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The protective effect of operant social reward on cocaine
self-administration, choice, and relapse is dependent
on delay and effort for the social reward
Marco Venniro 1,2✉, Leigh V. Panlilio1, David H. Epstein1 and Yavin Shaham1✉

© The Author(s), under exclusive licence to American College of Neuropsychopharmacology 2021

Social reinforcement-based treatments are effective for many, but not all, people with addictions to drugs. We recently developed
an operant rat model that mimics features of one such treatment, the community-reinforcement approach. In this model, rats
uniformly choose social interaction over methamphetamine or heroin. Abstinence induced by social preference protects against
the incubation of drug-seeking that would emerge during forced abstinence. Here, we determined whether these findings
generalize to cocaine and whether delaying or increasing effort for social interaction could reveal possibly human-relevant
individual differences in responsiveness. We trained male and female rats for social self-administration (6 days) and then for cocaine
self-administration, initially for 2-h/day for 4 days, and then for 12-h/day continuously or intermittently for 8 days. We assessed
relapse to cocaine seeking after 1 and 15 days. Between tests, the rats underwent either forced abstinence or social-choice-induced
abstinence. After establishing stable social preference, we manipulated the delay for both rewards or for social reward alone, or the
response requirements (effort) for social reward. Independent of cocaine-access conditions and sex, operant social interaction
inhibited cocaine self-administration and prevented incubation of cocaine seeking. Preference for social access was decreased by
the delay of both rewards or social reward alone, or by increased response requirements for social reward, with notable individual
variability. This choice procedure can identify mechanisms of individual differences in an animal model of cocaine use and could
thereby help screen medications for people who are relatively unresponsive to treatments based on rewarding social interaction.

Neuropsychopharmacology; https://doi.org/10.1038/s41386-021-01148-6

INTRODUCTION
For people who use potentially addictive drugs, one buffer against
transitioning to addiction seems to be embeddedness in social
structures, both small (e.g., family) and large (e.g., professional or
political communities) [1–5]. For people who have already
transitioned to addiction, the effects of social connection can be
harnessed in behavioral treatments, where social reinforcers (e.g.,
participation in support groups and job training) are systematically
made more accessible and reliable, contingent on their being
chosen over drug use [6–9]. These socially based treatments,
which include the community-reinforcement approach and the
therapeutic workplace, are effective in some people, a finding of
both heuristic importance (because it shows that addiction does
not inevitably obliterate the capacity to choose non-drug rewards)
and practical importance (because it offers a means to treat types
of addiction for which no effective medications are known).
However, social-based behavioral treatments are not effective for
every patient, at least not at any practically achievable magnitude
or schedule of nondrug reinforcement [10–14]. This might partly
reflect the fact social interactions can have negative consequences
and promote drug use and relapse [3, 15, 16], but it also suggests
that there are considerable individual differences in responsive-
ness to social rewards, and it points to a need to discover new

treatments for people who are less responsive. One step toward
treatment discovery is the establishment of an animal model of
the condition to be treated.
We recently introduced a rat model designed to mimic a

narrower range of positive social interactions that inhibit drug-
taking and relapse in operant-based therapeutic situations [17]. In
this model, rats can choose between the self-administered drug
and interaction with a social peer [17, 18]. When we used this
model in rats that had already met criteria for drug addiction in
other established models (the escalation model [19], the
intermittent-access binge model [20], or a DSM-IV-based model
[21, 22]), we found that immediate access to a conspecific
prevented their resumption of methamphetamine or heroin self-
administration [17, 18, 23]. We also found that when we induced
drug abstinence with our socially based procedure [24, 25], we
reduced subsequent incubation of heroin craving [23] and
prevented subsequent incubation of methamphetamine craving
[17]. Incubation of drug craving refers to the time-dependent
increase in drug seeking during abstinence [26]. The most salient
gap between our results and the clinical situation we were
modeling was that rats, unlike humans, chose social reinforcement
over drug reinforcement on almost all occasions (unless we
significantly delayed or punished the operant response for the
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social reinforcer). We discussed possible reasons for this, such as
differences in the concreteness or abstractness with which
humans (versus rats) evaluate the reward value of interacting
with peers [17].
In the present study, we first determined whether our prior

