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Abstract

Binge eating disorders are characterized by episodes of intense consumption of high-calorie food. 

In recently developed animal models of binge eating, rats given intermittent access to such food 

escalate their consumption over time. Consumption of calorie-dense food is associated with 

neurochemical changes in the nucleus accumbens, including dopamine release and alterations in 

dopamine and opioid receptor expression. Therefore, we hypothesized that binge-like 

consumption on intermittent access schedules is dependent on opioid and/or dopamine 

neurotransmission in the accumbens. To test this hypothesis, we asked whether injection of 

dopamine and opioid receptor antagonists into the core and shell of the accumbens reduced 

consumption of a sweet high-fat liquid in rats with and without a history of intermittent binge 

access to the liquid. Although injection of a μ opioid agonist increased consumption, none of the 

antagonists (including μ opioid, δ opioid, κ opioid, D1 dopamine and D2 dopamine receptor 

antagonists, as well as the broad-spectrum opioid receptor antagonist naltrexone) reduced 

consumption, and this was the case whether or not the animals had a prior history of intermittent 

access. These results suggest that consumption of sweet, fatty food does not require opioid or 

dopamine receptor activation in the accumbens even under intermittent access conditions that 

resemble human binge episodes.

Keywords

binge eating disorder; nucleus accumbens; opioids; dopamine

1. Introduction

Binge eating disorders are common in the American population. These disorders, which are 

associated with other medical problems such as depression and obesity, are characterized by 

intermittent binge episodes during which large amounts of highly palatable food (typically 
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sweet, fat and calorie-dense) are consumed [1]. Because currently available 

pharmacotherapies are only minimally effective in preventing binges from occurring, there 

is a pressing need for new treatment options based on the neurobiological mechanisms of the 

disorder. Recent work in this area has focused on opioid antagonists, which reduce 

consumption of sweet and fatty foods in animals [2]. Indeed, the “gain of function” A118G 

allele of the μ opioid receptor gene is overrepresented in people with binge eating disorders 

vs obese controls [3], and several studies have tested the efficacy of opioid antagonists to 

reduce calorie-dense food consumption or binge eating in humans, with mixed success [4-6]. 

A more detailed understanding of the contributions of opioid receptors to caloric intake 

regulation, and particularly to binge consumption, may help to identify more specific and 

efficacious targets for therapeutic development.

Recently, several animal models of binge consumption have been developed [7]. In one 

subset of these models, rats are allowed intermittent access to a highly palatable food, such 

as sucrose solution [8-10], fat or high-fat food [11-14], or mixtures of sugar and fat [15-18]. 

Over 1 to 7 weeks, binge eating develops: animals increase consumption of the palatable 

food when it is available, such that their total consumption matches or exceeds that of 

animals given continuous access to the palatable food. A critical difference between animal 

and human bingeing is that humans decide themselves when to initiate a binge, whereas the 

interval between animals’ binges is set by the experimenter. However, in both humans and 

animals, binges occur even in the absence of a biological need for nutrients (hunger), the 

food consumed during binges is almost always sweet and/or high-fat food, and a reduction 

in consumption of less palatable food occurs between binges. These parallels suggest that 

similar neural mechanisms in humans and animals regulate consumption both during and 

between binges [1, 19-23].

Pharmacological studies of animal models point towards a role for endogenous opioids in 

promoting binge consumption. Somatic and behavioral signs of withdrawal can be 

precipitated in sucrose-bingeing rats by either withholding sucrose or giving an opioid 

receptor antagonist [24]. Moreover, opioid antagonist treatment reduces consumption of 

highly palatable food in rats previously exposed to an intermittent access or stress regimen 

that leads to binge eating [13, 18, 25-28]. These effects are more pronounced for high-fat 

than sweet food [27], and in some cases normal chow consumption is also not as strongly 

affected [13, 18, 25-27]. Because these studies used systemic injections of broad-spectrum 

opioid antagonists, which are likely to have blocked opioid receptors of all subtypes in many 

brain regions, an important next step is to determine which opioid receptors and brain areas 

are involved in promoting binge consumption.

The nucleus accumbens (NAc) may be an important locus where opioid receptors of the μ 

subtype may contribute to binge eating. Binding studies demonstrate greater numbers of μ 

opioid receptors in the NAc shell of rats given prolonged intermittent access to glucose [29], 

and similar limited access schedules for sucrose or a sweet/fat liquid (Ensure®) causes 

reduced expression of the opioid peptide enkephalin in the NAc [30, 31]. Injection of opioid 

agonists (especially μ-specific) into the core or shell of the NAc is potently orexigenic 

[32-37], and increases consumption of high-calorie food more than less palatable food [38, 

39]. However, opioid receptor antagonist effects are less clear. Injection of the broad-
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spectrum antagonist naltrexone into the NAc typically results in reduction of sweet or fatty 

food intake only at very high doses [38, 40-42], and the δ receptor antagonist naltrindole 

actually increases sucrose consumption [42]. Moreover, although some studies show that 

injection of μ receptor-specific antagonists reduces consumption [41-44], another found no 

effect [45].

Notably, in rodent binge eating models, consumption escalates over weeks of intermittent 

access, and this escalation only occurs with extremely calorie-dense food [16]. One 

attractive hypothesis, then, is that this escalation is due to plasticity in the NAc opioid 

system, such that binge consumption comes to depend on activation of NAc opioid receptors 

by endogenous opioids. This hypothesis predicts that opioid antagonist injection in the NAc 

should block binge-like consumption whereas it should be less effective in reducing non-

binge consumption. To test this hypothesis, we subjected rats to 5 weeks of intermittent 

access to an emulsion consisting of cream, corn oil and sugar (COS), a procedure that 

produces a binge-like escalation of consumption [16], and asked whether these animals’ 

binge consumption of COS was more affected by injection of opioid receptor antagonists in 

the NAc than that of control animals that were given intermittent access to water alone (but 

not COS).

