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their effects upon either dnnklng or eating in eight experiments. Naloxone, nalorphlne, and the active isomer of WIN 
44,441 all reduce drinking Neither an analog of nalorphine that does not cross the blood-brain barrier, nor the mactwe 
isomer of WIN 44,441 is effectwe m reducing water intake. These data provide support for the conclusmn that these 
antagonists have stereospec~fic effects within the central nervous system. Naloxone suppresses drinking following proce- 
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THE BEHAVIORAL functions of endogenous oplolds are 
poorly understood. One approach to this problem is to ob- 
serve behavioral changes when endogenous oploid effects 
are blocked pharmacologically. This method has problems 
similar to those of lesion studies, in that inferences must be 
drawn about the system in question from the behavior of 
animals functioning without that system. The method also 
has the problems of pharmacological studies in that drugs 
hardly ever have isolated effects [27]. Despite these prob- 
lems, the procedure of giving antagonists and then observing 
behavior can provide clues to the function of endogenous 
opioids [10]. 

N-allyl-noroxymorphone (naloxone) antagonizes the ef- 
fects of opioids in many procedures, and reliably reduces 
ingestive behavior in opiate-naive rats [12, 13, 14, 33]. For 
example, there is a reduction in water intake by rats deprived 
of water from 6 to 48 hr [9,24]. These reductions do not seem 
to be due to a potential nonspecific maltose induced by 
naloxone. While naloxone can produce varying degrees of 
conditioned taste aversions (CTA) in rats [9,37], the mag- 
nitude of the aversions does not correlate with the reductions 
in fired consumption [24,36] Also, naloxone reduces fluid 
intake at small doses (<I  mg/kg) which generally do not 
produce marked signs of illness or malaise. 

Naloxone also reduces food intake. Naloxone reduces 
nutrient intake after food deprivation as well as when non- 
deprived rats are given access to palatable substances (e.g., 
sucrose solutions [2, 9, 33]). Naloxone also decreases the 
feeding induced by diazepam [32]. Also of interest is the 
finding that intrahypothalamic application offl-endorphin in- 
creases food intake [l 1] and genetically obese rodents have 
higher levels of endorphms [21]. 

The experiments reported here examined the specificity 
of naloxone's effects in suppressing ingestive behavior. 
First, we tested whether the reduction in drinking was a 
stereospecific effect of an opioid antagonist. Next, we exam- 
ined whether the effect was of central origin or peripherally 
mediated by using a partial agonist-antagonist which does 
not cross the blood-brain barrier. We then investigated the 
possibility that naloxone was simply rendering the animals 
Incapable of drinking more than a fraction of their daily 
water using a procedure involving an orogastric preload. Fi- 
nally, we tested naloxone's effects on drinking and feeding 
induced by various challenges. The results support the idea 
that the effectiveness of naloxone in reducing water and food 
intake is a specific effect related to naloxone's ability to 
stereoselectlvely occupy opiate-receptors within the central 
nervous system 
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EXPERIMENT 1 

9 fl-(pent-3-one-5 cyclopentyl-ane)-metazocme (WIN 
44,441, methanesulfonate salt) is a potent opioid antagonist 
with binding properties similar to naloxone, which is avadable 
m two enantiomer~c forms [22,381. The levorotatory form 
tlevo-WlN) possesses full antagonistic activity m the guinea 
pxg ileum and mouse vas deferens [22,38], while the dex- 
trorotatory form (dextro-WIN) is Inactive. If the reductions 
in water intake reflect specific drug effects at oploid binding 
sites, then only levo-WIN should be an effective antldipso- 
gen. If, on the other hand, the reductions reflect a non- 
stereoselect~ve or non-opiold action of the drug, then levo- 
WIN and dextro-WlN should have slmdar effects on drink- 
rag. 

METHOD 

Subje~ t,s and Apparatu~ 

Twenty male Sprague-Dawley rats (from Taconic Farms, 
Germantown, NY), initially weighing about 185 g, were 
housed individually m standard metal cages. The colony 
room was malntmned at 24°C, on a bright-light/dim-light 
cycle (dim period: 1000 to 2200 hr). Laboratory chow was 
available at all times except during the drinking sessions 
Water bottles were equipped with sipping tubes with ball 
point tips and were weighed to the nearest O. 1 g before and 
after the opportunity to drink 

Pro( edure 

Two days after their arrwal at the laboratory, the rats 
started a 14-day training period dunng which they learned to 
consume a daily rahon of water during a single 15-mln pre- 
sentation at 1200 hr. Based on the amounts consumed during 
the last two days of training, rats were divided into two 
matched groups (n=10). On the test day, 15 rain before the 
drinking session, one group received a subcutaneous (SC) 
injection of 2 mg/kg of ievo-WIN and the other recewed 2 
mg/kg of dextro-WIN. The enantiomers were dissolved m 1 
ml/kg of bacteriostatic water. Water retakes, in the absence 
of food, were measured for 15 min. The animals were main- 
tained on this schedule, and 6 days later the test was re- 
peated to replicate imtlal findings. 

To ensure that these animals would respond as usual to 
naloxone, they were maintained on the drinking schedule for 
6 more days. Then, one-half of the animals from each previ- 
ous treatment group received 2 mg/kg of naloxone hydro- 
chloride (SC) while the other half received injections of the 
carner, 0 . ~  sahne The amount of water consumed during a 
15-min test, 15 min after Injection, was measured 

Data from one subject of each group were deleted from 
the imtial test with the WIN compounds because their s~p- 
ping tubes were blocked. Consequently, these same sub- 
jects '  data were excluded from an overall analysis of van- 
ance (ANOVA) but were not excluded from comparisons 
involving the second (repeat with WIN compounds) and 
third (naloxone) tests of drug effects. 