results with heroin and methamphetamine would generalize to
cocaine, under conditions that promote either (1) very high and
escalated continuous drug intake for 12 h per day or (2) multiple
binge episodes (24 five-min episodes per day over 12 h). For this
purpose, we used the escalation and intermittent-access drug self-
administration addiction models [19, 20, 27, 28]. Next, we used a
discrete trial drug-versus-nondrug choice procedure [17, 29–31] to
determine whether parametric manipulations of delay and
response requirements (effort) could uncover individual differ-
ences in social interaction versus cocaine choice.
Our results indicate that even after daily extended access to

cocaine that was twice as long as the daily access to methamphe-
tamine and heroin in our previous studies (6-h/day), operant social
reward prevented cocaine self-administration and incubation of
craving (in both male and female rats). In addition, parametric
manipulations sufficed to uncover the rats’ differing propensities to
resume cocaine seeking when the social reward was delayed or
more effortful. These individual differences might identify a subset
of rats comparable to the subset of people who do not respond well
to socially based treatments. Such rats might be a suitably stringent
testing ground for new pharmacological/biomedical treatments.

MATERIALS AND METHODS
For information on Materials and methods, see the Supplemental Online
Materials. Our procedures followed the guidelines outlined in the Guide
for the Care and Use of Laboratory Animals (8th edition; http://grants.
nih.gov/grants/olaw/Guide-for-the-Care-and-Use-of-Laboratory-Animals.
pdf). The study has been approved by the NIDA IRP Animal Care and Use
Committee.

Exp. 1: effect of social reward on cocaine self-administration
and incubation of cocaine craving
We tested whether social choice-induced abstinence would protect against
incubation of cocaine craving after a history of continuous (Exp. 1A) or
intermittent (Exp. 1B) access to cocaine self-administration. We used 2 cohorts
(Continuous, Intermittent) with two groups of rats each (11–12 males;11
females) in an experimental design that included the between-subjects
factors of Abstinence condition (Forced, Voluntary) and Sex (Male, Female).

Training. We first trained rats to self-administer palatable food (3 sessions,
2-h/session, 1 pellet). Next, we trained them to self-administer social
interaction (6 sessions, 60-trials/session, 60-s interaction). Next, we trained
them to self-administer cocaine (4 sessions, 2-h/session; 8 sessions, 12-h/
session; 0.75mg/kg/infusion).

Discrete choice tests. We determined social interaction versus cocaine
choice for 2 sessions during the training phase and then for 10 sessions
(over 14 days) during the voluntary abstinence phase.

Forced abstinence. After training, we returned the rats to their home cage
for 14 days and handled them twice/week.

Relapse test. We tested the forced and voluntary abstinence rats for
cocaine seeking under extinction conditions on abstinence days 1 and 15.
The duration of the test session was 30min on day 1 to minimize the
carryover effect of extinction learning, which may subsequently decrease
drug seeking on day 15 (180-min session) testing.

Exp. 2: effect of diminished value of social interaction on
social preference
The goal of Exp. 2 was to determine whether individual differences in the
choice of social interaction versus cocaine would emerge when we
parametrically manipulate the delay and response requirement (effort) to
obtain the social reward. Based on results from a recent study [32], we also

delayed access to both cocaine and social interaction. We used a male (n= 6)
and female (n= 5–6) rats from the voluntary abstinence group of Exp. 1B.
After the day 15 relapse test, we assessed baseline choice preference over
3 sessions.

Discrete choice sessions. We determined the rats’ social interaction versus
cocaine choice using two delay discounting manipulations (15 choice tests,
Exp. 2A—delays for both rewards; 14 choice tests, Exp. 2B—delays for
social reward only), and a response requirement (effort) manipulation of
increasing the fixed-ratio requirement (10 choice tests, Exp. 2C).

