
Supplementary Figure 1. Heroin and food self-administration in the behavioral economics study. (a) 
Acquisition of food self-administration in rats. The first and last day of responding are shown for each schedule 
for behavior economics analysis. (b) Acquisition of heroin self-administration showing first and last day of 
responding for each schedule following FR1. (c) Rats are more motivated for heroin than for food as assessed 
by a higher normalized nPmax values (Pmax divided by Q0; two-tailed paired t-test; t(26) = 4.60, p = 4.78 × 10-5), 
the maximum price animals are willing to pay to maintain consumption before levels drop off. (d) Rats respond 
more to defend desired heroin than desired food levels as indicated by Omax, the maximum rate of responding 
at increasing price points before responding drops off (two-tailed paired t-test; t(26) = 7.64, p = 2.10 × 10-8). n = 27 
rats. *** p < 0.001 comparing between heroin and food behavioral economic variables. Data are presented as 
mean ± SEM.
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Supplementary Figure 2. Complete correlation matrix comparing all variables in the behavioral econom-
ics study. Behavioral economic variables correlate with each other, and with total food or heroin intake for heroin 
and food demand respectively. In addition, heroin alpha predicts heroin relapse and heroin and food reinstate-
ment are correlated. n = 24 rats. * p < 0.05 significant correlations (Pearson’s r) compared to the null hypothesis 
of no relationship between variables. 



Supplementary Figure 3. Analysis of all variables in the behavioral economics study by heroin versus 
food preference. (a) Heroin choice is higher in heroin preferers (n = 11) compared to food preferers (n = 6; 
two-tailed unpaired t-test; t(15) = 7.89, p = 5.07 × 10-7). (b) Pmax is higher for heroin than food, irrespective of 
preference (two-way ANOVA main effect of reinforcer: F(1,15) = 25.75, p = 1.37 × 10-4, Bonferroni post-hoc Heroin 
preferer: p = 4.02 × 10-4, Food preferer: p = 0.03). (c) alpha is lower for heroin than food irrespective of preference 
(two-way ANOVA main effect of group F(1,15) = 137.7, p = 5.86 × 10-9, Bonferroni post-hoc Heroin preferer: p = 4.50 
× 10-8, Food preferer: p = 1.31 × 10-5). (d) The essential value of heroin is higher than food irrespective of prefer-
ence (two-way ANOVA main effect of reinforcer: F(1,15) = 42.76, p = 9.37 × 10-6, Bonferroni post-hoc Heroin prefer-
er: p = 9.63 × 10-5, Food preferer: p = 2.45 × 10-3). (e) Q0 is higher for food than heroin irrespective of preference 
(two-way ANOVA main effect of reinforcer F(1,15) = 19.10 p = 5.49 × 10-4, Bonferroni post-hoc Heroin preferer: p = 
0.05, Food preferer: p = 5.29 × 10-3), and is higher overall in food preferers (two-way ANOVA main effect of group 
F(1,15) = 5.26, p = 0.04). (f) Heroin and food relapse rates are similar and do not differ between heroin and food 
preferers. Heroin preferer n = 11 rats, food preferer n = 6 rats. ^^^^ p < 0.0001 comparing between heroin and 
food preferers. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 comparing between food and heroin reinforc-
ers. + p < 0.05 comparing between heroin and food preferers. Data are represented as mean ± S.E.M.
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Supplementary Figure 4. Analysis of choice and relapse by heroin versus food preference following an 
abbreviated self-administration choice protocol. (a)  Heroin choice is higher in heroin preferers compared to 
food preferers (two-tailed unpaired t-test; t(10) = 10.72, p = 4.19 × 10-7). (b) Relapse rates do not differ between 
heroin and food preferers. (c) Choice and heroin relapse or (d) food relapse are not related. (e) Heroin and food 
relapse are not correlated when cues are presented during the same session.  Total n = 14 rats (food preferer n 
= 6, heroin preferer n = 6). **** p < 0.0001 comparing between heroin and food preferers. Data are represented 
as mean ± S.E.M.



Supplementary Figure 5. Stimulating neuronal activity in the IL→NAshell pathway reduces cued heroin 
relapse after extinction training. (a) Self administration, extinction, and cued reinstatement of heroin seeking 
in a standard model. This study was designed to mimic our previously published work on cocaine [9]. Hence, all 
methodology was identical to that study except that heroin was substituted for cocaine (at the same dose and 
infusion parameters reported in the main text), and an increase in FR requirement was imposed during self-ad-
ministration as shown. Cues were thus presented on an FR2 schedule during the relapse test. (b) Stimulation of 
the IL→NAshell pathway using the Gq-DREADD  reduces cued heroin relapse after extinction (two-way ANOVA 
lever x treatment interaction F(1,11) = 6.54, p = 0.03, Bonferroni post-hoc for treatment: p = 0.02, vehicle lever: p = 
9.03 × 10-5, and CNO lever: p = 0.02). CNO: DREADD ligand clozapine-N-oxide. Vehicle: n = 6, CNO: n = 7 rats. 
+ p < 0.05 comparing between active and inactive levers, * p < 0.05 comparing between vehicle and CNO. Data 
are represented as mean ± S.E.M.
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