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Abstract

Alcohol-induced activation of the opioid system may contribute to the reinforcing properties of alcohol. This study investigated whether

elimination of b-endorphin (BE) synthesis via site-directed mutagenesis in embryonic stem cells would alter alcohol intake in mice. Both BE-

deficient and wildtype (WT) mice generated from the targeted stem cells were backcrossed for nine generations onto a C57BL/6 background,

and were maintained with ad libitum food and water. Mice had access to alcohol (10% v/v) under the following conditions: 24 h, scheduled

access for 2 h/day, following acute (1 or 2 days) or chronic (5 weeks) alcohol deprivation, and scheduled access following six doses of

naltrexone (0.125±16.0 mg/kg BW, ip) or saline treatment. Alcohol intake was similar in BE-deficient and WT mice given chronic access to

alcohol, but greater in BE-deficient compared with WT mice during the first 10 days of scheduled access to alcohol, but not after more

extensive experience with scheduled access. BE-deficient, but not WT mice, increased alcohol intake following 2 days, but not 1 day or 5

weeks, of deprivation. Naltrexone reduced alcohol drinking both in BE-deficient and WT mice, suggesting that drinking is mediated, in part,

by activation of opioid receptors in both genotypes. D 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Endorphin and enkephalin peptides, as well as opioid

analogs, have rewarding effects, as evidenced by peripheral

and central self-administration [5±7,19], by opioid peptide-

induced alterations in pattern of responding for electrical

brain stimulation [8,39], and by preference for environmen-

tal stimuli associated with opioid peptide administration

[1,31,32,37]. Blocking the action of opioid peptides with

opioid receptor antagonists attenuates or blocks the reward-

ing effects of opioid peptides in a variety of paradigms

[5,24,39].

Three lines of evidence suggest that activation of endo-

genous opioids, such as b-endorphin (BE) in response to

alcohol ingestion, may mediate some of the reinforcing

properties of alcohol. First, alcohol administration alters BE

and enkephalin (ENK) gene expression [2,18,22,24,36] and

opioid peptide release [9,14,15]. Second, pretreatment with

opioid receptor antagonists decreases alcohol consumption

in both rodents [3,10±12,21±23] and humans [26,29,40].

Third, genetic differences in sensitivity of the opioid system

to alcohol have been found in animal models of alcoholism

[9,10,24,25] and in individuals that differ in family history

of alcoholism [16].

While this indirect evidence suggests that alcohol-

induced BE release may contribute to alcohol drinking,

several methodological problems hinder direct study of the

influence of this peptide on alcohol-drinking behavior.

There are three families of endogenous opioid peptides:

dynorphins, endorphins, and enkephalins. There are also

three major opioid receptor subtypes: m, d, and k
[25,28,34]. Although dynorphins have been shown to bind

selectively to the k receptor subtype, BE and the enke-

phalins have been shown to bind to both m and d receptor

subtypes with high affinity in cloned receptor populations

[34]. While specific antagonists can be used to block

several ligands, including BE, from binding to a particular
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opioid receptor subtype, there is currently no pharmacolo-

gical method for blocking a specific endogenous ligand

from binding to all of its cognate receptors. In addition,

because BE is synthesized in the brain, as well as in the

anterior pituitary, isolating the influence of different ana-

tomical sources of BE is difficult.

Rubinstein et al. [35] have developed a mutant strain of

mice (B6.129S2-Pomctm1Low) that cannot synthesize BE.

The Pomc gene was mutated by homologous recombination

in embryonic stem cells derived from the 129S2/SvPas

inbred mouse strain to encode a premature translational

stop codon. These altered stem cells were then injected into

blastocysts from B6 mice to produce germ-line-penetrant

chimeras. After nine generations of backcrossing the mutant

allele onto a B6 background, heterozygous mice were bred

together to generate congenic homozygous BE-deficient and

wildtype (WT) mice. The mutant Pomc allele was expressed

at normal levels and translated to a carboxy-terminal trun-

cated proopiomelanocortin (POMC) prohormone. The

absence of BE was confirmed in the hypothalamus and

pituitary of BE-deficient mice using RIA of HPLC-fractio-

nated tissue extracts and imunohistochemistry [35]. How-

ever, the mice expressed normal levels of other POMC

peptides, a-MSH and ACTH, from the truncated prohor-

mone. Furthermore, these mice lacked certain types of

endogenous opioid-dependent analgesia, confirming the

functional significance of the loss of BE [35].