RESULTS AND DISCUSSION 

With the initial tests, only the levo-WIN was effective in 
suppressing water intake, F( l, 16)= I 1.52, p <0.005 (Fig l). 
The group receiving levo-WIN consumed 15% less water 
than the group recewing dextro-WIN on the first test day and 
13% on the second test day. Reliable decreases were also 
found when retakes after injections with levo-WIN were 
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FIG 1 Mean water intakes following rejections of the two 
enanuomers of WIN 44,441 The hnes extending from the bars are 
standard errors of the means for companng independent groups. A 2 
by 2 ANOVA having repeated measures with factors assooated with 
the enanUomers and the repeated tests m&cated that there was a 
reliable difference m the amount of water consumed with drug reJec- 
tions, F(I,16)=II 52, p<0.005. The factor of trials, F(1,16)=1.16. 
p>0 20, and the trials by group interaction, F(1,16)=0 00, p=0.99, 
were not rehable sources of variance 

compared (dependent t-tests) to that group's basehne intakes 
(mean intake across two days prior to drug injections). On 
the second test, for example, the intakes of the levo-WIN 
injected rats were decreased with respect to baseline by 10% 
(baseline mean=15.23, treatment mean---13.7, p<0.05). In- 
takes of rats after receiving dextro-WIN were not signifi- 
cantly different from their baseline intakes. At the dose used, 
therefore, levo-WIN produced a small, but reliable decrease 
m the water intake of deprived rats 

With the test using naloxone, animals receiving naioxone 
drank 27.5% less water than those receiving saline (mean 
with saline=17 55, mean with naloxone=12.73, p<0.002). 
There were no reliable differences in the amount of water 
drunk between rats previously receiving the levo- and 
dextro-WIN enantiomers 

This dose of levo-WIN might not exert a full effect for 
some time, and we noticed that water intakes of levo-WIN- 
treated rats were still depressed (p<0.05) the next day. This 
is consistent with the finding that levo-WIN has a tenfold 
longer duration of action than naloxone in binding studies 
(Mlchne, personal communication). Since only the active 
enantiomer of WIN 44,441 and naloxone were effective in 
reducing water intake, these data support the suggestion that 
the reductions in water intake result from stereospeclfiC ac- 
tivity of the antagonists. It remains to be seen whether 
larger, yet specific, reductions in drinking are obtained w~th 
larger doses of dextro- or levo-WIN and/or after longer de- 
lays between the injection and testing. 
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EXPERIMENT 2 

N-allyl-normorphine (Nalorphine) is a partial agonist- 
antagonist which can generally block the effects of mor- 
phine, but by itself can produce analgesia [16]. It also re- 
duces water intake [13] but it is not clear whether this effect 
is due to its antagonist properties, or due to a general behav- 
ioral depression characteristic of opioid agonists. In the 
present experiment, which is a logical precursor to Experi- 
ment 3, we have attempted to determine whether nalor- 
phine's effects on fluid intake are due to its agonist or 
antagonist properties. To do this, we have made use of the 
fact that the sedative effects of agonists generally tolerate 
with repeated administrations, but antagonist (e.g. naloxone) 
effects on drinking typically show little or no tolerance 
(Merriman and Reid, in preparation). We therefore examined 
whether the effects on water Intake of chronically adminis- 
tered nalorphine resembled more closely the effects 
produced by chronic regimens of a pure agonlst (morphine) 
or antagonist (naloxone) 

METHOD 

Subject and Apparatus 

Thirty-six male Sprague-Dawley derived rats (Zivic- 
Miller, Pittsburgh, PA) were individually housed in metal 
cages in a colony room maintained on a reversed light/dark 
schedule (L/D:12/12 hr) with the dark period beginning at 
1200 hr). Water intakes were measured (-+0.1 ml) by reading 
the graduations on a buret fitted with a metal sipping tube. 
Food was available except during the scheduled drinking 
sessions. 

Procedure 

For 15 consecutive days, the animals were maintained on 
a drinking schedule of 15 min water availability each day at 
1630 hr. Rats were then assigned to one of six groups 
matched for baseline intakes, and the water restriction 
schedule was maintained. One group received injections of 
morphine sulfate (10 mg/kg in 2.0 ml/kg of saline) 15 mln 
before the drinking session for each of the next 9 days. Its 
control group received vehicle (saline) injections for 9 days. 
On Day 10, both groups received morphine (10 mg/kg). The 
third and fourth groups received injections of l0 mg/kg of 
naloxone HCI, or saline for 9 days, and on Day l0 both 
groups received naloxone The Fifth and sixth groups re- 
ceived daily injections of nalorphine (Nalline hydrochloride, 
10 mg/kg) or saline for 9 days and on Day l0 both groups 
received nalorphine. All injections were given SC, 15 mln 
before water presentation. Drug-injected animals which did 
not drink at least 8 ml of water on a given day were injected 
with saline (up to 8 ml/rat, SC) about 2 hr after the drinking 
session in order to prevent severe dehydration. 

The data were analyzed using an ANOVA for a 2 by 3 by 
9 factonal design having repeated measures with factors for 
(a) saline or drug injections (treatment), (b) type of injection 
(morphine, nalorphine, or naloxone), and (c) the nine dally 
measurements. There were ANOVAs for repeated measures 
comparing the effects of each drug administration to ItS re- 
spective control. The data for Day 10, when all subjects 
received drug injections, were analyzed separately using 
ANOVAs. Because 9 days of drug treatment resulted in 
lower body weights than in rats receiving saline injections, 
the water intakes were analyzed both as mls consumed and 
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FIG. 2. Nalorphme and naloxone exert similar effects on drinking 
Depicted are group means (ml/kg of water consumed) for Experi- 
ment 2 Three groups recewed 9 days of sahne injections followed 
by 10 mg/kg of morphine (MOR), nalorphme (NAL) or naloxone 
(NLX) on Day 10. The other three groups received 10 days of rejec- 
tions w~th 10 mg/kg morphine, nalorphme or naloxone Groups re- 
ceiving 9 days of nalorphme or naloxone differed rehably from their 
respecUve control groups, and from ammals recewmg 9 days of 
morphine. 

as ml/kg; both ANOVA's gave similar results, and only the 
latter are presented for brevity. 

