
hr; this time interval is longer than that obtained in a previ- 
ous study on the ability of morphine to increase the potency 
and efficacy of naloxone in antagonizing morphine-induced 
analgesia in mice [37]. However ,  the antidipsogenic activity 
of naloxone was not modified in postmorphine-dependent 
rats tested 7 days after the withdrawal of morphine [17]. 

The increased activity of naloxone after opiate agonist 
treatment may be the consequence of an agonist-induced 
alteration in the conformation of the opiate receptor, thereby 
increasing the affinity of narcotic antagonists for the receptor 
[21, 35, 37, 38, 43]. This hypothesis has recently been dis- 
puted [12]. An alternative explanation for these effects is that 
the administration of even a single dose of morphine 
engenders a state of acute dependence such that the ob- 

served decreases in water intake after naloxone treatment 
are actually a manifestation of a precipitated abstinence syn- 
drome [33]. These possibilities cannot be resolved on the 
basis of the present data. 

In summary, the reported abnormalities in the opiate and 
vasopressin systems of  homozygous Brattleboro rats did not 
seem to modify the antidipsogenic effects of the narcotic 
antagonists. Both homozygotes and heterozygotes re- 
sponded to drug administration in a manner similar to that 
observed in normal rats. Thus, vasopressin does not appear 
to mediate the actions of naloxone on water intake. Owing to 
the generality of the antidipsogenic effects of naloxone, it is 
conceivable that the drug is acting on an endogenous opioid 
pathway subserving water consumption. Indeed, sites of 
endorphinergic fiber investments in the hypothalamus [3] lie 
in close proximity to putative neural centers regulating water 
intake [20,27]. The endogenous opioids may also physiolog- 
ically mediate vasopressin release from the pituitary [2, 18, 
24]. Naloxone and other narcotic antagonists may act upon 
one component of  an integrated endogenous opioid system 
involved in the maintenance of fluid homeostasis. The 
polydipsic Brattleboro rat appears to be a convenient animal 
model for further studies of the actions of opiate agonists and 
antagonists on drinking behavior. 
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