Because these mutant mice lack BE, and, hence, are

deficient in alcohol-induced BE release, one might predict

that alcohol intake would be lower in BE-deficient mice

than in WT mice. Contrary to expectations, however, a

previous study [18] reported that intake of a 10% alcohol

solution was similar in BE-deficient and WT mice, while

intake of a 7% alcohol solution was higher in BE-deficient

mice, under chronic free-choice conditions. It is not known

whether alcohol intake differs between genotypes in other

access conditions. In mice heterozygous for the BE-defi-

cient allele, intake of alcohol was higher than in WT mice

at both alcohol concentrations, which may represent an

attempt to elevate BE in the face of compromised function.

Another study [17] indicated that operant intravenous self-

administration was higher in BE-deficient mice than WT

mice, under limited-access conditions. However, it is

unclear whether this finding was due to the fact that

ethanol was self-administered intravenously rather than

orally, or was due to the fact that ethanol was available

for only 2 h daily. Therefore, the present study examined

alcohol intake in BE-deficient mice when alcohol was

concurrently available with water for 24 h a day, and when

alcohol access was scheduled for 2 h daily at the beginning

of the dark cycle with food and water freely available

(scheduled access). We also examined alcohol intake fol-

lowing various alcohol-deprivation conditions. Based on

pharmacological and genetic findings, we hypothesize that

alcohol intake will be lower in BE deficient mice, in

keeping with the postulated role of BE in mediating

alcohol drinking. Nevertheless, compensatory mechanisms

may develop in mice lacking BE, providing other sub-

strates for promoting alcohol-drinking behavior. In order to

address whether compensation within the opioid system

has occurred in BE-deficient mice, alcohol drinking in BE-

deficient mice was assessed following treatment with

naltrexone, a nonselective m- and d-opioid antagonist,

which might be expected to decrease alcohol intake if

endogenous opioid ligands other than BE are involved in

mediating alcohol-drinking behavior via binding at the m-

and d-opioid receptor subtypes.

2. Methods

2.1. Subjects

The male mice used in this study were the offspring of

breeders derived from the transgenic animal colony at

Oregon Health Sciences University, and were bred at the

AAALAC-approved colony at Indiana University School

of Medicine in a single generation. The original F1 hybrid

mice were a cross of 129S2/SvPas and C57BL/6N, and

these mice were subsequently backcrossed for five gen-

erations to C57BL/6N mice (Simonsen, Gilroy, CA). Four

additional backcrossings were performed onto C57BL/6J

mice (The Jackson Laboratories, Bar Harbor, ME). All

backcrossings were done from heterozygous mice to WT

C57BL/6 mice at each backcross generation and then at

the final N9 generations, Het�Het crosses generated both

WT and BE-deficient mice that formed the parents of the

mice used in this study. Mice were genotyped at OHSU

by a standard PCR reaction. Male mice, which were all

born within 1 week of each other, were individually

housed in standard polycarbonate shoebox cages with wire

tops and Cell-Sorb bedding. Lights were on a reverse

cycle (on from 19:30±07:30 hours daily) to facilitate

drinking behavior during limited-access drinking sessions.

Temperature was maintained at 21 � 1°C. Mice were given

ad libitum access to standard laboratory chow, and were

14 weeks old at the beginning of the experiment. There

were 29 WT and 31 BE-deficient mice at the beginning of

the experiment.

2.2. Procedures

All mice were given ad libitum access to food and water

and access to alcohol (10% v/v) under different access

conditions. During all conditions, mice received concurrent

access to both alcohol (10% v/v) and water presented in

narrow polycarbonate graduated cylinders with sipper

tubes. During chronic access, 25-ml cylinders were used,

readable to � 0.25 ml, and during limited access, 10-ml

cylinders, readable to the nearest to � 0.05 ml, were used.

Ethanol and water intake were measured throughout all

phases of the experiment.
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2.2.1. Phase 1: 24-h access to alcohol for 28 days

Fluid intakes were examined every 2 days, and after each

reading, the position of the ethanol bottle was alternated

with that of water. Mice were weighed once every 8 days.

2.2.2. Phase 2: scheduled access to alcohol for 2 h/day

(08:00±10:00 hours) for 51 days

During the first 3 weeks, mice were run 7 days/week,

except as noted below, during Phase 3. Subsequently, mice

were run for 5 days/week. Mice were weighed once per

week immediately prior to onset of alcohol access. The

position of the bottle containing alcohol was alternated daily.