RESULTS AND DISCUSSION 

As can be seen by inspecting Fig. 2, the subjects that 
received 9 days of drug-treatment consumed less water than 
subjects that received saline, F(1,30) = 35.5, p <0.001. There 
was also a reliable effect associated with the factor of re- 
peated tests, with animals consuming more water as testing 
continued, F(8,240)=3.32, p<0.001. More germane to the 
issue, however, are that the interactions associated with 
treatment by days of treatment (p <0.004) and treatment by 
particular drug (p<0.02) emerged as significant sources of 
variance. 

The groups receiving saline for 9 days did not reliably 
differ from one another in amount consumed (p<0.20) but 
did consume increasing amounts of water as testing pro- 
gressed (p<0.02) When each drug-group's scores were com- 
pared to its respective saline-control group's scores, it was 
found that both the nalorphine group and the naloxone group 
differed reliably from their respective control groups 
(ps<0.001) There was, however, no difference between the 
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group that received morphine for 9 days and its respective 
control group (p>0.68). 

The data for Day 10, when all animals received drug, 
m&cated that naloxone, nalorphine and morphine were 
equally effective m reducing water intake in animals that had 
not previously recewed drugs (Mean consumed: naloxone= 
29.1, nalorphine=27.6, morphine=29.8 mg/kg), F(2,15)= 
0.04, p > 0  96. On the other hand, scores for animals that had 
recewed the respective drugs for 9 previous days differed 
markedly, F(2,15)=8.43, p<0.004,  their group means being 
naloxone=40.1,  nalorphine=42.2, morphine=61.1 ml/kg. By 
Day I0, ammals receiving morphine were comparable in 
their retake of water to ammals receiving sahne. 

These observations confirm that the suppressive effects 
of  morphine on water intake tolerate qmckly. Naloxone and 
nalorphlne retained their capacity to reduce intake to below 
control values and both produced similar effects This is 
supported by the finding that overall, the groups rece~wng 9 
days of naloxone and nalorphine did not differ from each 
other (p>0.68) but &d differ from the group receiving 9 days 
of morphine (ps<0.05). Nalorphine 's  effects on water intake 
thus resemble those of naloxone more closely than those of 
morphine. Based on these observations,  It is inferred that it 
is the antagonist properties of nalorphlne which are primarily 
responsible for its antidipsogenic effects. These results led 
us to the following experiment.  

EXPERIMENT 3 

Opioid antagonists reduce drinking in rats. No extant re- 
sults, however,  indicate the location of the critical receptors. 
In favor of a possible peripheral site of action is the fact that 
naloxone can increase peristalsis by direct action upon the 
intestine [20] as well as have effects on a wide variety of 
peripheral opioid receptors.  In favor of a central nervous 
system site of action are the facts that (a) the general idea 
that a complex behavior,  such as ingestion, involves central 
events [28], (b) opiate receptors are present in areas known 
to be involved with ingestion [15], and (c) naloxone is effec- 
tive when applied centrally [33] even though the effective 
doses are quite high and thus do not provide unequivocal 
support for the central hypothesis.  

Using our preceding result that nalorphine reduces water 
intake vm Its antagonist properties,  we now report  an exper- 
Iment using N,N-diallyl-normorphinium bromide (FR 13-BR, 
Boehrlnger und Sohn, Ingelheim). This quaternary salt of 
nalorphine does not cross the blood brain barrier at low 
doses [17,20] Thus, if it has a suppressant effect on water 
intake thzs would constitute evidence in favor of a peripheral 
site of action of opiate antagonists in this paradigm. If, on the 
other hand, it has no such effect, then support is gained for 
the central hypothesis.  

In a pilot study, using seven rats/group, we found no evi- 
dence that 2 or 10 mg/kg of quaternary nalorphine reduced 
intake of water, but as in Experiment 2, nalorphine and 
naloxone did reduce intake We report  here the results of a 
more formal study. 

METHOD 

Forty male Sprague-Dawley derived rats (Taconic Farms) 
were maintained as described in Experiment 1 on a schedule 
of 15-min/day access to water. On days before and after the 
test day, rats received injections of placebo. On the test day, 
the groups (N=8) were randomly assigned to receive one of  5 
injections, 2, l0 or 15 mg/kg of quaternary nalorphine, 10 

mg/kg of nalorphlne, or sahne vehicle. All injections were 
given SC in volumes of 2 ml/kg, 15 min before access to 
water. 

RESULTS AND DISCUSSION 

An ANOVA of the difference scores (obtained by sub- 
tractmg amount drunk on day of drug treatment from the 
mean amount drunk on placebo days before and after drug 
treatment yielded an F(4,35)=4.48, p<0.01.  Nalorphlne re- 
duced drinking by a mean of 6.43 ml, or 59% (Dunnett test: 
p<0.05  vs saline [7]). The groups receiving each dose of 
quaternary nalorphlne drank about 0.5 ml more than their 
baseline while under the influence of the drug (n.s.). 

The failure of this peripheral antagonist to affect water 
intake supports the hypothesis that opiate antagonists in 
general, reduce drinking via a central action. Quaternary 
nalorphine, when administered IP, antagonizes opiate effects 
at peripheral but not central sites [20], but both forms of 
nalorphine are equally effective in precipitating withdrawal 
in rats after Intraventricular administration [17]. If future 
studies show that quaternary nalorphine does not share all 
the peripheral effects of opiate antagonists, then the strength 
of our conclusion will have to be re-evaluated. It is also 
possible that higher doses of the quaternary salt might 
produce effects on drinking behavior,  but at higher doses it 
may also cross the blood-brain barrier [17]. 

Naloxone, levo-WIN 44,441, nalorphine (Experiments 1 
to 3) and naltrexone (unpublished data of our laboratory) are 
antagonists of both morphine and endorphins and reduce 
water intake. The fact that these four diverse antagonists, as 
well as others reported smce this manuscript was originally 
submitted [4], each reduce water intake adds support to the 
idea that a function of endorphins is related to the control of 
ingestion. None of the antagonists came close to eliminating 
drinking; each merely attenuated deprivation-induced drink- 
ing. At this time, however,  it seems reasonable to conclude 
that the antagonists have a central nervous system effect that 
attenuates water intake. 