Statistical analysis
We used factorial ANOVA and t-tests using SPSS (IBM, version 27, GLM
procedure). When we obtained significant main effects and interaction
effects (p < 0.05, two-tailed), we followed them with post-hoc tests (Fisher
PLSD). Because our factorial ANOVA yielded multiple main and interaction
effects, we only report significant effects that are critical for data
interpretation. We indicate the results of the post-hoc analyses in the
figures but do not describe them in the “Results”. We indicate p < 0.001
and provide exact p values for results smaller than 0.05 and greater than
0.001. Supplementary Table S1 provides a complete report of the statistical
results for the data shown in the figures.
For the choice data, our outcome measure was preference score (number

of social rewards/[number of social rewards+ number of drug infusions]). We
provide our rationale for this outcome measure in the Supplemental Online
Section. We also provide, in Table S2, an alternative analysis in which Reward
Type (social interaction, cocaine) is treated as a predictor of the number of
rewards; the conclusions are the same.
To characterize individual differences across rats, we performed cluster

analysis of the choice data shown in Fig. 3 using R [33] with the packages
NbClust [34] and kml [35]. Because there are many procedures for
identifying the most relevant number of clusters in a data set, but no single
procedure is recognized as being superior, the approach taken by NbClust
is to obtain a consensus by applying multiple procedures for optimizing
the number of clusters.
No statistical methods were used to predetermine sample sizes, but our

sample sizes are similar to those reported in previous publications [17, 18, 23].

RESULTS
Effect of social reward on cocaine self-administration and
incubation of craving
The goal of Exp. 1 was to determine whether our prior findings
with methamphetamine—an inhibitory effect of operant social
interaction on extended access (6-h/day) continuous or inter-
mittent methamphetamine self-administration and incubation
of methamphetamine craving after social-choice-induced volun-
tary abstinence [17, 18]—would generalize to cocaine under
access conditions (12-h/day) that induce escalated cocaine
intake. The experiment (Fig. 1A) consisted of the following: (1)
self-administration training, (2) relapse tests 1 day after the last
self-administration session, (3) social choice-induced voluntary
abstinence or homecage forced abstinence, and (4) relapse test
after 15 abstinence days.

Continuous access cocaine self-administration (Exp. 1A)
Training and choice: During training for food self-administration,
food-sated male and female rats increased their food intake over
time, and no sex differences were observed (Fig. S1A). During
social self-administration, the rats increased their operant
response to gain access to a social peer over days and no sex
differences were observed (Fig. 1B). The statistical analysis showed
a significant effect of Session (F5,105= 26.6, p < 0.001) but not sex
or session × sex interaction (p values > 0.05). During training for
cocaine self-administration, the rats escalated their cocaine intake
over time and no sex differences were observed (Figs. 1B and
S2A). The statistical analysis showed a significant effect of the
session (F11,231= 133.0, p < 0.001) but not sex or session × sex
interaction (p values > 0.05). During the two choice sessions, the
statistical analysis of the preference score (number of social
rewards/[number of social rewards+ number of drug infusions])
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showed no significant effects of the session, sex, or interaction
(p values > 0.05). Figure 1C middle and right panels show average
and individual preference scores.

Abstinence phase: During the 14-day abstinence phase, the
male and female rats in the voluntary-abstinence groups showed
a robust preference for social interaction over cocaine, an effect
that was stronger in males than in females. The statistical analysis
of the preference score showed significant effects of the session
(F9,81= 4.28, p < 0.001) and sex (F1,9= 5.8, p= 0.04), but no
interaction (p > 0.05). Figure 1D middle and right panels show
average and individual preference scores.