2.2.3. Phase 3: scheduled daily access to alcohol for 2

h/day following 1 and 2 days of alcohol deprivation or

no deprivation

Mice were counterbalanced on the basis of daily 2-h

alcohol intake over days 5±8 of scheduled access and

were assigned, in matched pairs, to the deprivation or

nondeprivation condition. The 1-day deprivation manipula-

tion was conducted first, occurring on the 11th consecutive

day of scheduled access to alcohol (i.e., day 41). Six days

of scheduled access to alcohol for 2 h/day separated the

two acute alcohol-deprivation conditions. During these

short deprivation manipulations, alcohol-deprived mice

were treated identically to mice with alcohol access, except

that they received access to two tubes, both of which

contained water.

2.2.4. Phase 4: scheduled access to alcohol for 2 h/day

following 5 weeks of chronic alcohol deprivation

During chronic deprivation, mice were left undisturbed

in the home cage. Chronic deprivation was preceded by 5

weeks of scheduled access to alcohol for 2 h/day for 5 days/

week, Monday through Friday.

2.2.5. Phase 5: scheduled access to alcohol for 2 h/day, 5

days/week, following pretreatment with naltrexone (0.125±

16 mg/10 ml/kg ip) or an equal volume of saline

administered 30 min prior to onset of the scheduled alcohol

access period

Mice were matched for alcohol intake based on the

previous week's alcohol consumption, and assigned to

groups in matched pairs. One member of the pair received

saline and one received naltrexone. Over repeated injec-

tions, mice were assigned to saline or naltrexone injec-

tions randomly, with the stipulation that no more than

four of the injections were of one type for each mouse.

Doses were administered in the following order: 0.5, 8.0,

2.0, 0.125, 16.0, and 4.0 mg/kg. Each dose was given for

2 consecutive days, with no less than 1 week separating

administration of each dose. Injections were given on

Tuesdays and Wednesdays (to avoid potential effects of

the weekend deprivation on the response to naltrexone or

saline). In total, 9 weeks elapsed between administration

of the first and last doses of naltrexone. The data from

the first injection of each dose is presented, rather than

the mean of the 2 days, because alcohol consumption in

both saline-treated and naltrexone-treated animals was

decreased on the second day of treatment, which may

reflect a short-term sensitization to the disruptive effects

of handling and injection.

3. Results

3.1. Phase 1

Mean alcohol intake, cumulated over 4-day blocks, did

not differ between BE-deficient and WT mice given 24-h

access to alcohol with food and water freely available (Fig.

1). Intake was analyzed in 4-day blocks with a Genotype

(WT or BE-deficient)�Blocks mixed factorial ANOVA.

This indicated a main effect of 4-day blocks, F(6,

348) = 12.11, P < .0001. However, there was neither a main

effect of genotype F(1, 58) = 1.4, P > .24, nor a Genoty-

pe�Blocks interaction, F(6, 348) = 1.00, P >.40, indicating

that there were no differences between WT and BE-

deficient mice in alcohol intake during this period. Results

for preference were similar, with a main effect of 4-day

blocks, F(6, 348) = 15.06, P < .0001, but no effect of

genotype nor a Genotype�Days interaction, P's >.17.

Percent of fluid intake that was comprised of 10% alcohol

was higher initially and tended to decrease over time.

Percent of intake during the first 4-day block was

59.1 � 3.3% for WT and 60.0 � 3.5% for BE deficient,

and by the last 4-day block preference was 38.2 � 4.4%

for WT and 44.3 � 3.7% for BE-deficient. Notably, water

intake was the same for both lines over the 28-day period,

Fig. 1. Ethanol intake during 24-h, two-bottle choice access to 10% (v/v)

ethanol and water, with food freely available. Intakes did not differ between

BE-deficient (n = 31) and WT (n = 29) mice. Each point represents the mean

of 4 days of drinking, with the day number indicating the last day of each

block. Bars indicate standard errors.
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averaging 2.41 � 0.16 ml/day for WT, and 2.31 � 0.17 ml/

day for BE-deficient, P >.50.

3.2. Phase 2

Alcohol intake during scheduled access to alcohol for

2 h/day is shown in Fig. 2. Days 40±49 were omitted

from the figure, as they include days in which groups of

animals within each genotype either were being deprived,

or had just been deprived, and, hence, were treated

differently within genotypes. To simplify the data, analy-

sis was conducted as a 2 (Genotype)� 7 (Blocks of days)

ANOVA, with repeated measures on blocks. All blocks of

days were the mean of 5 consecutive days, with the

exception of block 3, which was the mean of 4 days

(50±53). This block began 2 days following the conclu-

sion of the 2-day deprivation study, when intakes had

returned to baseline. The ANOVA indicated an interaction

of Genotype�Blocks, F(6, 348) = 2.31, P < .05, as well

as a main effect of blocks, F(6, 348) = 13.03, P < .001.