EXPERIMENT 4 

We have thus far offered pharmacological evidence for 
the specificity of opioid antagonists in reducing water intake. 
There is, however,  no information concerning the function(s) 
affected by the antagonists. Naloxone injections may result, 
for example,  in amplified satiety signals, may &srupt an 
endorphinergic feedback loop that usually sustains appeti- 
tive behavior,  may lead to increased fatigue or reduced at- 
tention. Some of these alternatives may be examined by 
using a procedure in which ammals are given a stomach load 
of water before the opportunity to drink. If the naloxone- 
produced decrease in drinking is due to behavioral disruption 
and this limits the amount of water ingested in 15 min to 70% 
of normal intake, a stomach load of 50% of normal intake 
should still be followed by voluntary consumpUon of  the 
other 50% of basehne intake. Since this amount is well within 
the behavioral capacity of naloxone-treated animals, such a 
result would suggest that the naloxone-produced decrease in 
drinking is due to behavioral disruption limiting the amount 
of water consumed. If behavioral incapacitation does not 
account of naloxone-produced reduction in drinking, the typ- 
ical (about 30%) decrease in total intake produced by 
naloxone (2 to 10 mg/kg) might again be expected. 
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FIG. 3 Amount of water consumed after orogastnc mtubatlon with 
50% of mean basehne water consumption. After gavage naloxone 
pre-treated (2 mg/kg) animals actively consumed (CONS) less water 
than saline-treated controls (p<0 001). The total amount of water 
taken by naloxone pre-treated ammals (amount mtubed+amount 
drunk) was 73 6% that of controls 

METHOD 

The animals were 21 male rats (Taconlc Farms) housed as 
described in Experiment 1. Animals weighed about 212 g on 
the day of testing. Food was available except during daily 
water presentation. 

Subjects were trained for 18 days to consume their daily 
ration of water in 15 min. On the basis of water intakes on the 
last two baseline days, they were divided into two matched 
groups; one group to receive 2 mg/kg of naloxone and the 
other group to recewe saline, l ml/kg, the carrier. 

On test day, the subjects received injections of naloxone 
or saline and after 5 min were given orogastrically 6.9 ml tap 
water (50% of the mean baseline intake). Ten min after the 
gavage (15 mln after the drug), the daily 15-min drinking 
session was conducted as usual. 

RESULTS AND DISCUSSION 

The mean baseline water intakes (for the 2 days prior to 
treatment) were 13.8 and 13.7 g of water for the saline and 
naloxone groups, respectively. After the water load, saline 
injected rats drank a mean of 9.0 g, an amount which brought 
their total water ( load+amount drunk; 6.9 g+9.0 g) to 15.9 g 
or about 2 g more than their baseline. After the stomach 
load, naloxone injected rats drank a mean of 4.8 g, a value 
that brought their total water to 11.7 g, or about 2 g less than 
their baseline intake. The difference in the amount of water 
drunk during the test by naloxone and saline treated rats 
were statistically significant, t(19)=4.19, p<0.001. Inter- 
estingly, the naloxone-treated animals modulated their oral 
intake so that their total water for the day was 73.6% of the 
water obtained by rats receiving saline; a percentage similar 
to those observed without preloadlng (e.g., see Experiment 1). 

Rats under the influence of 2 mg/kg of naloxone are 
capable of drinking more than 4.8 ml of water dunng 15 min 
but the rats receiving naloxone did not. This result suggests 
that a number of possible explanations of antagonists' effects 
on water intake can be ruled out. Explanations focusing on 
putative nonspecific effects such as fatigue, inability to 
attend, or a general malaise are difficult to reconcile with 
these results because each of these putative capabilities must 
interact with gastric preloading to specifically limit total in- 
take to about that without the gastric preload. 

EXPERIMENT 5 

The fact that antagonists only reduce depravation-induced 
drinking and not abolish it leads to the supposition that the 
antagonists block only a component of a multiply determined 
system regulating water-balance. It is recognized that thirst 
may be induced by two classes of internal stimuli [35]. 
Hypovolemic thirst is in response to decreased extracellular 
fluid volume and can be induced by injections of polyethyl- 
ene glycol (PG). Hyperosmolaric thirst ~s in response to de- 
creased intracellular fluid volume and can be induced by 
injections of hypertonic solutions [35]. In pilot studies, we 
found that naloxone reduced drinking produced by both 
kinds of injections. This study was a formal attempt to con- 
firm that naloxone reduces drmking elicited by administra- 
tion of both hypertomc solutions and PG solutions. 

METHOD 

SubJects 

The subjects were 43 experimentally naive male rats 
(Tacomc Farms, Sprague-Dawley derived), weighing a mean 
of 210 g. From the t~me of arrival at the laboratory to the end 
of the procedures, the subjects were individually housed 
with food always available as described in Experiment 1. 
Water was also available except as specified. 

Procedure 

There were two general procedures, one involwng injec- 
tions of PG with appropriate control groups and one involv- 
ing injections of hypertonic saline with control groups. These 
procedures conform to a 2 by 2 by 2 experimental design (5 
or 6 subjects/cell, N=43). One main effect was associated 
with the two different general procedures (those associated 
with PG-induced thirst and those associated with salt- 
induced thirst). Another main effect was associated with the 
rejection of a thirst-inducing agent compared to a placebo, 
while a third main effect was associated with a second injec- 
tion which was either naloxone or saline. 

The subjects associated with PG-lnduced drinking were 
injected 6 hr before testing. The rats were anesthetized with 
ether and then injected SC in the upper back with 5 ml of 30% 
PG (wt/vol) (molecular wt. of PG=20,000) or physiological 
saline. After injections rats were returned to their home 
cages and their water bottles were removed. 

Subjects associated with salt-induced drinking were re- 
jected 1 hr before testing. The animals were anesthetized 
with ether and then injected. One half of the subjects re- 
ceived 5 ml of a 1 M NaC! solution, SC, in the back of the 
neck. The other half received physiological sahne After in- 
jections, rats were returned to their home cages and their 
water bottles were removed. 