Relapse tests: In both sexes, active-lever presses during the
tests were higher after 15 abstinence days than after 1 day in the
forced-abstinence group but not the voluntary-abstinence group
(Fig. 1E). These data demonstrate that social choice-induced
voluntary abstinence prevented incubation of cocaine craving.

The statistical analysis, which included the between-subjects
factors of abstinence condition (forced, voluntary) and sex (male,
female), and the within-subjects factor of abstinence day (1, 15)
and lever (active, inactive), showed a significant interaction
of abstinence condition × abstinence day × lever interaction
(F1,19= 6.2, p= 0.02) but no main effect of sex or interactions
with sex (p values > 0.05). We also analyzed the data from the
180-min relapse-test session on day 15 using the factors of
abstinence condition, sex, and lever (Fig. S3A). This analysis
showed a significant interaction between the abstinence
condition and Lever (F1,19= 6.2, p= 0.02), but no main effect
of sex or interactions with sex (p values > 0.05).

Intermittent access cocaine self-administration (Exp. 2A)
Training and choice: During training for food self-administration,
the rats increased their food intake over time, and no sex differences
were observed (Fig. S1B). During social self-administration, the rats
increased their lever presses to gain access to a social peer and no

Fig. 1 Social-choice-induced voluntary abstinence inhibits incubation of cocaine craving after continuous self-administration access.
A Timeline of the experiments. B Self-administration training (rewards: social interaction or cocaine infusion). The number of social rewards
(60 trials) or cocaine infusions (2 h–4 d; 12 h–12 d) in male (n= 12) and female (n= 11) rats. C Choice during training. Left panel: social rewards
and cocaine infusions earned during 2 discrete-choice sessions (15 trials per session). Middle panel: average of preference score (number of
social rewards/[number of social rewards+ number of drug infusions]). 0 indicates a preference for cocaine; 1 indicates a preference for social
reward. Right panel: individual data for male and female rats during the two choice sessions. D Voluntary abstinence. Left panel: Social rewards
and cocaine infusions earned during 10 discrete-choice sessions (15 trials per session). Middle panel: average of preference score. 0 indicates a
preference for cocaine; 1 indicates a preference for social reward. Right panel: individual data for male and female rats during the ten choice
sessions. E Incubation (relapse) test. Active-lever presses during the 30-min test sessions (including individual data) for the forced-abstinence
(left panel) and social-choice (right panel) groups. During testing, active-lever presses led to the contingent presentation of the discrete light
cue previously paired with cocaine infusions during training, but not cocaine (extinction conditions). *Different from test day 1, p < 0.05.
#Different from the social-choice voluntary-abstinence group on test day 15, p < 0.05. Forced-abstinence condition: 6 male/6 female rats;
social-choice abstinence condition: 6 male/5 female rats. Data are mean ± SEM. See also Figs. S1, S2, and S3.
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sex differences were observed (Fig. 2B). The statistical analysis
showed a significant main effect of the session (F5,100= 24.6, p <
0.001), but no effect of sex or session × sex interaction (p values >
0.05). During training for cocaine self-administration, the rats
escalated their cocaine intake over time and no sex differences
were observed (Figs. 2B and S2B). The statistical analysis showed a
significant effect of Session (F11,220= 79.7, p < 0.001) but no effect of
sex or session × sex interaction (p values > 0.05). In addition, the
statistical analysis showed that male and female rats increased their
response rate (infusions/min) within the 5min of drug availability
(Fig. S2C). During the two choice sessions, the statistical analysis of
the preference score showed no significant effects of the session,
sex, or interaction (p values > 0.05). Figure 2C middle and right
panels show average and individual preference scores.

Abstinence phase. During the 14-day abstinence phase, the rats
in the voluntary abstinence groups showed a strong preference
for social reward over cocaine. The statistical analysis of
the preference score showed a significant effect of Session

(F9,90= 3.3, p= 0.002) but no effect of sex or session × sex
interaction (p values > 0.05). Figure 2D middle and right panels
show average and individual preference scores.