The effect of genotype did not reach significance, P >.10.

The interaction indicates that differences between geno-

types depended upon blocks.

Inspection of the figure reveals that the difference

between genotypes was most prominent during the first

two 5-day blocks. Therefore, follow-up analyses were

conduced on daily intakes during this period. During

the first 10 days of scheduled access to alcohol for 2

h/day, daily alcohol intake was higher in BE-deficient

compared with WT mice. Alcohol intake was analyzed

using a Genotype (WT or BE-deficient)�Days ANOVA.

This indicated a main effect of genotype, F(1, 54) = 4.51,

P=.05, as well as a main effect of days, F(9, 486) = 21.62,

P < .001, but no interaction, P >.4. The main effect of

genotype and the lack of an interaction with days indicated

that throughout this 10-day period, BE-deficient mice drank

more alcohol than WT mice. Average daily fluid intake

during the limited-access drinking sessions did not differ

between genotypes over this period (0.55 � 0.026 ml for WT

mice and 0.601 � 0.024 ml for BE-deficient mice, P >.10).

Weights did not differ between genotypes; WT mice

weighed 28.39 � 0.50 g, and BE-deficient mice weighed

29.53 � 0.48 g, P >.10.

Alcohol preference during the 10 days of limited-access

alcohol drinking was higher in BE-deficient mice than in

WT mice. Preference at the beginning of the limited-

access period (days 31±32) was 56.7% � 4.6% in WT

and 68.0% � 4% in BE-deficient mice). At the end of

the first 10 days (days 38 ± 39), preference was

62.5% � 3.8% in WT and 75.0% � 3.3% in BE-deficient

mice. Preference data, analyzed in a manner similar to that

used for the first 10 days of limited-access intake data,

also indicated a main effect of genotype, F(1, 54) = 7.94,

P < .01, as well as a genotype� days interaction F(9,

486) = 2.18, P < .05, and a main effect of days, F(9,

486) = 7.00, P < .001. These data indicate that the higher

ethanol intake in BE-deficient mice is not the result of

higher fluid intake per se.

3.3. Phase 3

One BE-deficient and two WT mice died prior to the

onset of deprivation studies. One day of alcohol depriva-

tion did not alter alcohol intake in either BE-deficient or

WT mice (data not shown, P's >.20), but 2 days of

deprivation resulted in a difference in alcohol intake

between alcohol-deprived and non-deprived animals in

the BE-deficient mice but not in WT mice (see Fig. 3).

To assess whether 2 days of deprivation affected intake,

a 2 (Genotype)� 2 (Deprivation condition)� 2 (Days:

baseline or post-deprivation) ANOVA with repeated mea-

sures on the last factor was conducted. Baseline was

defined as intake averaged over days 44±46, the 3 days

preceding the deprivation assessment. The ANOVA showed a

main effect of days, F(1, 56) = 14.19, P < .001, and a Day-

s�Deprivation interaction, F(1, 56) = 7.06, p = 0.01, consis-

tent with intake increasing only in deprived animals. There

were no main effects of, nor interactions with genotype.

Nevertheless, follow-up pairwise comparisons indicated that

intake increased from baseline only in BE-deficient mice,

t(14) = 3.49, P < .01.

3.4. Phase 4

When the alcohol-deprivation period was extended to 5

weeks, a drop in alcohol intake was noted in both BE-

Fig. 2. Ethanol intake during days 31± 81, during which mice received

scheduled access to alcohol for 2 h/day. Each point represents the mean of

4 ±5 consecutive days of drinking, the day number indicating the last day of

the block. Mice were run daily for the first two blocks of days, and 5 days/

week during subsequent blocks. Days 41± 49 are not shown, as animals

were subjected to deprivation manipulations during this period (see Fig. 3).

BE-deficient mice drank more than WT mice only during the first two

blocks of days.
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deficient and WT mice when scheduled access to alcohol

was reintroduced. A paired t test within each genotype

indicated that alcohol intake was lower on the first day of

alcohol access following alcohol deprivation when com-

pared with intake on the last day of scheduled access prior to

deprivation in both genotypes, t's � 3.03, P's� .005 (data

not shown).

3.5. Phase 5

Naltrexone dose-dependently reduced alcohol intake in

both genotypes (Fig. 4). Two additional BE-deficient mice

died prior to onset of this phase of the study, and one WT

mouse died during this phase. To assess naltrexone's effect

on alcohol consumption within each genotype, the drinking

score (in g/kg) of each naltrexone-treated mouse was sub-

tracted from its paired saline-injected control to derive a

difference score that was positive when naltrexone treatment

reduced drinking. In cases in which an odd number of mice

were present within a particular genotype during baseline,

the lowest-drinking mouse was excluded from the study.