Fifteen mm before testing for dnnking, half of the rats m 
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each subgroup were given naloxone (10 mg/kg, SC) and the 
other half were given physiological saline, SC, in an equiv- 
alent volume (1 ml/kg) Water intake was measured as in 
Experiment 1 beginning at 0400 hr, but across a l-hr period. 

RESULTS AND DISCUSSION 

The amounts of water ingested (ml/hr) were submitted to 
a 2 by 2 by 2 ANOVA. The means_SEM for the eight groups 
are depicted in Fig. 4. All three main effects (the two general 
procedures, thirst-reduction versus placebo, and saline ver- 
sus naloxone) were reliable sources of variance, all Fs>9.60, 
ps<0.005. Since presentation of water occurred 6 hr after 
injections of PG, and 1 hr after injections of NaCI solution, 
the time between injections of the dipsogens and access to 
water probably contributes to the difference in dnnking be- 
tween ammals receiving the two different general procedures 
(note the difference between the two groups always receiv- 
ing placebo). 

Both procedures for inducing drinking were effective as 
shown by the associated reliable main effect of the ANOVA 
and by comparison of the means of the groups not treated 
with naloxone. The PG-mjectlons produced 5.49 g more 
dnnkmg than its respective control, whereas the salt- 
injections produced 5.26 g more drinking than its control 

The subjects receiving naloxone drank very little. 
Naloxone effects are also reflected in the reliable dipso- 
gen/placebo by naloxone/saline interaction, F(1,35)=15.63, 
p<0.001 No other interactions, including the triple interac- 
tion, were reliable sources of variance. In a follow-up study, 

using naloxone as a challenge to NaCl-induced drinking, we 
found that doses as small as 0.5 mg/kg of naloxone signifi- 
cantly reduced drinking 

Following our initial presentation of these findings [31] 
and the submission of this manuscript, it has been confirmed 
that naloxone suppresses drinking following hypertonic 
NaC1 injections in mice and rats [3, 4, 6]. Further, the effect 
was dose-related, and stereoselective, [4] which comple- 
ments our findings for water deprivation with WIN 44,441 in 
Experiment 1. It is worthwhile noting that the 10 mg/kg dose 
of naloxone used m this experiment suppressed PG- and 
NaCl-mduced drinking by at least 80%, a far greater sup- 
presslon than typically is seen w~th naloxone in water depri- 
vation paradigms. This differentml sensitivity, which was 
also noted by Brown, Blank and Holtzman [3], will be 
further discussed after the next experiment 

EXPERIMENT 6 

With the previous experiment, it was shown that two 
standard ways of inducing drinking were ineffective when 
rats were under the influence of naloxone. In this experi- 
ment, we tested the effect of naloxone on drinking induced 
by the hormone anglotensm II. 

METHOD 

The subjects were five male and five female rats 
(Sprague-Dawley derived, Taconic Farms) weighing from 
about 200 to 400 g on the day of testing. The testing proce- 
dure was similar to that described m Experiment 5. 
Angiotensm II (Aspl, Ileu 5 AII, Sigma, the isomer endoge- 
nous to rat) was given just before opportunity to drink at 
about 1200 hr. One half of the subjects received naloxone (10 
mg/kg, SC) 15 mm prior to angiotensin II (250/xg, SC) while 
the other half received saline Subjects' drinking was then 
measured after 1 hr and 24 hr There were no marked differ- 
ences between drinking responses of males and females with 
respect to drug injections, therefore, data were analyzed 
without taking sex of subjects into account 

RESULTS 

Subjects given saline followed by anglotensm II drank a 
mean of 3.92 ml of water across the first hour of avadabdlty 
whereas subjects given naloxone drank only 0 58 ml, 
t(8)=2.95, p <0.05. Drinking across 24 hr did not differ slgmf- 
icantly between groups. Naloxone, as it did with PG- and 
NaCl-induced drinking, dramatically reduced dnnklng from 
that expected following anglotensm II administration. 

DISCUSSION 

It IS apparent that naloxone (10 mg/kg) inhibits 
depravation-induced drinking with short deprivation periods 
[9]. When rats are deprived of water for 6 to 8 hr, subsequent 
water intake is reduced by approximately 50%. With longer 
periods of deprivation, from 24 to 48 hr, water intake is 
reduced by approximately 30% [24]. This difference prob- 
ably reflects the fact that minimally motivated behaviors are 
more easily disrupted by drugs, and other classes of 
stimuli, than are intensely motivated behaviors In com- 
parison, naloxone reduced PG-induced drinking by 8lYe, 
salt-induced drinking by 92%, and angiotensm II-induced 
drinking by 85%. These latter behaviors are typically re- 
garded as highly motivated, since rats will work for water m 
these paradigms, and tt is therefore unlikely that the high 
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suppressions are due to insufficient motivation. Neither is it 
likely that "nonspecif ic"  factors such as fatigue or inatten- 
tion are responsible for the reduced water intake after 
naloxone. One would expect  only reductions of the order of 
the 30-50% seen after fluid deprivation. Additionally, our 
results from Experiment 4 argue against this type of 
nonspecific factor. We thus suggest, because PG-, NaCl-, 
and angiotensin II-induced drinking are severely attenuated 
by opiate antagonism, that an endogenous oploid mechanism 
is importantly involved in the mechanisms controlling drink- 
ing following strong homeostatic challenges. 

The data additionally lead to the suggestion that some 
factor other than those engaged by PG, NaCl. and 
angiotensin II injections, that is not sensitive to naloxone, 
must be maintaining drinking in the water-deprived rat. It 
could be argued that each mechanism engaged by the re- 
spective injection cannot be, by itself, the mechanism for 
sustaining deprivation-induced dnnking, since naloxone 
produces nearly complete inhibition of drinking following 
these homeostatic challenges but produces only an attenua- 
tion of depnvat ion-induced drinking. Further,  because ad- 
junctive drinking (schedule-induced polydipsia) is not at- 
tenuated by naloxone [5] it would seem that nonopioid 
mechanisms are controlling this type of drinking, and that 
they are relatively independent of Oploid-dependent homeo- 
static controls. 