One additional prediction of our hypothesis is that if μ opioid receptor numbers are 

increased in bingeing animals [29], then activation of NAc μ receptors should cause a 

greater increase in consumption in animals with a history of binge access than in those with 

a history of intermittent access to water alone. We tested this prediction by injecting the μ 

agonist DAMGO into animals previously given intermittent access to COS or water. We 

also injected DAMGO into a group of animals given 5 weeks of continuous access to COS. 

These animals become obese [16]; thus, comparing the effects of DAMGO in intermittent 

and continuous access groups allows us to assess whether the NAc opioid consumption-

promoting effects are similarly escalated in models of bingeing and obesity, which would 

suggest a similar neural mechanism.

In addition to a potential role for NAc opioid receptors in binge consumption, several lines 

of evidence suggest that NAc dopamine receptors may be involved as well. For instance, 

bingeing rats exhibit increased dopamine D1 receptor binding [29], reduced D2 and 

increased D3 receptor expression [31], and increased expression of the dopamine transporter 

[46] in the NAc. In addition, microdialysis studies show that sucrose binges are invariably 

accompanied by an increase in dopamine levels in the NAc, whereas animals given 

continuous access to sucrose, or insufficient sucrose access to develop binging, show no or 

much smaller increases [8, 10, 47]. Although the dopamine response to palatable food 

habituates with repeated episodes of consumption [48], binge-associated dopamine release 

does not [8, 10, 47]. Moreover, locomotor sensitization to psychostimulants – a NAc 

dopamine-dependent process – is enhanced in animals binging on sucrose [49-51], and 

amphetamine-sensitized animals show more locomotion in response to a brief taste of 

sucrose, and consume more freely-available sucrose, than controls [52]. Finally, 

abnormalities in dopamine turnover, dopamine transporters and dopamine receptors have 

been observed in humans with binge eating disorders [53].
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The foregoing studies suggest that NAc dopamine may contribute to binge consumption. 

Food consumption is typically not strongly affected by disruption of NAc dopamine [54-60], 

but the effects of NAc dopamine manipulations on binge consumption have not been tested. 

Therefore, in this study we assessed the effects of NAc injection not only of opioid receptor 

ligands, but of dopamine receptor antagonists on binge intake of COS.

2. Materials and methods

2.1 Animals

Male Long–Evans rats (n=233, Harlan) weighing 275–300 g were housed in a room with a 

12 h light cycle. Experiments were conducted during the light phase. Animals were handled 

daily for at least one week before experiments; chow intake and body weight were measured 

daily. Prior to the start of the experiment, three groups of rats were matched by average 

amount of chow consumed and average body weight. All animal procedures were consistent 

with the U.S. National Institutes of Health Guide for the Care and Use of Laboratory 

Animals, and were approved by the Institutional Animal Care and Use Committee of the 

Albert Einstein College of Medicine.

2.2 Behavior

2.2.1. Operant chambers—Behavioral experiments were run in standard Med Associates 

operant chambers (30 × 25 cm). The chambers were illuminated with one 28 V white house 

light, and white noise (65 dB) was played through a dedicated speaker. Operant chambers 

were equipped with a lickometer filled with either water or a cream-oil-sucrose emulsion 

(COS). Photobeams across the lickometers were used to detect the precise times of licks.

2.2.2 Ingestants—The COS emulsion was prepared daily and consisted of 50% (by 

volume) each of heavy cream and corn oil, 8% (weight per volume) sucrose, and 1 g per L 

of sodium stearoyl lactylate (Niacet Corporation), an emulsifier. The emulsion, prepared 

using a wire whisk, was stable for > 24 hr. The calorie content of COS was 5.99 kCal/mL 

(chow was 3.02 kCal/g).

2.2.3. Acquisition phase—As described previously [16], rats were divided in three 

group, the intermittent access (binge) group (IA; n=93) and two control groups: the water 

access group (WA; n=83) and the continuous access group (CA; n=38). For 5 weeks, each 

group had access to the lickometer in the operant chambers three times per week (Monday, 

Wednesday and Friday; M-W-F) for 90 min. During these sessions, the IA and CA groups 

had access to the COS solution while the WA group had access to water. The CA group also 

had ad libitum access to COS at all times in their home cages. Licks and COS or water 

intake were recorded during the sessions.

Throughout all phases, a given rat was always placed in the access chambers at roughly the 

same time of day (either morning or afternoon).
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2.3 Cannula implantation surgery

After the bingeing procedure, rats were implanted with bilateral guide cannulae for 

microinjection. These consisted of stainless steel guide cannulae (27 ga) with plastic hubs 

(Plastics One), cut such that the end of the guide was 2 mm above the target. Animals were 

anesthetized with isoflurane and placed in a stereotactic frame. The scalp was retracted and 

holes drilled above the targets. Target coordinates for the tips of the injectors were as 

follows (in mm below bregma): core: AP 1.2, ML 2.0, DV 7.8; shell: AP 1.2, ML 0.75, DV 

7.3. Cannulae were fixed to the skull with bone screws and dental cement. All animals were 

treated with enrofloxacin, ketoprofen, and Neopredef topical antibiotic powder. Stainless 

steel wires were inserted into the guides and remained there at all times except during 

injections. Animals were allowed 4–7 d to recover from the surgery prior to beginning 

experiments.

2.4 Microinjection experiments

After surgery and recovery, baseline performance was reestablished over one week of M-W-

F 90 min COS access sessions. All three groups had access to COS during these sessions; 

this procedure was followed in order to eliminate neophobia in the WA group as a potential 

confound during the experimental phase. In the experimental phase, animals in all groups 

(including WA) continued to receive M-W-F 90 min COS access sessions, and 

microinjections were performed prior to every session. Rats were gently restrained, and a 33 

ga injector cannula extending 2 mm below the guide was inserted; 0.5 μl of drug solution 

was infused bilaterally over 3 min; and after a 2 min diffusion period, the injectors were 

withdrawn and rats were immediately placed into the operant chamber and the session 

started. Drugs were purchased from Tocris. SCH23390, raclopride, [D-Ala2,N-MePhe4,Gly-

ol]-enkephalin (DAMGO), naltrexone and D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 