Relapse tests. In both sexes, active-lever presses during the tests
were higher after 15 abstinence days than after 1 day in the forced
but not voluntary abstinence group (Fig. 2E). These data
demonstrate that social-choice-induced voluntary abstinence
prevented incubation of cocaine craving. The statistical analysis,
which included the between-subjects factors of abstinence
condition and sex, and the within-subjects factor of abstinence
day and Lever, showed a significant interaction of abstinence
condition × abstinence day × lever (F1,18= 6.75, p= 0.018) but no
main effects of sex or interactions with sex (p values > 0.05). We
also analyzed the data from the 180-min relapse-test session on
day 15, using the factors of abstinence condition, sex, and lever
(Fig. S3B). This analysis showed a significant interaction between
the abstinence condition and lever (F1,19= 6.24, p= 0.02) but no
main effect of sex or interactions with sex (p values > 0.05).

Fig. 2 Social-choice-induced voluntary abstinence inhibits incubation of cocaine craving after intermittent self-administration access.
A Timeline of the experiments. B Self-administration training (rewards: social interaction or cocaine infusion). The number of social rewards
(60 trials) or cocaine infusions (2 h–4 d; 12 h–12 d) in male (n= 11) and female (n= 11) rats. C Choice during training. Left panel: social rewards
and cocaine infusions earned during two discrete-choice sessions (15 trials per session). Middle panel: average of preference score (number of
social rewards/[number of social rewards+ number of drug infusions]). 0 indicates a preference for cocaine; 1 indicates a preference for social
reward. Right panel: individual data for male and female rats during the two choice sessions. D Voluntary abstinence. Left panel: Social rewards
and cocaine infusions earned during 10 discrete-choice sessions (15 trials per session). Middle panel: average of preference score. 0 indicates a
preference for cocaine; 1 indicates a preference for social reward. Right panel: individual data for male and female rats during the ten choice
sessions. E Incubation (relapse) test. Active-lever presses during the 30-min test sessions (including individual data) for the forced-abstinence
group (left panel) and social-choice group (right panel). During testing, active-lever presses led to the contingent presentation of the discrete
light cue previously paired with cocaine infusions during training, but not cocaine (extinction conditions). *Different from test day 1, p < 0.05.
#Different from the social-choice voluntary-abstinence group on test day 15, p < 0.05. Forced-abstinence condition: 5 male/5 female rats;
social-choice abstinence condition: 6 male/6 female rats. Data are mean ± SEM. See also Figs. S1, S2, and S3.
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Together, the results of Exp. 1 demonstrate that the protective
effect of social reward on drug self-administration and incubation
of drug craving generalized to cocaine. Additionally, we did not
observe sex differences in cocaine self-administration or incubation
of cocaine craving. However, the preference for social reward was
lower in the female rats than in the male rats after continuous-
access (but not intermittent-access) cocaine self-administration.

Effect of diminished value of social interaction on social
preference: the emergence of individual differences
The goal of Exp. 2 was to determine whether individual
differences in preference for social reward versus cocaine would
emerge by increasing the delay to obtain the social reward and
cocaine or the social reward alone, or by increasing the response
requirements or effort to obtain the social reward.

The discrete choice procedure with the delay of both rewards (Exp.
2A). During the 15 choice sessions (Fig. 3A), the preference for
social interaction decreased while the preference for cocaine
increased as delay for both rewards increased (Fig. 3B-I); this effect
was sex independent (Fig. 3B-II–V). The statistical analysis of the
preference score showed a significant effect of delay (F6,60= 17.0,
p < 0.001) but no effects of sex or interaction (p values > 0.05).
When we plotted the individual data (Fig. 3B-II—heatmap: dark
red= social preference; light white= cocaine preference), we
observed that some rats immediately decreased their social
preference after 10–20-s delays while others were more resistant,
changing their preference only after 40–50 s delays. To statistically
quantify these individual differences, we determined the relevant
number of K-means clusters [34, 35] for the choice data (Fig. 3B-III).
We found that the most relevant number of clusters (Fig. 3B-II) was
six, indicating heterogeneity in social interaction vs. cocaine
choice in our sample; some rats showed a sharp decrease in
preference for social interaction across delays, while others
showed a gradual decrease across delays, while others showed
a decrease only at the two longest delays (Fig. 3B-IV, V).