There is another way of  looking at the types of results 
generated by procedures of giving antagonists to motivated 
subjects. In opiate-naive animals, naloxone produces its 
most complete suppression of  ingestive behavior when the 
impetus is one of the following: (a) hypovolemia induced by 
PG, (b) hyperosmolari ty following injections of NaCI, (c) 
hyperanglotensinemia. On the surface, there as little com- 
monality among these motivations except that they are goads 
to behavior that would rarely, if ever, be part of the 
phylogenetic history of the subjects [25]. What may be com- 
mon to them all is their novelty as a motivational state with 
respect to evolutionary history. Further,  the absence of 
drinking behavior to these stimuli has many possible in- 
terpretations [25,26]. On the other hand and as stated above, 
these findings are probably revealing opioid links in the 
mechanisms of drinking and eating that have been manifest 
by the various laboratory procedures.  

Regardless of how one might summanze the findings, it is 
clear that the antagonists have significant effects on behavior 
associated with maintaining water balance. Furthermore,  
those effects are highly reliable, often dramatic,  and in some 
ways specific (e.g., antagomsts do not affect all kinds of 
drinking and probably not all kinds of drinking equally). Fur- 
thermore, it is reasonable to conclude that the antagonists '  
effects are due to their capacity to occupy opiate receptors 
within the central nervous system. 

EXPERIMENT 7 

In the previous experiments,  we addressed the issues of 
specificity of  antagonists of  morphine and endorphins in re- 
ducing water intake and provided evidence leading to the 
suggestion that opioids play a role in regulating water bal- 
ance. In the present experiment,  we further examine 
naloxone 's  actions by investigating its effects on two forms 
of glucoprivic feeding: that induced by insulin-provoked hy- 
poglycemia and that induced by competitive blockade of glu- 
cose metabolism with 2-deoxy-d-glucose (2-DG) [8]. 

METHOD 

Subjects 

The animals of the two pnmary  procedures were 24 male 
Sprague-Dawley denved rats (Zlvic-Miller) weighing about 
300 g. They were housed individually in metal cages with 
food pellets on the floor of the cage and tap water available at 
all times. Their cages were in a room where the lights were 
on from 0700 to 1800 hr and testing was performed during the 
daytime. 

Pro~ edure 

The ammals were randomly assigned to four groups (6 
subJects/group). The day before the first test of drug effects, 
they were handled, injected with physiological saline and 
food pellets were removed at hourly intervals to simulate test 
procedures.  On the test day, one group of rats received 
naloxone HC1, l0 mg/kg, intrapentoneally (IP), followed i0 
mln later by injections of 2-DG (300 mg/kg dissolved in 2.5 
ml/kg of sahne, IP) Immediately after the 2-DG injection, 
subjects were returned to home cages where weighed 
amounts of food were available. The second group was 
treated similarly except that they received saline followed by 
2-DG. The third group received naloxone followed by saline, 
and the fourth group received two saline injections. Food 
intakes of all subjects were measured after 1, 2, 3, and 4 hr. 
correcting for spillage which occurred during the entire test 
with the measures taken after 4 hr. 

One week later, the procedures were repeated except that 
insulin was administered instead of 2-DG. Eighteen of the 
rats used previously were assigned at random to three 
groups. One group received naloxone (10 mg/kg, IP) fol- 
lowed by insulin (Iletin, Lilly, 5 U/kg, SC). The other groups 
received saline followed by insulin or saline followed by 
saline, respectively. 

In an additional experiment,  using 12 new rats 
(n=4/group), the effects of IP injections of naloxone (10 
mg/kg), SC injections of naloxone (10 mg/kg) and SC injec- 
tions of sahne were compared with respect to 2-DG (300 
mg/kg, IP) elicited eating. In yet another experiment,  12 ad- 
ditional rats received the procedures associated with testing 
the effects of naloxone on 2-DG ehclted feeding, but the 
procedures were administered during the dark phase of the 
lighting cycle. 

Because data lacked homogeneity of variance, Kruskal- 
Wallis ANOVAs were used to compare the cumulative 
amounts of food eaten by each group after each hour of 
availability of  food. To compare scores between any two 
groups, Mann-Whitney U-tests were used. Spillage was sub- 
tracted from cumulative amounts of  food taken only from the 
last hour of testing, so the final "cumulat ive"  scores may be 
slightly depressed relative to scores from previous hourly 
measures 

RESULTS AND DISCUSSION 

Results are deplcited in Fig. 5 Analyses of the data from 
the tests using 2-DG indicated that a reliable group effect was 
observed at each time period after injections (ps<0.01, Panel 
A of the figure). As can be seen from the data presented in 
the figure (Panel A), 2-DG was effective in eliciting eating 
(compare scores from vehicle plus 2-DG to scores from ve- 
hicle plus vehicle group; these differences are reliable, 
ps<0.05,  at each measure after injections). Subjects receiv- 
ing naloxone and 2-DG took less food at each time period 
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than did subjects receiving vehicle and 2-DG (ps<0.05) 
Naloxone combined with a vehicle injection also decreased 
food intake relative to the vehicle-vehicle control group at 1, 
3, and 4 hr after injections (ps<0.05). The results lead to the 
conclusion that naloxone injections attenuate the eating elic- 
ited by Injections of 2-DG as well as the spontaneous eating 
that occurs across the 4 hr period. 

Naloxone also inhibited eating produced by injections of 
insulin (Fig. 5, Panel B). The groups differed reliably at each 
of  the three hourly tests (ps<0.05). Naloxone was, however,  
only reliably effective in inhibiting insulin-induced eating at 
the first hour compared to the vehicle plus insulin groups 
(p<0.02). 

Results of the third procedure showed that IP- and SC- 
rejections of naloxone were both effective in reducing 2-DG 
induced feeding (Fig. 5, Panel C) The groups differed reli- 
ably at each time period after injections (ps<0.05). With 
measurements after the first and second hours, IP- and SC- 
naloxone were both effective in reducing eating compared to 
the scores of the vehicle plus 2-DG group (ps<0.05). By the 
third hour measurement,  however,  only SC-naloxone con- 
tmued to reliably inhibit feeding (p<0.02), compared to ve- 
hicle plus 2-DG group's  intake indicating that SC-naloxone 
was more effective than IP-naloxone. Also, there were reli- 
able differences between the two naloxone groups (2 
ps<0.02) at the second and third hour measurements.  