(CTAP) were dissolved in sterile 0.9% saline; naltrindole and norbinaltorphimine (nor-BNI) 

were dissolved in saline with 15% and 10% dimethyl sulfoxide, respectively. Each animal 

received injections of vehicle as well as two drugs. Each pair of drugs was injected in the 

same order for each rat that received the pair, as described in Table 1. Three doses of each of 

these drugs were injected, and their order was randomized. The doses were (per 

hemisphere): 0.1, 1.0, and 2.0 μg of SCH23390, 0.2, 2.0, and 4.0 μg of raclopride, 0.025, 

0.25, and 2.5 μg of DAMGO; vehicle, 6.5, 20, and 30 μg of naltrexone; vehicle, 2, 4, and 8 

μg of CTAP; vehicle, 1, 10, and 20 μg of naltrindole; vehicle, 0.1, 1 and 10 μg of nor-BNI 

[32, 41, 42, 44, 45, 61, 62]. Each animal received a single vehicle injection; the order of 

these was randomized with the constraint that at least one vehicle injection occurred every 

day on which injections occurred, except the last one. Each rat was consistently run at 

roughly the same time in either the morning or the afternoon, but groups of rats (as defined 

in Table 1) were split across morning and afternoon sessions (i.e., no drug was injected only 

in the morning or only in the afternoon).

To test whether CTAP antagonized the effects of DAMGO, 19 additional rats were 

habituated to drink COS during 90 min access sessions in the experimental boxes during one 

week. After cannulae implantation in the NAc core, they had access to the COS in the 

experimental boxes for 3 sessions before the injection experiment. Each rats received two 
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consecutives injections of either saline or CTAP 8 μg and either saline or DAMGO (0.25 μg 

or DAMGO 2.5 μg) in randomized order.

2.5 Data analysis

2.5.1. Statistics—Repeated-measures ANOVA with one factor (dose) or two factors (dose 

and group) were used to compare the effects of bingeing and control procedures. ANOVAs 

were followed by Holm–Sidak post hoc tests; an adjusted p < 0.05 was considered a 

significant difference, and, provided the overall ANOVA result was considered significant 

(p < 0.05), a Holm–Sidak post hoc unadjusted p < 0.1 was considered a trend toward 

significance. Most consumption occurred in the first 22.5 minutes (i.e., first quarter) of the 

session, with a stereotypical rapid decline in responding across this period. In the remaining 

67.5 minutes of the session, animals typically consumed at relatively constant, low rates 

(Figs. 3A,B, 4A,B). To capture these distinct epochs, we divided the session into first 

quarter and last three quarters and analyzed them separately. All analyses were performed 

using the R software environment.

2.5.2. Consumption—Overall consumption was measured by counting the number of 

licks. At the end of the session we also measured the amount of liquid consumed during the 

session (initial lickometer reservoir volume minus ending volume). Consumption in the first 

quarter and last 3 quarters was determined by multiplying the number of licks in the given 

time period by the calculated volume obtained per lick.

2.5.3. Licking micros tructure—Lick rate was defined as the number of licks per 

second. The initial lick rate was defined as the lick rate during the first minute of the first 

meal [63-65]. Bursts were defined by ILI <1 s. Termination of a burst was defined by the 

onset of an ILI >1 s. Burst duration refers to the time spanned by a burst. Only bursts of 

three or more licks were considered.

2.6 Histology

Animals were deeply anesthetized with pentobarbital and decapitated. Brains were removed 

and fixed in formaldehyde. They were then dehydrated in 30% sucrose, sectioned (50 μm), 

and stained for Nissl substance to locate injection sites. Injector tip locations are shown in 

Fig. 1.

3. Results

3.1 Subjects

Of the 233 rats used in this study, 214 were given intermittent access acquisition sessions 

(see Section 3.2) and 19 were not given acquisition sessions but instead used to test whether 

CTAP blocks the ability of DAMGO to increase consumption (see section 3.6 and Fig. 7). A 

total of 40 animals were removed from the analysis of pharmacological effects: 20 rats died 

or lost their caps before the end of the experiment; the cannulae were misplaced in 17 rats (3 

directed towards the core); and 3 IA rats did not meet the criteria for binge-like consumption 

because they drank very little COS. Table 1 shows the pharmacological treatments given to 

each group and the final N (after removing animals) for each group.
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3.2 Acquisition phase

Our previous study, which used a subgroup (n=144) of the rats used in the present study 

(n=214), demonstrated that rats given MWF access to COS gradually escalate their COS 

consumption over 5 weeks of access [16]. The same effects as reported previously were 

observed in the superset used here: the IA group escalated its consumption whereas the CA 

group (which had access to COS not only in the operant chambers, but in their home cages 

as well) showed no escalation of COS consumption and the WA group (which received no 

COS, but instead 5 weeks of access to the operant chambers but with only water available) 

showed no change in water consumption (Fig. 2A). In addition, the CA group gained 

significantly more weight over the 5 weeks than the other groups, and the IA and WA 

groups’ weight gain was statistically indistinguishable from each other (IA: 137.9g ± 3.94, 

WA: 132.8g ± 5.2, CA: 196.8g ± 7.8; group effect between IA and WA: F(1,3989) = 0.82, p > 

0.05).

3.3 Differences in COS licking among groups

To assess differences in COS licking across groups, we analyzed licking behavior for all rats 

after the vehicle injection, combining data across NAc core- and shell-injected rats. The 

amount of COS consumed and the number of licks in the 90 min session were greater in the 

IA and WA groups than in the CA group (group effect: licks: F(2,79) = 8.65, p < 0.001; 

consumption: F(2,79) = 37.9; p < 0.001), and these values did not significantly differ between 

IA and WA groups (Fig. 2B,C). The observation that IA consumption was not greater than 

WA consumption may seem at odds with the escalation of consumption observed in the IA 

group during the acquisition phase (Fig. 2A). A potential explanation is that because vehicle 

injections occurred at random time points during the experimental phase, some of them 

occurred after two or more weeks of COS access sessions – by which point the WA group's 

consumption could have escalated. However, this explanation is unlikely to be correct 

because when we compared COS consumption across WA rats in vehicle injection sessions, 

there was no effect of the position of the vehicle injection in the injection order (1 through 7) 

(order effect: F(7,60) = 0.503, p > 0.05). Thus, the majority of the escalation of consumption 

in the WA group is likely to have occurred in the first week of COS access (three M-W-F 

sessions of COS access given to all rats after surgery but before injections were performed); 

the escalation could have occurred more rapidly in the WA group than in the IA group 

because the WA group was already familiar with the experimental procedure when COS 

access sessions began, whereas the IA group was not.