The discrete-choice procedure with the delay of social reward
(Exp. 2B). During the 14 choice sessions (Fig. 3A), the preference
for social interaction decreased while the preference for cocaine
increased as the delay for social reward increased (Fig. 3C-I); this
effect was sex independent (Fig. 3C-II–V). The statistical analysis of
the preference score showed a significant effect of delay (F6,54=
27.7, p < 0.001) but no effect of sex or interaction (p values > 0.05).
Although these findings were generally similar to the findings
from Exp. 2A, when we plotted the individual data (Fig. 3C-II),
we observed that rats were more resistant to changing their
preference when we delayed only the social reward relative to
when we simultaneously delayed both rewards. We also found
individual differences after a delay of social reward only (Fig. 3C-II);
the most relevant number of clusters (Fig. 3C-III) was three, with
one rat showing no change in preference for social interaction
over time, other rats showing a moderate decrease over time, and
other rats showing a steeper decrease over time (Fig. 3C-IV, V).

The discrete-choice procedure with increased response requirement
for social reward (Exp. 2C). During the ten choice sessions (Fig. 3A),
the preference for social reward decreased while the preference for
cocaine increased as the fixed-ratio requirements for social reward
increased (Fig. 3D-I); this effect was sex independent (Fig. 3D-II–V).
The statistical analysis of the preference score showed a significant
effect of fixed-ratio requirement (F4,36= 18.8, p < 0.001) but no effect
of sex or interactions (p values > 0.05). Of note, unlike the delay
manipulations, the effort manipulation caused a strong preference
shift toward cocaine; most rats preferred cocaine over social
interaction when the fixed-ratio requirement was increased to 16
(Fig. 3D-II). We found evidence for individual differences (Fig. 3D-II),
with the most relevant number of clusters (Fig. 3C-III) being three;

some rats showed only a slight decrease in preference for social
interaction, other rats showed a graded decrease as the response
requirement increased, and one rat showed a low preference at all
FR values higher than one (Fig. 3C-IV, V).
The results of Exp. 2 demonstrate that male and female rats who

strongly prefer immediate access to social interaction over
immediate cocaine infusions will significantly increase their cocaine
choice when the social reward is delayed or requires more effort.
Our data also extend a surprising recent observation from Canchy
et al. [32]. that delaying access to both cocaine and the alternative
nondrug reward increases preference for cocaine. Finally, the choice
data indicate that individual differences in propensity toward
cocaine seeking (at the expense of social interaction) can emerge
when the value of the social reward is diminished by delaying access
for social interaction or increasing the effort to obtain it.

DISCUSSION
We showed protective effects of social interaction in rat models of
cocaine addiction, along with individual differences in resistance
to the loss of that protection. Independent of the model we used
(escalation or intermittent access) to establish that the rats were
self-administering cocaine in an “addicted” way, we found that
their cocaine self-administration significantly decreased (and
subsequent incubation of cocaine craving was prevented) when
presses on a different lever were immediately reinforced with
social interaction. When access to the social peer was delayed or
required more effort, the rats showed individual differences in
their propensity to choose cocaine over social interaction. These
findings did not generally differ by sex.