Additionally, mice were excluded from analysis if bottle

spills were found on the injection day. The resulting number

of pairs of mice per genotype for each dose group were as

follows: in WT mice, 10, 14, 12, 12, 13, and 11; and in KO

mice, 13, 14, 14, 14, 14, and 14 for doses 0.125, 0.5, 2.0,

4.0, 8.0, and 16 mg/kg, respectively. Notably, no difference

between the genotypes was seen during the entire baseline

for the naltrexone phase, P >.15. Difference scores from

injection days were then subjected to a Genoty-

pe�Naltrexone dose between subjects factorial ANOVA.

This indicated a main effect of naltrexone dose, F(5,

143) = 2.53, P < .04, but no effect of genotype and no

Genotype�Naltrexone interaction, P's� 0.18, indicating

that naltrexone had a similar, dose-dependent effect on

alcohol drinking in both genotypes. Importantly, there was

no dose-effect of naltrexone on the rate (ml/day) of water

intake, F(5, 143) = 1.70, P >.14.

4. Discussion

Receptor antagonists that evidence selectivity for the

three major opioid receptor subtypes, m, d, and k, have

been used extensively to determine the relative contribu-

tion of opioid receptors to alcohol-drinking behavior.

However, very few studies have selectively eliminated

opioid ligands from the entire physiological system in

order to determine whether the presence or absence of a

specific ligand alters alcohol-drinking behavior. The pre-

sent study used transgenic mice lacking BE to isolate the

contribution of BE to alcohol drinking in a variety of

experimental conditions. Two differences in alcohol drink-

ing were found in transgenic mice lacking BE: increased

alcohol drinking in a limited-access paradigm, and

increased alcohol drinking after a 2-day alcohol-depriva-

tion period. No differences were seen between genotypes

in chronic drinking of 10% ethanol, replicating a prior

report by Grisel et al. [18]. The greater alcohol intake and

preference exhibited by BE-deficient mice during limited-

access drinking was reliable, but dissipated after 9 days of

experience with the limited-access condition. Finally, it

appeared that for both WT and transgenic mice, consump-

tion of 10% alcohol during limited-access drinking ses-

sions was opioid dependent, because naltrexone reduced

drinking in both genotypes.

These results are consistent with a prior report of greater

alcohol self-administration in BE-deficient mice than in WT

mice. Grahame et al. [17] found that BE-deficient mice

acquired operant intravenous (iv) self-administration of

ethanol while WT mice did not. Although the route of

administration in that study differed from the present study,

the parameters of alcohol access are similar in the two

Fig. 3. BE-deficient, but not WT, mice showed an increase in alcohol

consumption after 2 days of alcohol deprivation during limited-access

drinking sessions. Baseline was the mean of days 44 ± 46 of the

experiment, and day 49 was the alcohol reinstatement day for the deprived

animals. * Denotes a significant ( P =.01) difference from baseline as a

result of deprivation.

Fig. 4. Alcohol intake in both genotypes was suppressed in a dose-

dependent manner by naltrexone during limited-access (2 h/day) drinking

sessions when 10% alcohol and water were concurrently available.
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studies in that mice had access to alcohol only during 2-h

daily sessions. Additionally, the genetic background of mice

in that study differed from the present study only in that

backcrossing had been carried out for seven, instead of nine

generations onto C57BL/6 as in the present study. Because

no other intravenous self-administration conditions were

tested in the study by Grahame et al. [17], it is unclear

whether the BE-deficient and WT mice would have differed

in alcohol intake under deprivation conditions, or would

have been similar in a chronic access condition. The

concordance of results during limited access between the

intravenous study and in this drinking study, that is, the

greater intake of alcohol in the BE-deficient mice during

limited access, indicates that the present findings are not

likely due to genotypic differences in sensitivity to the

preingestive effects of ethanol [4]. Interpretation of the

present results should be tempered by the relatively modest

levels of alcohol intake seen during some phases of the

present study. Typically, drinking in both genotypes was

about 1 g/kg BW. However, following alcohol deprivation,

and early in the limited-access drinking phase, alcohol

consumption in BE-deficient mice was closer to 1.5 g/kg.

Interestingly, this is similar to the amount of alcohol self-

administered intravenously by BE-deficient mice once they

acquired operant responding for alcohol during 2-h daily

sessions [17].