The CA group exhibited a greater latency to begin licking than the other two groups (group 

effect: F(2,73) = 13.98, p < 0.001; Fig. 2D) and fewer lick bursts throughout the session 

(group effect: F(2,79) = 12.34, p < 0.001; Fig. 2E). Burst duration, in contrast, was 

statistically indistinguishable across the three groups [not shown, but see 16]. Because 

latency and burst number are reflective of motivation, these results suggest that motivation 

to consume COS was high in the IA and WA groups but low in the CA group, whereas 

palatability (as reflected by burst duration) was equivalent.
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3.4 μ-opioid agonist: DAMGO

DAMGO injection into the core increased COS consumption and licks in all groups (Fig. 3). 

Because COS intake is initially high but rapidly declines to reach a low, steady rate (Fig. 

3A,B), we quantified these effects separately for the first quarter and last three quarters. At 

low and intermediate doses (0.025 and 0.25 μg), the increase occurred at the beginning of 

the session (drug effect: F(3,80) = 9.0, p < 0.001) but not the end, as seen in licking time 

courses (Fig. 3A) and total COS consumption in the first quarter (Fig.3C) and last three 

quarters (Fig. 3D) of the session. In contrast, the high dose (2.5 μg) had no effect in the first 

quarter but dramatically increased consumption by causing a large second meal in the last 

three quarters (drug effect: F(3,80) = 39.72; p < 0.001; Fig. 3B-D). These effects of DAMGO 

on amount of COS consumed were largely similar across the three groups (Fig. 3C,D). 

Analysis of lick microstructure in the first quarter showed that low and intermediate 

DAMGO doses caused trends towards increased burst number in the IA and WA groups, 

whereas there were no effects in the CA group (drug effect: F(3,80) = 3.84, p < 0.05; group 

effect: F(2,80) = 10.49, p < 0.001; Fig. 3E). The high DAMGO dose dramatically increased 

burst number in all three groups (Fig. 3F). Burst duration was generally not affected by 

DAMGO in the first quarter; although some CA animals showed a large increase in burst 

duration after the low and intermediate dose, these effects were inconsistent and did not 

reach our threshold for a trend towards significance (drug effect: F(3,75) = 12.12, p < 0.001; 

group effect: F(2,75) = 2.28, p > 0.05; Fig. 3G). Burst duration in the last three quarters was 

not affected (drug effect: F(3,52) = 0.79, p > 0.05; group effect: F(2,52) = 0.08, p > 0.05; Fig. 

3H). These results indicate that core DAMGO injection increases COS consumption 

primarily by increasing the number of lick bursts, not their duration. Moreover, the general 

similarity of DAMGO effects across groups means that COS access history does not alter 

sensitivity to core DAMGO's effects.

DAMGO injection in the shell increased COS consumption in the IA and WA groups, but 

this effect was consistent only at the highest dose and only in the last three quarters of the 

session (drug effect: F(3,67) = 15.47, p < 0.001; group effect: F(2,67) = 8.68, p < 0.001; 

interaction effect: F(6,67) = 2.53, p < 0.05; Fig. 4A-D). Lower doses increased licking at 

some time points (Fig. 4A). The increase in consumption in the last three quarters was 

accompanied by a trend towards an increase in number of bursts with no change in burst 

duration (burst number: drug effect: F(3,67) = 3.58, p < 0.05; group effect: F(2,67) = 4.53, p < 

0.05; burst duration: drug effect: F(3,44) = 2.38, p > 0.05; group effect: F(2,44) = 2.28, p > 

0.05; Fig. 4E-H). In contrast to the IA and WA groups, shell DAMGO injection in the CA 

group did not significantly increase the amount of COS consumed or lick rate at any of the 

time points examined (Fig. 4C,D); however, COS consumption in the CA group was 

unusually low in the control (vehicle injection) condition. These results indicate that shell 

DAMGO injections are generally less effective in increasing COS consumption than core 

injections.

3.5 General opioid antagonist: naltrexone

Despite the potency of intra-NAc μ agonist injection to promote food intake observed here 

and previously [32-39, 45], blockade of opioid receptors in the NAc using broad-spectrum 

antagonists (naltrexone or naloxone) typically reduces consumption of highly palatable food 
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in ad libitum-fed animals only at very high doses [40-42]. To test the hypothesis that 

consumption becomes dependent on NAc opioids after a history of binge-like intake or 

obesity, we injected naltrexone into the NAc core or shell prior to COS access sessions. In 

no group did any dose of naltrexone affect COS consumption (core: drug effect: F(3,96) = 

1.11, p > 0.05; drug x group effect: F(6,96) = 0.35, p > 0.05; shell: drug effect: F(3,72) = 0.93, 

P > 0.05; drug x group effect: F(6,72) = 0.81, p > 0.05; Fig. 5). Moreover, the number of lick 

bursts and burst duration were unaffected (not shown).

3.6 μ-opioid antagonist: CTAP

Although the ability of core injections of DAMGO to increase consumption suggests that μ 

receptor activation is sufficient to promote COS feeding behavior, the observation that 

naltrexone did not reduce consumption suggests that μ receptors are not necessary for this 

behavior. However, naltrexone blocks not only μ receptors, but other opioid receptors as 

well. Blockade of δ receptors can increase consumption [42], which could have masked an 

inhibitory effect of naltrexone. Therefore, we injected antagonists specific for μ, δ and κ 

opioid receptors to assess whether they differentially altered COS consumption. We 

performed these experiments only in IA and WA groups because we expected that at least 

one of these drugs would decrease consumption, an effect that would be difficult to observe 

in the CA group because of its low baseline consumption.