Protective effect of social reward on cocaine self-
administration and incubation
The aspect of our findings that was nearly invariant across rats—that
immediate response-contingent operant social reward protected
against the continuation of cocaine self-administration—extends
results from our previous studies with methamphetamine and
heroin, where we found that this protection was independent of sex,
drug dose, housing conditions, or the “addiction” score in the animal
models we used [17, 23, 25]. In the present study, we trained the rats
under conditions that either promoted escalation to very high levels
of continuous cocaine intake or under conditions that promoted
multiple cocaine-binge episodes (24 five-min episodes/day) over 12
h per day. We chose these procedures to establish that the rats were
strongly motivated to take and seek cocaine [19, 20, 27, 28]. Yet
even these rats strongly preferred social interaction with a peer,
demonstrating the profound effect of immediate and low-effort
social reward on drug intake across drug classes and experimental
procedures.
Social reward also prevented the incubation of cocaine craving

(and this occurred in both male and female rats). Previous studies
have shown that incubation of cocaine craving is decreased by the
availability of alternative non-drug rewards, mostly in the form of
experimenter-imposed enriched environments and aerobic exer-
cise, during periods of forced abstinence [36–38]. The forced-
abstinence studies did not model the human scenario that was of
interest to us, in which lapses to drug use occur after a period of
self-imposed abstinence driven by the pending loss of alternative
non-drug rewards [24, 25]. Our current findings with incubation of
craving for cocaine are consistent with our prior findings with
methamphetamine [17, 18], but differ from our prior findings with
heroin, for which social-choice-induced voluntary abstinence was
only modestly protective against incubation of craving [23]. Any
comments on mechanism would be speculative, but one broad
implication is that social reward might be more protective against
lapses to psychostimulant use than against lapses to opioid use—
which would add to evidence that addiction can differ in
important ways across drug classes [39–41].
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Finally, as in our prior studies on voluntary abstinence with
heroin and methamphetamine [17, 42, 43], we did not observe sex
differences in cocaine self-administration, regardless of access
condition, nor did we observe sex differences in the incubation of

cocaine craving, regardless of abstinence condition (forced or
voluntary). This is in contrast with two studies reporting higher
incubation of cocaine craving after forced abstinence in female rats
with a history of either intermittent or continuous access [44, 45].

Fig. 3 Delay of social reward, or increased effort to obtain the social reward, increased cocaine preference, with considerable inter-
individual variability. A Timeline of the experiments. B Choice with delay for both rewards (social interaction and cocaine infusion). C Choice
with delay for social reward only. D Choice with increased fixed-ratio requirements. For each line: I: mean number of social rewards and
cocaine infusions earned during 15 discrete choice sessions (15 trials per session). Male (n= 6) and female (n= 5–6) data are collapsed. Data
are shown as the mean ± SEM of two consecutive sessions with the same delay time. Gradations of blue represent decreased preference for
social reward (dark blue= strong preference; light blue= no preference); gradations of orange represent increased preference for cocaine
reward (dark orange= strong preference; light orange= no preference). II: heatmap of individual social preference scores for male (M) and
female (F) rats. Light white indicates a preference for cocaine (score= 0) and dark red indicates a preference for social interaction (score= 1).
Colored boxes around the set of rows indicate the K-means clusters. III: Graphical depiction of the choice trajectories of K-mean clusters; each
cluster is represented by a specific color that is consistent across the heatmap and trajectory curves. Individual rats are represented by thin
lines, and the mean for each cluster is represented by same-color thick lines. IV: average of preference score. 0 indicates a preference for
cocaine; 1 indicates a preference for social reward. V: individual data for cocaine infusions earned during the discrete-choice sessions (15 trials
per session).
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Although comparisons across studies require caution, we suspect
that the difference lies in the training conditions. We initially trained
all rats, including the forced-abstinence group, for “self-administra-
tion” of a social peer. In contrast, Nicolas et al. [44]. and Kerstetter
et al. [45]. trained rats for cocaine self-administration only. Based on
previous reports showing the protective effect of social reward on
drug seeking and craving [36, 38, 46–48], the interaction with a
social peer during the social self-administration phase might have
decreased cocaine craving after forced abstinence in female rats.
In reconciling the differences between our results and those

of these previous studies, another important methodological
difference is that we did not measure the estrous cycle, which
plays a critical role in the incubation of cocaine craving after
forced abstinence with higher incubation during estrus vs. non-
estrus [43–45].