With a procedure similar to the first procedure and using 
12 new subjects but testing during the active phase of a re- 
verse light/dim-light schedule, the results also indicated that 
naloxone (10 mg/kg, SC) was effective in attenuating eating 
produced by injections of 2-DG. At the end of a 3 hr test, the 
vehicle-control subjects ate 3.9 g of food, the vehicle plus 
2-DG group ate 8.2 g of food, and the naloxone plus 2-DG 
group ate 4.4 g, with the differences between the two groups 
getting 2-DG meeting standards for statistical significance 
(p<0 05). 

In three separate procedures with three separate groups 
of subjects, it has been demonstrated that naloxone suppres- 
ses feeding compared to that expected following 2-DG injec- 
tions. The basic effect of  naloxone is independent of route of 
administration of naloxone and time of day of testing. 
Naloxone also blocks insulin induced feeding. Since this 
manuscript was submitted, others [19,29] were also able to 
demonstrate that 2-DG-induced feeding was attenuated by 
naloxone by doses as low as 1.0 mg/kg. In contrast, Lowy.  
Maickel and Yim [19] did not observe a suppression by 
naloxone of insulin-reduced feeding. There is, however, no 
discrepancy between the results. They measured food intake 
once, 3 hr after insulin, and observed no effect which agrees 
with our 3 hr data point It was only by taking hourly meas- 
ures that we observed a substantial early reduction in feed- 
rag. If we had only measured cumulative intake as 3 hr, we 
too would have missed a rehable effect of naloxone on 
insulin-induced feeding. The reason that insulin-treated rats 
eventually overcome the naloxone blockade, while 2 DG- 
treated rats do not, may relate to the different nature of these 
glucoprivic stimuli. Given msuhn, a rat which does not eat 
will eventually die of  increasing hypoglycemia; 2 DG, in con- 
trast, does not constitute a life-threatening stimulus at the 
dose used. 

We thus hypothesize there is an endorphinergic compo- 
nent to the normal total pattern of eating following glucopri- 
vatlon, and this is blocked by naloxone. As with the 
naloxone effects on drinking, other potential explanations 
for the reduced intake will have to be tested. In addition, we 

must consider the dimension of naturalness of the hunger 
stimulus, as we did for thirst. Thus naloxone seems to 
produce larger blockade of glucoprivic feeding (above), 
diazepam-induced eating [32], and the "hedonlc"  intake of 
concentrated sucrose by undeprived rats [33] than of the 
eating after food deprivation [12]. 

EXPERIMENT 8 

In Experiments 5 and 6 we demonstrated that naloxone 
produced large attenuations of drinking after acute chal- 
lenges to hydrational homeostasis. In contrast, deprivation- 
induced drinking is less affected, and others have reported 
that adjunctive drinking is not at all affected by naloxone 
[5,24]. The results of Experiment 7 demonstrated that 
naloxone suppressed eating following procedures inducing 
acute glucoprivation. In the present experiment,  we exam- 
ined the effects of naloxone on another type of eating, that 
elicited during "s t ressful"  tail pressure (TP) [1]. The eating 
resulting from TP might also be considered adjunctive since 
it is not in direct response to a variation in homeostasis of 
nutrients. 

METHOD 

Eight adult male Sprague-Dawley rats (Zlvic Miller) were 
housed as in Experiment 7, with food and water freely avail- 
able. The animals were screened for elicited eating and 
gnawing. 

Testing was performed with the rat m a steel bowl with 
food pellets scattered on the floor. Pressure to the tail was 
administered with a hand held foam-padded sponge forceps 
applied about 3 cm from the tip of the tail. The pressure was 
adjusted so that the rats exhibited quiet food-directed behav- 
iors. 

On the first test day, four rats were injected with 
naloxone (10 mg/kg, IP) 10 mln prior to the first TP-trial and 
four received sahne vehicle. Four trials were given, each 120 
sec long and they were separated by mtertrial intervals of 
about 10 mm. The time spent eating in each trial was re- 
corded by stopwatch. The food was weighed before and after 
the trial (after drying, if necessary),  and the amount eaten 
calculated. The next day, the procedure was repeated with 
the groups reversed with respect to drug treatment. The data 
from both days were similar and have been combined. 

RESULTS AND DISCUSSION 

Rats initiated TP-behaviors on 29 out of 32 trials (4 tests 
with each of 8 subjects) after vehicle injections compared to 
30 out of 32 trials after naloxone. The mean durations of  TP 
elicited oral behavior per trial were 43+6 sec after saline and 
44_+7.7 sec after naloxone. The mean amounts eaten were 
0.96_+0 34 g after saline and 0.97_+0.29 g after naloxone. 
None of these differences was significant (paired ts, 
ps>0.05).  

These results indicate that a high dose of  naloxone (10 
mg/kg) has no significant effect upon TP-elicited eating. 
These data replicate a pilot study in which we also found no 
effect of 3 mg/kg of naloxone. Notice that the TP-tests were 
finished within 60-90 min of naloxone injections. In the pre- 
vious experiment,  we found that IP-naloxone had a strong 
suppressant effect upon glucoprivlc feeding for at least 2 hr. 
Thus, under conditions in which glucoprivic feeding ts 
greatly attenuated (over 50%), naloxone is without effect on 
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FIG. 5. Naloxone inhibits glucopnvic-mduced eating. Depicted are 
data for Experiment 7. In Panel A the group means for cumulative 
grams of food eaten for each hourly test are shown for naloxone's 
effects on 2-DG ehclted feeding Panel B shows cumulative means 
for naloxone's effects on insulin induced feeding. Panel C shows the 
cumulative amounts of food eaten after subcutaneous or intrapento- 
neal rejections of naloxone or saline combined with 2-DG. Note that 
spillage was subtracted only from the cumulative amounts for the 
last hourly test m each experiment. V=vehicle, 2D-G=2 Deoxy-d- 
glucose (300 mg/kg); N=naloxone (10 mg/kg), I=msulin (5 U/rag), 
ip=mtrapentoneal injection, sc=subcutaneous rejection. 

feeding elicited by tail pressure.  In several additional exper- 
iments (Antelman and Rowland, in preparation) we have 
found that SC-administered naloxone in doses up to 10 mg/kg 
is without  effect upon TP-elicited eating. Our findings con- 
trast with very recent reports of  attenuation of  TP eating by 
naloxone [19,23], and we believe that procedural  differences 
can account for at least some of the attenuation. Because it is 
always possible to get positive effects (suppressions) with 
ingestive tests, we feel that our negative data are potentially 
important in this context.  