It is unclear why the genotypes differ in alcohol intake

during limited, but not chronic access conditions, and why

this difference does not persist indefinitely. The increased

intake seen in BE-deficient mice during limited access may

be viewed as a form of alcohol deprivation when compared

to a chronic access condition [38]. Alcohol intake follow-

ing deprivation in BE-deficient mice was about 50% higher

after 2 days of deprivation than during daily limited access,

and was about 50% higher in BE-deficient mice during the

first week or so on limited access when compared both to

WT mice at the same time, and BE-deficient mice follow-

ing more experience with the limited-access drinking

situation. These findings may suggest a role for BE in

regularizing alcohol intake following an alcohol-depriva-

tion period.

This interpretation of the present findings is supported

by a recent report by Holter and Spanagel [20]. They

found that chronic endogenous opioid receptor blockade

induced by delivering naloxone via osmotic mini-pumps

increased the alcohol-deprivation effect in rats following

extensive drinking experience. In contrast, intermittent

blockade of opioid receptors using daily subcutaneous

injections of naltrexone attenuated the alcohol-deprivation

effect. Differences in alcohol intake produced by chronic

vs. intermittent naloxone treatment have also been reported

by Phillips et al. [33]. They found that intermittent naloxone

injections decreased alcohol intake during limited-access

drinking sessions in C57BL/6J mice, but mice receiving

naloxone pellets (chronic naloxone) drank more alcohol

during 24-h alcohol access conditions than did mice

receiving placebo pellets. The apparent concordance of

alcohol-drinking behavior under alcohol-deprivation con-

ditions in the Holter and Spanagel experiment, and BE-

deficient mice in the present study, suggests that BE can

regularize alcohol intake in the intact animal under depri-

vation conditions.

Because the BE-deficient mice in the present study lack

BE throughout the lifespan, they may be expected to have

compensated physiologically for the absence of the peptide.

In order to determine whether potential compensatory

changes are opioid in nature, naltrexone pretreatment was

used to determine whether there were differences between

the genotypes in the extent to which alcohol drinking

depended on the endogenous opioid system. Perhaps sur-

prisingly, both genotypes showed fairly orderly, dose-

dependent suppression of alcohol intake by naltrexone.

One way of interpreting this finding is that in the BE-

deficient mice, which still have other endogenous opioids

such as enkephalins present, the remaining endogenous

opioids play a role akin to BE in mediating alcohol drinking.

The enkephalins bind to m- and d-opioid receptors [34], and

alcohol-induced enkephalin release may mediate the rein-

forcing actions of alcohol. Prior work has demonstrated that

blocking either m- or d-opioid receptors can attenuate alco-

hol drinking in rodents [10,12,21±23]. It is possible, in

other words, that BE-deficient mice have compensated for

the absence of the peptide by developing a disproportionate

reliance on endogenous opioids such as the enkephalins.

This view is supported by the absence of a difference

between genotypes in sensitivity to naltrexone, which may

suggest that the endogenous opioidergic basis of drinking in

BE-deficient and WT mice is similar. Another more con-

servative, but not incompatible way to interpret the present

findings is that BE is not necessary for acquisition and

maintenance of alcohol drinking or intravenous self-admin-

istration of alcohol [17].

It is important to bear in mind that phenotypic differences

between mutant and WT mice in studies such as the present

one may not be attributed solely to the targeted gene allele.

Differences apparently due to the mutation can in fact be

due to `̀ hitchhiking donor alleles'' from the 129-strain stem

cells, or can arise from epistatic interactions with those

alleles [13,30]. Nevertheless, an advantage of the present

study is that the mice used were backcrossed for nine

generations onto the C57BL/6 background, and, hence, only

a small proportion (less than 0.5%) of the 129S2/SvPas gene

alleles could remain.

The results of the present study suggest that BE activity

may normalize alcohol intake in situations in which alcohol

drinking is intermittent, which is characteristic of alcohol-

drinking patterns in humans. These findings, along with

those of other research groups, suggest that opioid receptor

blockade is more effective in attenuating alcohol intake

when blockade is produced intermittently rather than chroni-

cally. Hence, pharmacotherapeutic regimens using opioid

antagonists for the treatment of alcohol dependence should
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allow blood levels of drugs, such as naltrexone, to fluctuate,

and should avoid maintaining steady, high levels of opioid

antagonists for optimal efficacy.

Acknowledgments

Thanks are due to Jayne Kisner for assistance with

data collection, and to Robert Rydell for his assistance in

editing the revised manuscript. These data were presented

at the 1999 Annual Meeting of the Research Society for

Alcoholism. B6.129S2-Pomctm1Low mice are available

from the Jackson Laboratory (stock number: 003191).