Individual differences in propensity to loss of the protective
effect of social interaction
A main finding in our study was that rats varied in their propensity
to resume cocaine self-administration when we either delayed the
social reward or increased the response requirement or effort to
obtain it. These results for the delay manipulation extend our prior
findings with methamphetamine [17, 25]. Possibly relevant to the
effect of delay is a recent suggestion that rats’ preference for food
reward over cocaine [29] is due to a pharmacokinetic lag in
cocaine’s rewarding effects in the brain relative to those of food
[32]. In support of this hypothesis, the same group of authors
showed that rats will choose cocaine over food if both rewards are
equally delayed in a delay-discounting procedure [49]. Our results
extend these findings to rewarding social interaction. We think it is
unlikely, however, that the inter-individual variability we saw was
attributable to individual differences in the pharmacokinetics of
cocaine. Even if it were, this would not explain the inter-individual
variability we saw when we increased the response requirement
for social reward, leaving the timing unchanged. However, the
interpretation of our choice data and their implications to
individual differences in cocaine versus social reward choice
should be made with caution because of the relatively low
number of rats used in Exp. 2 (6 males and 5–6 females).
Finally, our results extend those from previous studies showing

that the proximal presence of a social peer, when imposed
noncontingently by the experimenter, decreases cocaine self-
administration only modestly [50, 51]. The stronger protective
effect of operant “self-administration” of a peer was likely due in
part to our use of mutually exclusive choice procedure on each
trial. We think it is also likely that volitional social interaction is
inherently more rewarding than experimenter-imposed social
interaction. Support for this interpretation includes our previous
finding that socially isolated rats did not shift their preference
from social interaction to methamphetamine even after 6 days of
experimenter-imposed group housing with social peers [17].

The translational utility of social-based animal models
Like the literature we cited on social reinforcement-based
treatments for addiction in humans, our findings have both
heuristic and practical implications. Heuristically, they extend our
initially unexpected finding that rats meeting criteria for addiction
will nonetheless reliably “self-administer” social reinforcement via
peer interaction in preference to the drug [17]. As we have
previously discussed [17], the near-universality of this preference
in rats (when it is not universal in humans) may be understood in
terms of a distinction made by social scientists between hedonic
and eudaimonic well-being [52]. Hedonic well-being is pleasure as
conventionally understood, and it can potentially be derived from
almost any peer interaction (in rats or humans). Eudaimonic well-
being is a sense of meaning; it derives from living in accordance
with one’s values and fulfilling one’s potential—which, for most
people, probably requires a feeling of social belongingness [53].

Not every peer interaction can provide that feeling; some might
detract from it [54]. This is probably a cross-species gap in the way
social reinforcement is experienced, such that interventions
specifically intended to increase eudaimonic well-being in humans
[55, 56] will not be testable in laboratory animals. But there may
be cross-species homology in the traits underlying proneness to
forgo social reward (whether hedonic or eudaimonic) in favor of
drug reward. This is where our findings of individual differences
may have practical implications. The two-part test of those
implications will be to find interventions (e.g., medications) that
prevent rats from choosing a drug over delayed social reward or
with more effort to obtain it, and then to test those interventions
in humans who do not respond to social reinforcement-based
treatments (or treatments aimed at eudaimonic well-being) for
drug addiction.

CONCLUDING REMARKS
We showed that immediate social reward prevents cocaine self-
administration and relapse in rat addiction models, while delaying or
increasing the effort to obtain the social reward reveals individual
differences in preference for cocaine, potentially modeling the
variability in the effectiveness of social-reinforcement-based beha-
vioral treatments for drug-use disorders in humans. From a
translational perspective, the subset of rats who are more prone
to resume drug self-administration when social interaction is
delayed or requires more effort could be the ideal testing ground
for new biomedical treatments.
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