CTAP injection into the core had only minimal effect on COS consumption. Although there 

was a significant effect of drug (F(3,80) = 3.95, p < 0.05), in both groups, post-hoc tests 

showed only trends towards an increase, which was observed only in the last three quarters 

of the session (Fig. 6A). Injection of the highest dose of CTAP (8 μg) into the shell caused 

an increase in consumption in the first quarter in the IA group only (drug effect: F(3,64) = 

6.06, p < 0.01; group effect: F(1,64) = 5.7, p < 0.05); there were no effects at lower doses, in 

the last three quarters, or in the WA group (Fig. 6B). The consumption increase in IA rats 

caused by the highest dose was accompanied by an increase in the number of lick bursts 

(drug effect: F(3,64) = 8.27, p < 0.001; group effect: F(1,64) = 6.72, p < 0.05), but not their 

duration (not shown). Thus, counter to our expectations, CTAP injections clearly did not 

inhibit COS consumption, but rather mildly stimulated it.

A potential explanation for CTAP's failure to reduce consumption is that it did not block μ 

receptors, although the doses we used are standard [44, 45, 66, 67]. As a positive control to 

test its efficacy, we determined whether CTAP (8 μg) antagonized the effects of the middle 

(0.25 μg) and high (2.5 μg, n=8) dose of DAMGO. Both drugs were injected in the NAc 

core. As expected, CTAP alone either had no effect or mildly increased the number of licks 

in the entire session, whereas both DAMGO doses potently increased licking (Fig. 7). CTAP 

blocked the increased licking caused by the 0.25 μg (drug effect: F(3,40) = 9.97, p < 0.001), 

but not the 2.5 μg dose of DAMGO (Fig. 7), indicating that, in our hands, CTAP effectively 

blocks μ receptors.

3.7 δ-opioid antagonist: naltrindole

After core injection of the highest naltrindole dose (20 μg), COS intake tended to increase in 

the first quarter of the session in both groups, but this effect did not reach statistical 
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significance, nor was it observed at lower doses (drug effect: F(3,84) = 3.39 p < 0.05). In the 

last three quarters after core injection, the high dose caused a trend towards a decrease in 

consumption in the WA group (drug effect: F(3,84) = 0.5, p > 0.05; Fig. 8A). After shell 

injection, the high dose caused a trend towards increased COS consumption in the IA group 

in the first quarter (drug effect: F(3,68) = 2.4, p = 0.08), and a trend towards an increase in 

both groups in the last three quarters (drug effect: F(3,68) = 2.88, p < 0.05; Fig. 8B). The 

small effects of naltrindole, the trend towards increased (not decreased) consumption, and 

the fact that the effects were limited to the highest dose together suggest that COS 

consumption is not dependent on NAc δ receptor activation.

3.8 κ-opioid antagonist: nor-BNI

Although there was a significant effect of nor-BNI dose injected in the NAc core on COS 

consumption in the first quarter (drug effect: F(3,83) = 2.98, p < 0.05), there were no 

significant post-hoc effects. Both IA and WA groups showed a trend towards increased 

consumption only after the highest dose (10 μg); no trends or effects were observed at lower 

doses or in the last three quarters of the session (drug effect: F(3,83) = 0.82, p > 0.05) (not 

shown). Shell injections of nor-BNI were without effect at any dose or time point (first 

quarter: drug effect: F(3,67) = 1.05, p > 0.05; last 3 quarter: drug effect: F(3,67) = 0.21, p > 

0.05; not shown).

3.9 Dopamine receptor antagonists

Free intake of solid or liquid food is generally not impaired by disruption of NAc dopamine 

function. However, both binge access to highly palatable food and access to a high-fat diet 

that results in obesity cause changes in dopamine neurotransmission in the striatum and 

NAc, suggesting that free intake may become NAc dopamine-dependent after a history of 

binge-like consumption or diet-induced obesity. To test this hypothesis, we injected the D1 

receptor antagonist SCH23390 and the D2 receptor antagonist raclopride into the NAc core 

and shell prior to COS access sessions. None of these injections significantly impacted 

consumption in any of the three groups despite the use of doses high enough to severely 

impair reward-seeking behavior in several other tasks [61, 62] (core D1 antagonist: drug 

effect: F(3,85) = 1.2, drug x group effect: F(6,85) = 0.37; core D2 antagonist: drug effect: 

F(3,68) = 0.62, drug x group effect: F(6,68) = 0.14; shell D1 antagonist: drug effect: F(3,67) = 

0.74, drug x group effect: F(6,67) = 0.21; shell D2 antagonist: drug effect: F(3,68) = 0.5, drug 

x group effect: F(6,68) = 0.54; all p values > 0.05; Fig. 9). Aside from a small increase in 

burst duration in the WA group caused by SCH23390 in the core (drug x group effect: 

F(6,68) = 2.30, p < 0.05 ) in the last three quarters of the session, no dose of either antagonist 

affected the number of lick bursts or burst duration (not shown).

4. DISCUSSION

Using pharmacological treatment of the NAc, we show here that neither opioid nor 

dopamine receptors in the core or shell are necessary for rats to express high levels of 

caloric intake during intermittent access to a sweet high-fat emulsion (COS). We interpret 

these results to mean that consumption of calorie-dense food is most likely not under the 

control of NAc opioid or dopamine receptors even after prolonged intermittent access has 
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escalated consumption in a binge-like manner. Thus, although systemic injections of both 

opioid and dopamine receptor antagonists alter binge intake in similar behavioral paradigms 

[13, 18, 25-28], our results suggest that the effects of systemic injections are not due to 

actions on opioidergic and dopaminergic synaptic transmission within the NAc, but rather 

elsewhere in the brain. Furthermore, our findings impact the interpretation of earlier 

observations that binge access to calorie-dense food causes neurochemical and molecular 

changes related to NAc opioid and dopamine neurotransmission [7]. As described in more 

detail below, we suggest that these changes could influence behaviors other than free 

consumption.