G E N E R A L  DISCUSSION 

Some of  the implications and inferences that might be 
drawn from the results of  these experiments have already 
been presented. Here we provide a more global discussion of 
our findings. 

Naloxone was once thought to be inert m opioid-nmve 
subjects. The idea that naloxone was inert became logically 
indefensible with the understanding that there was an exten- 
sive, endogenous, morphine-like naloxone-sensitive system 
having components within brain. Behavior, the sensitive 
index of  brain functioning, should be modified in some as- 

pects by blockade of  a subsystem of brain. And, indeed, 
when subjects were put into special testing circumstances 
where motivated behavior could be observed, powerful ef- 
fects from administration of naloxone were seen. To observe 
a reliable effect from administration ofnaloxone,  however,  is 
not sufficient evidence for drawing a conclusion about the 
functioning of an endorphinergic system; the effect may be 
indirect or nonspecific. 

There are difficulties w]th interpreting the results of 
pharmacological manipulations especially when the result is 
a suppression of the measured behavior. A host of 
nonspecific effects, such as sickness or  malaise, could ac- 
count for the suppressed behavior. Consequently, there is 
the issue of the specificity of a drug's  effects and many of the 
experiments reported here addressed that issue with respect 
to naloxone 's  suppression of drinking and eating. 

Naloxone could reduce drinking and eating by producing 
a nonspecific illness or malaise, since naloxone as a putative 
unconditioned stimulus will sustain a CTA [18, 34, 37]. The 
CTA produced by naloxone, however,  is not large and some 
rats hardly show a CTA following naloxone injections lead- 
mg to the conclusion that the " i l lness"  produced by 
naloxone would be rather mild. Along the same lines, it has 
recently been demonstrated that the ability of opiolds to sus- 
tain a CTA is not related to other motivational properties of 
the opioids and that naloxone itself was not capable of  estab- 
lishing a conditioned location effect [30]. Lithium chloride, 
which will sustain a large CTA, and PG injections, which 
produce apparent discomfort,  do not reduce drinking [9] 
suggesting that slight illness would not suppress strongly 
motivated drinking. Also, rather large doses of  naloxone are 
necessary to sustain a clear CTA. Furthermore,  no correla- 
tion was found between naloxone-produced CTAs and nal- 
oxone ' s  suppression of drinking [36] or naloxone's  suppres- 
sion of  intake of  sucrose solutions [24]. Although it is clear 
that naloxone can sustain a CTA, that capability of naloxone 
cannot account for naloxone's  ability to reduce intake of 
water and food under certain c~rcumstances. 

The results of Experiment 4 showing that naloxone re- 
duces drinking even after an orogastric preload of water 
provides further evidence of the specificity of naloxone's  
effects. As mentioned, these data are difficult to reconcile 
with hypotheses stating that the reduced drinking is a func- 
tion of a response limitation. 

The drinking of schedule induced polydipsia and the eat- 
ing induced by tail pressure, two types of adjunctive inges- 
tion, are not reliably modified by doses of naloxone that are 
effective in other circumstances [5]. The finding that only 
certain types of drinking and eating are consistently modified 
by naloxone also strengthens the idea that the effects of  the 
antagonists are specific and not due to illness, fatigue, or 
other response limitations. 

To summarize, these results show that naloxone and 
other opiate antagonists lead to a reliable suppression of 
deprivation-induced drinking. Thls suppression is apparently 
mediated by central nervous system opiate receptors and is 
probably not due to general response-limiting effects. Fur- 
ther, our work and that of others shows that small doses of  
antagonists are effective in reducing drinking and only the 
physiologically active isomers produce this suppression [3, 
4, 5]. Drinking and eating which are induced by homeostatic 
challenges are more sensitive to naloxone-produced disrup- 
tion than are deprivation-induced drinking and eating. 
Schedule-induced polydipsia [5] and tail-pinch induced eat- 
ing, two examples of "adjunct ive"  consummatory behav- 
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iors,  are not  suppres sed  by na loxone .  These  f indings suppor t  
the conc lus .ons  (a) that  it is the specific ability o f  antagonis ts  
to occupy  opiate recep tors  that  is critical to the . r  ability to 
suppress  ingestive behaviors ,  and (b), that  endogenous  
opiates  are involved in the main tenance  o f  homeos tas i s .  

The isolated finding, in 1974 [12], that  na ioxone  reduced  
food mtake ,  by itself, did not  lead to the conclus ion  that  
there  was  an endorph inerg lc  m e c h a n i s m  involved with regu- 
lation of  ingest ive behavior .  Current ly ,  however ,  sufficient 
ev idence  has accumula ted  to rule out cer ta in  a l ternat ive ex- 
planat ions  of  n a l o x o n e ' s  effects  and to cons iderab ly  
s t rengthen  the hypo thes i s  that  na loxone  reduces  cer tain in- 
gest ive behavmrs .  The inference  is made ,  there fore ,  that  one  
funct ion of  the endorph ins  is to maintain certain goal di- 
rec ted  behaviors .  Fur ther ,  the general  resul ts  have lmphca-  
t lons for theor ies  of  opia te  addict ion.  The re inforcing capac-  
ity of  opiates  may accrue  because  exogenous  opiates  may 

mimic the reward  and posi t ive affect  associa ted ,  in o ther  
c i rcumstances ,  w~th cer tain motivat lonal ly  re levant  stimula- 
tion. 
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