This work was supported by NIH grants AA10709,

AA08312, and AA07611 to JCF and HD30236 and

DK55819 to MJL.

References

[1] Almaric M, Cline EJ, Martinez JL, Bloom FE, Koob GF. Rewarding

properties of beta-endorphin as measured by conditioned place pre-

ference. Psychopharmacology 1987;91:14 ± 9.

[2] Angelogianni P, Gianoulakis C. Chronic ethanol increases proopiome-

lanocortin gene expression in the rat hypothalamus. Neuroendocrinol-

ogy 1993;57:106±14.

[3] Badia-Elder NE, Mosemiller AK, Elder RL, Froehlich JC. Naltrexone

retards the expression of a genetic predisposition toward alcohol

drinking. Psychopharmacology 1999;144:205± 12.

[4] Belknap JK, Belknap ND, Berg J, Coleman RR. Preabsorptive vs.

postabsorptive control of ethanol intake in C57BL/6J and DBA/2J

mice. Behav Gen 1977;7:414±25.

[5] Belluzi JD, Stein L. Enkephalin may mediate euphoria and drive-

reduction reward. Nature 1977;266:556± 8.

[6] Bozarth MA, Wise RA. Intracranial self-administration of morphine

into the ventral tegmental area in rats. Life Sci 1981;28:551±5.

[7] Bozarth MA, Wise RA. Anatomically distinct opiate receptor fields

mediate reward and physical dependence. Science 1984;224:516± 7.

[8] Broekkamp CL, Phillips AG, Cools AR. Facilitation of self-stimula-

tion behavior following intracerebral microinjections of opioids into

the ventral tegmental area. Pharmacol, Biochem Behav 1979;

11:289±95.

[9] De Waele JP, Papachristou DN, Gianoulakis C. The alcohol-preferring

C57BL/6 mice present an enhanced sensitivity of the hypothalamic

beta-endorphin system to ethanol than the alcohol-avoiding DBA/2

mice. J Pharmacol Exp Ther 1992;261:788±94.

[10] Froehlich JC. Genetic factors in alcohol self-administration. J Clin

Psychiatry 1995;56:15±23.

[11] Froehlich JC, Badia-Elder NE, Zink RW, McCullough DE, Portoghese

PS. Contributions of the opioid system to alcohol aversion and alcohol

drinking. J Pharmacol Exp Ther 1998;287:284± 92.

[12] Froehlich JC, Zweifel M, Harts J, Lumeng L, Li T-K. Importance of

delta opioid receptors in maintaining high alcohol drinking. Psycho-

pharmocology 1991;103:467±72.

[13] Gerlai R. Gene-targeting strategies of mammalian behavior: is it the

mutation of the background genotype? Trends Neurol Sci 1996;19:

177±81.

[14] Gianoulakis C. Characterization of the effects of acute ethanol admin-

istration on the release of B-E peptides by the rat hypothalamus. Eur J

Pharmacol 1990;180:21± 9.

[15] Gianoulakis C, Barcomb A. Effect of acute ethanol in vivo and in

vitro on the B-endorphin system in the rat. Life Sci 1987;40:19 ± 28.

[16] Gianoulakis C, Krishnan B, Thavundayil J. Enhanced sensitivity of

pituitary B-endorphin to ethanol in subjects at high risk of alcoholism.

Arch Gen Psychiatry 1996;53:250± 7.

[17] Grahame NJ, Low MJ, Cunningham CL. Intravenous self-administra-

tion of ethanol in b-endorphin-deficient mice. Alcohol: Clin Exp Res

1998;22:1093±8.

[18] Grisel JE, Mogil JS, Grahame NJ, Rubinstein M, Belknap JK,

Crabbe JC, Low MJ. Ethanol oral self-administration is increased in

mutant mice with decreased b-endorphin expression. Brain Res 1999;

835:62± 7.

[19] Goeders NE, Land JD, Smith JE. Self-administration of methionine

enkephalin into the nucleus accumbens. Pharmacol, Biochem Behav

1984;20:451±5.

[20] Holter SM, Spanagel R. Effects of opiate antagonist treatment on the

alcohol deprivation effect in long-term ethanol-experienced rats. Psy-

chopharmacology 1999;145(4):360± 9.

[21] Krishnan-Sarin S, Jing S-L, Kurtz DL, Zweifel M, Portoghese PS, Li

T-K, Froehlich JC. The delta opioid receptor antagonist naltrindole

attenuates both alcohol and saccharin intake in rats selectively bred for

alcohol preference. Psychopharmacology 1995;120:177±85.