Our dopamine antagonist results are consistent with many earlier studies showing that 

reduction of dopamine function within the NAc only minimally reduces consumption of 

freely available food, if at all: neither blockade of dopamine receptors in the NAc nor 

depletion of dopamine from the NAc using the toxin 6-hydroxydopamine causes food 

consumption to be reduced [54-60]. Our results add to this literature by showing that neither 

a D1 nor a D2 receptor antagonist injected in the NAc core or shell reduces consumption of 

COS: whereas most previous studies used standard chow, we find that NAc dopamine 

disruption is also ineffective when subjects consume an extremely palatable, sweet, very 

high fat liquid emulsion, indicating that consumption of such a food is not dependent on 

mesolimbic dopamine despite the supposedly greater “hedonic” experience of COS 

consumption over chow consumption. In contrast, when we inject the same dopamine 

antagonists into the NAc, particularly the core, at the same or similar doses as those used 

here, they cause profound impairment in a variety of reward-seeking tasks, including cued 

lever approach and high-effort fixed ratio tasks [61, 62, 68-71]. We conclude that food 

intake in the free-access consumption test is simply not dependent on mesolimbic dopamine 

whether or not the food is highly palatable, and whether or not subjects have had a history of 

intermittent binge-like access to it.

Similarly, our results suggest that even though activation of μ opioid receptors in the NAc is 

sufficient to promote consumption of COS, consumption is not dependent on these receptors 

even after a history of binge-like access. Injection of the μ agonist DAMGO increased COS 

consumption, particularly in the NAc core (Fig. 3) – an effect similar to the previously 

reported potent orexigenic effects of NAc μ agonist injection [32-37] which are especially 

pronounced when the food is calorie-dense, highly palatable, and/or high in fat [38, 39, 45]. 

Because the increases in COS consumption caused by DAMGO were similar across IA, WA 

and CA groups, it appears that neither a 5 week history of intermittent binge-like access to 

COS (IA group) nor 5 weeks of continuous access to COS (CA group, which became obese) 

increases the sensitivity of NAc μ opioid receptors such that activating them produces more 

COS consumption. This lack of difference among groups may have been due to a ceiling 

effect; however, consumption decreased dramatically in the first quarter of each access 

period even after DAMGO injection (Fig. 3A,B), indicating that total consumption could 

have been much higher had DAMGO been more effective in attenuating this decline.

Given DAMGO's potent orexigenic effects, it is somewhat surprising that neither the broad-

spectrum opioid receptor antagonist naltrexone (Fig. 5) nor the μ-specific antagonist CTAP 

(Fig. 6) reduced COS consumption in either IA or WA groups. These results are not, 
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however, without precedent. For instance, at low doses (5 – 10 μg/side), injection of 

naltrexone in the NAc reduced chow consumption in food-restricted rats [41], but to reduce 

sucrose consumption in ad libitumfed animals, much higher doses (20 – 50 μg/side 

naltrexone; 30 μg naloxone) were required [40-42]. When animals had a choice of high-

carbohydrate and high-fat food, consumption of both was reduced by 20 μg naltrexone, but a 

dose-response function was not described [38]. Because these doses are far higher than the 

typical intra-NAc naltrexone doses (<10 μg) required to observe effects in other behavioral 

paradigms [41, 72-76], the high-dose effects may not be specific to opioid receptors. In the 

present study, doses up to 30 μg/side in either core or shell were ineffective in reducing COS 

consumption in any group, all of which were given chow ad libitum in the home cage. 

Injection of naltrexone doses up to 30 μg into the NAc did reduce performance in a different 

behavioral task conducted in our lab (K. Caref and SMN, in preparation). Thus, the reasons 

for the lack of effect of our highest dose on COS intake are unclear, but could be due to 

procedural differences from the previous consumption studies (e.g., specific food, 

intermittency of access, duration of access). The key observation, however, is that even 

when very high, likely non-specific naltrexone doses were tested, consumption in the IA 

group was not affected, suggesting that intermittent access binge-like consumption does not 

depend on NAc opioid receptors.

The μ-specific antagonist CTAP either had no effect on COS consumption or it produced a 

small, inconsistent increase, especially when injected in the NAc core (Fig. 6A). CTAP was 

likely to have blocked μ receptors in these experiments because co-injection of 8 μg CTAP 

with DAMGO effectively blocked DAMGO's potentiation of consumption (Fig. 7). Previous 

studies examining the effects of intra-NAc CTAP injection on consumption have produced 

conflicting results: although one study found (in rabbits) that CTAP reduced sucrose 

consumption [44], another (in rats) observed no effects of CTAP on fat consumption at 

doses that blocked DAMGO's potentiating effects [45]. Similarly, intra-NAc naloxonazine, a 

μ1 receptor-specific antagonist, potently increased deprivation-induced chow consumption 

in one study [41] but reduced it in another while also having no effect on sucrose intake in 

free-fed rats [42]. NAc injection of the long-lasting μ antagonist β-FNA appears to be more 

consistently effective in reducing palatable food intake [40-44] as well as deprivation-

induced chow consumption [41, 42]. Notably, intra-NAc β-FNA spares intake of less 

palatable chow [43] and of sucrose at less preferred concentrations [40], suggesting that μ 

receptors may be required only for very high rates of consumption. However, this hypothesis 

is clearly not supported by our CTAP results in that consumption of COS – a highly 

palatable liquid that engenders very high rates of caloric intake – was not reduced by CTAP 

even in animals with a history of intermittent binge access to COS.

A reasonable interpretation of the existing literature and the present findings is that 

treatment of the rat NAc with β-FNA reduces palatable food consumption whereas CTAP is 

less effective, if at all. One possible explanation for the differential effectivity of these drugs 

is that each one blocks a different cohort of opioid (or perhaps other) receptors. Indeed, even 

at the lower end of the dose ranges used in microinjection studies, the concentrations of 

injected drug (typically high μM to low mM) far exceed the Ki for the target receptor 

(typically nM). Resolving the conflicting antagonist results will require more specific 
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approaches, such as knockdown of receptors via viral expression of inhibitory RNAs. In the 

meantime, our results suggest that the hypothesis that NAc μ receptors are required for 

palatable or high-rate food intake is not correct in its simplest form: we propose that 

blockade of more than one type of receptor is likely required to reduce intake.

Endogenous opioids are notoriously promiscuous in that multiple peptide splice variants 

derived from preprodynorphin and preproenkephalin mRNA are present in the striatum [77], 

and many of these opioid peptides bind with high affinity to multiple opioid receptors [78]. 

Therefore, we tested whether NAc injection of the δ receptor- and κ receptor-specific 

antagonists naltrindole and nor-BNI, respectively, reduced COS consumption. Consistent 

with prior observations [41, 42], nor-BNI had no discernible effect, and naltrindole caused a 

trend towards increased COS consumption that was similar in IA and WA groups (Fig. 8). 

These results argue that alterations in neither δ nor κ receptor expression or sensitivity 

underlie consumption in animals with a history of intermittent binge-like access to COS.

In sum, our results indicate that a 5 week history of intermittent binge access to COS does 

not cause consumption to become dependent on either dopamine or opioid receptors in the 

NAc core or shell. This interpretation could be criticized based on the observation that in the 

control (vehicle injection) condition, the IA group did not consume more COS than the WA 

group, which had only 1 week of COS access sessions prior to the injection sessions. This 

lack of difference calls into question whether the IA group was, in fact, bingeing on COS by 

the end of their 5 weeks of intermittent access. However, the IA group did escalate its 

consumption substantially across this period (Fig. 2A); as discussed in detail previously, this 

escalated consumption meets an operational definition of binge intake [16]. In fact, the 

absence of a difference between the IA and WA groups’ control sessions is explained not by 

an absence of escalation in the IA group, but by unusually high consumption in the WA 

group from their first week of COS access. Several explanations for their high intake are 

possible: for instance, in contrast to the IA group, the WA group's first access to COS 

occurred shortly after surgery, and these rats were already very familiar with the access 

environment as a safe place. Thus, although we cannot rule out the possibility that the 

absence of antagonist effects in the WA group is a consequence of their unusually high rates 

of consumption, our results generally parallel earlier observations in non-bingeing rats. Most 

importantly, the high consumption of the WA group does not detract from our main 

conclusion: that the escalated COS consumption resulting from a history of intermittent 

access in the IA group is not dependent on NAc opioid or dopamine receptors.

Systemic treatment with opioid or dopamine receptor antagonists reduces consumption in 

animals with a prior history of intermittent binge access [13, 18, 25-28] and opioid 

antagonists reduce food intake in non-bingeing animals as well [reviewed in 2]. Our results 

suggest that the antagonists produce their anorectic effects not by actions within the NAc, 

but elsewhere.

Candidates include the central nucleus of the amygdala and hypothalamic paraventricular 

nucleus, where relatively low dose (3 – 10 μg) naltrexone infusions reduce palatable food 

intake [79, 80]; and the dorsal striatum, where dopamine depletion reduces food intake [81, 

82] unlike in the NAc [57]. We propose that the NAc could play one or more roles in binge 
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consumption that are not captured by examining the effects of dopamine or opioid receptor-

active drugs on consumption of freely available food. One possibility derives from 

observations that pharmacological inhibition of the NAc potently increases consumption 

independent of palatability [83-91] whereas electrical stimulation of the NAc induces a 

pause in consumption [92, 93]. These results suggest that the activity of some NAc 

projection neurons, perhaps those that are inhibited just prior to and during consumption 

[93-96], exerts a tonic inhibitory influence on consumption. This consumption-inhibitory 

activity could, in theory, be attenuated during binge episodes via a mechanism independent 

of opioids or dopamine; however, there is no direct evidence to support this hypothesis.

A second possibility is that NAc opioid and/or dopamine receptors contribute to binge 

intake, but the behavioral paradigm we used to measure intake was incapable of capturing 

their contributions. Intriguingly, in an operant limited daily access binge model, low-dose 

naltrexone treatment of the NAc shell reduced the breakpoint of animals on a progressive 

ratio schedule of palatable food reinforcement, whereas higher doses were required to 

reduce lower effort fixed ratio 1 operant performance [72]. These results parallel findings 

that NAc dopamine depletion or dopamine receptor blockade are far more effective in 

reducing high-effort operant performance than both FR1 responding and free feeding [61, 

97-102]. Indeed, the specific behavior during high-effort task performance that is NAc 

dopamine-dependent is approach to the operandum from variable starting locations [61, 71, 

103], a behavior that, in sated animals, may also be dependent on μ opioid receptor 

activation in the NAc [104]. Thus, NAc dopamine and opioid receptors contribute to a 

specific form of food-seeking behavior that is not engaged by the free access paradigm, 

perhaps explaining the absence of effects of antagonists of these receptors in our study.

We propose that the degree to which NAc dopamine and opioid systems contribute to binge 

eating in both humans and animal models is a function of the dependence of disordered 

eating on the specific food-seeking behaviors that these systems control. Animal studies 

have revealed changes in expression of genes related to dopamine and opioid 

neurotransmission in the NAc of binge-eating subjects [29-31, 46] as well as neurochemical 

evidence for enhanced dopamine release during binges [8, 10, 47]; PET imaging studies in 

humans further support the hypothesis that dopaminergic synaptic transmission is abnormal 

in patients with eating disorders [105, 106]. These changes may contribute to some aspect of 

binge eating – perhaps enhanced palatable food-seeking behavior and hence greater 

frequency of binges – but our results suggest that this contribution cannot be easily detected 

with simple free-access consumption tests. More elaborate food-seeking tasks, including but 

not necessarily limited to those used previously [61, 72, 107] will be required to determine 

how NAc dopamine and opioids contribute to binge-like behavior.
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Abbreviations

NAc nucleus accumbens

COS cream, oil, and sugar emulsion

B-FNA β-funaltrexamine

nor-BNI nor-binaltorphimine

DAMGO [D-Ala2,N-MePhe4,Gly-ol]-enkephalin

CTAP D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2

M-W-F Monday-Wednesday-Friday

IA intermittent access group

CA continuous access group

WA water access group
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Figure 1. Histology
The placement of the tip of the cannula is represented by a black circle for the core and a 

grey diamond for the shell for the animals in the first experiment (DAMGO, naltrexone, 

SCH23390 and raclopride experiments) in A and the second experiment (CTAP, naltrindole, 

nor-BNI) in B. Dark shading indicates the region that was acceptable for core cannula 

locations, and light shading indicates the same for the shell. Rats with one or both 

placements outside these regions were rejected from the analysis.
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Figure 2. training and control injections
A: Number of licks per session (averaged across each week) during the training phase of the 

experiments. The IA (black) and CA (grey) groups licked for COS, whereas the WA (white) 

group licked for water.