[22] Krishnan-Sarin S, Wand GS, Li X-W, Portoghese PS, Froehlich JC.

Effect of mu opioid receptor blockade on alcohol intake in rats bred

for high alcohol drinking. Pharmacol, Biochem Behav 1998;59:

627± 35.

[23] Le AD, Poulos CX, Quan B, Chow S. The effects of selective block-

ade of delta and mu opiate receptors on ethanol consumption by

C57BL/6 mice in a restricted access paradigm. Brain Res 1993;630:

330± 2.

[24] Li X-W, Li T-K, Froehlich JC. Enhanced sensitivity of the nucleus

accumbens proenkephalin system to alcohol in rats selectively bred

for alcohol preference. Brain Res 1998;794:35± 47.

[25] Lord JAH, Waterfield AA, Hughes J, Kosterlitz HW. Endogenous

opioid peptides: multiple agonists and receptors. Nature 1977;267:

495± 9.

[26] O'Malley SS, Jaffe AJ, Chang G, Schottenfeld RS, Meyer RE, Roun-

saville B. Naltrexone and coping skills therapy for alcohol depen-

dence. A controlled study. Arch Gen Psychiatry 1992;49:881± 7.

[27] O'Malley SS, Jaffe AJ, Rode S, Rounsaville BJ. Experience of a

`̀ slip'' among alcoholics treated with naltrexone or placebo. Am J

Psychiatry 1996;153:281± 3.

[28] Paterson SJ, Robson LE, Kosterlitz HW. Classification of opioid re-

ceptors. Br Med Bull 1983;39:31 ±6.

[29] Petrov ES, Varlinskaya EI, Smotherman WP. Endogenous opioids

and the first suckling episode in the rat. Dev Psychobiol 1998;

33:175± 83.

[30] Phillips TJ, Hen R, Crabbe JC. Complications associated with genetic

background effects in research using knockout mice. Psychopharma-

cology 1999;147:5 ± 7.

[31] Phillips AG, Le Piane FG. Reward produced by microinjection of [D-

Ala2], Met5-enkephalinamide into the ventral tegmental area. Behav

Brain Res 1982;5:225 ± 9.

[32] Phillips AG, Le Piane FG, Fibiger HC. Dopaminergic mediation of

reward produced by direct injection of enkephalin into the ventral

tegmental area of the rat. Life Sci 1983;33:2505± 11.

[33] Phillips TJ, Wenger CD, Dorow JD. Naltrexone effects on ethanol

drinking acquisition and on established ethanol consumption in

C57BL/6J mice. Alcohol: Clin Exp Res 1997;21:691± 702.

[34] Raynor K, Kong H, Chen Y, Yasuda K, Yu L, Bell GI, Reisine T.

Pharmacological characterization of the cloned m-, d-, and k-opioid

receptors. Mol Pharmacol 1994;45:330± 4.

[35] Rubinstein M, Mogil JS, Japon M, Chan EC, Allen RG. Absence

of opioid stress-induced analgesia in mice lacking b-endorphin by

site-directed mutagenesis. Proc Natl Acad Sci USA 1996;

93:3995± 4000.

[36] Scanlon MN, Lazar-Wesley E, Grant KA, Kunos G. Proopiomelano-

cortin messenger RNA is decreased in the mediobasal hypothalamus

of rats made dependent on ethanol. Alcohol: Clin Exp Res 1992;16:

1147±51.

N.J. Grahame et al. / Pharmacology, Biochemistry and Behavior 67 (2000) 759±766 765



[37] Shippenberg TS, Herz A, Spanagel R, Bals-Kubik R, Stein C. Con-

ditioning of opioid reinforcement: neuroanatomical and neurochem-

ical substrates. Ann N Y Acad Sci 1992;654:347± 56.

[38] Sinclair JD. Alcohol deprivation effect in rats genetically selected

for their alcohol preference. Pharmacol, Biochem Behav 1979;10:

597± 602.

[39] Van Wolfswinkel L, Van Ree JM. Differential effect of naloxone on

food and self-stimulation rewarded acquisition of a behavioral re-

sponse pattern. Pharmacol, Biochem Behav 1985;23:199± 202.

[40] Volpicelli JR, Alterman AI, Hayashida M, O'Brien CP. Naltrexone in

the treatment of alcohol dependence. Arch Gen Psychiatry 1992;49:

876± 80.

N.J. Grahame et al. / Pharmacology, Biochemistry and Behavior 67 (2000) 759±766766