B-E: COS consumption parameters during vehicle injection sessions: B, amount of COS 

consumed; C, number of licks during the session; D, latency to first lick; and E, number of 

bursts.

Symbols indicate results of post-hoc tests:

*, ***: significant difference from the WA group (p < 0.05 0.001).

$$, $$$: significant difference from the CA group (p < 0.01, 0.001).

#, ##, ###: significant difference from week 1 (p < 0.05, 0.01, 0.001).
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Figure 3. Effect of DAMGO injection in the core on COS consumption
A,B: Average time course of licking (5 min bins) after injection of the middle dose (A) and 

the high dose (B) of DAMGO (dark grey) and saline (light grey) into the NAc core in the IA 

(left), CA (middle) and WA (right) groups. Stars indicate bins in which the number of licks 

was significantly different between DAMGO and saline injections.

C-H: The amount of COS consumed (C,D), number of lick bursts (E,F) and lick burst 

duration (G,H) are shown for the first quarter of the session (when most of the licking takes 
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place; left) and the last 3 quarter of the session (right) for the IA (black), WA (white) and 

CA (grey) groups. Symbols in C-H show the results of post-hoc tests:

*: significant difference from the WA group (p < 0.05).

$, $$, $$$: significant difference from the CA group (p < 0.05, 0.01, 0.001).

#, #, ###: significant difference from control injection (p < 0.05, 0.01, 0.001); + trend to 

significance.
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Figure 4. Effect of DAMGO injection in the shell on COS consumption
A,B: Average time course of licking (5 min bins) after injection of the middle dose (A) and 

the high dose (B) of DAMGO (dark grey) and saline (light grey) into the NAc shell in the IA 

(left), CA (middle) and WA (right) groups. Stars indicate bins in which the number of licks 

was significantly different between DAMGO and saline injections.

C-H: The amount of COS consumed (C,D), number of lick bursts (E,F) and lick burst 

duration (G,H) are shown for the first quarter of the session (when most of the licking takes 
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place; left) and the last 3 quarter of the session (right) for the IA (black), WA (white) and 

CA (grey) groups.

**, ***: significant difference from the WA group (p < 0.01, 0.001).

$$, $$$: significant difference from the CA group (p < 0.01, 0.001).

###: significant difference from control injection (p < 0.001); + trend to significance.
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Figure 5. Effect of naltrexone o n COS consumption
The effect of naltrexone injection in the core (A) and the shell (B) on COS consumption 

during the first quarter of the session (left) and the last 3 quarters of the session (right) for 

the IA (black), WA (white) and CA (grey) groups.

*, **, ***: significant difference from the WA group (p < 0.05, 0.01, 0.001).

$, $$, $$$: significant difference from the CA group (p < 0.05, 0.01, 0.001).
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Figure 6. Effect of CTAP on COS consumption
The effect of CTAP injection in the core (A) and the shell (B) on COS consumption during 

the first quarter of the session (left) and the last 3 quarters of the session (right) for the IA 

(black) WA (white) groups.

*: significant difference from the WA group (p < 0.05).

##: significant difference from control injection (p < 0.01); + trend to significance.
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Figure 7. Effect of CTAP on DAMGO-induced COS consumption
CTAP and DAMGO were injected in the NAc core alone or in combination. The graphs 

show the effects of CTAP injection (8 μg) on the increase in licking caused by 0.25 μg 

DAMGO (A) or 2.5 μg DAMGO (B).

#, ###: significant difference from saline injection (p < 0.05, 0.001).

*, **, ***: significant statistical difference from DAMGO injection group (p < 0.05, 0.01, 

0.001).
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Figure 8. Effect of naltrindole on COS consumption
The effects of naltrindole injection in the core (A) and the shell (B) on COS consumption 

during the first quarter of the session (left) and the last 3 quarters of the session (right) for 

the IA (black) WA (white) groups.

*: significant statistical difference from the WA group (p < 0.05).

###: significant statistical difference from control injection (p < 0.001); + trend to 

significance.
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Figure 9. Effect of dopamine antagonists on COS consumption
The effect of the D1 antagonist SCH23390 (A,B) and the D2 antagonist raclopride (C,D) 

injection in the core (A,C) and the shell (B,D) on COS consumption during the first quarter 

of the session (left) and the last 3 quarters of the session (right) for the IA (black), WA 

(white) and CA (grey) groups.

*, **, ***: significant difference from the WA group (p < 0.05, 0.01, 0.001).

$, $$, $$$: significant difference from the CA group (p < 0.05, 0.01, 0.001).
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Table 1

Subject groups, drugs injected and injection order.

Group Cannula location 5 week access history First drug Second drug N

1 core IA DAMGO raclopride 9

2 core WA DAMGO raclopride 7

3 core CA DAMGO raclopride 7

4 shell IA DAMGO raclopride 7

5 shell WA DAMGO raclopride 7

6 shell CA DAMGO raclopride 6

7 core IA naltrexone SCH23390 11

8 core WA naltrexone SCH23390 8

9 core CA naltrexone SCH23390 9

10 shell IA naltrexone SCH23390 7

11 shell WA naltrexone SCH23390 6

12 shell CA naltrexone SCH23390 8

13 core IA CTAP 11

14 core WA CTAP 11

15 shell IA CTAP 10

16 shell WA CTAP 8

17 core IA naltrindole nor-BNI 12

18 core WA naltrindole nor-BNI 11

19 shell IA naltrindole nor-BNI 11

20 shell WA naltrindole nor-BNI 8

21 core none (CTAP vs DAMGO) - 19

TOTAL 193

Three doses of the first drug were injected in random order, followed by three doses of the second drug in random order. See section 2.4 for doses. 
Each rat received a single vehicle (saline) injection on a randomly-determined day.
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