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Distinct Mu, Delta, and Kappa Opioid Receptor Mechanisms
Underlie Low Sociability and Depressive-Like Behaviors

During Heroin Abstinence
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Addiction is a chronic disorder involving recurring intoxication, withdrawal, and craving episodes. Escaping this vicious cycle requires
maintenance of abstinence for extended periods of time and is a true challenge for addicted individuals. The emergence of depressive
symptoms, including social withdrawal, is considered a main cause for relapse, but underlying mechanisms are poorly understood. Here
we establish a mouse model of protracted abstinence to heroin, a major abused opiate, where both emotional and working memory
deficits unfold. We show that delta and kappa opioid receptor (DOR and KOR, respectively) knockout mice develop either stronger or
reduced emotional disruption during heroin abstinence, establishing DOR and KOR activities as protective and vulnerability factors,
respectively, that regulate the severity of abstinence. Further, we found that chronic treatment with the antidepressant drug fluoxetine
prevents emergence of low sociability, with no impact on the working memory deficit, implicating serotonergic mechanisms
predominantly in emotional aspects of abstinence symptoms. Finally, targeting the main serotonergic brain structure, we show that gene
knockout of mu opioid receptors (MORs) in the dorsal raphe nucleus (DRN) before heroin exposure abolishes the development of
social withdrawal. This is the first result demonstrating that intermittent chronic MOR activation at the level of DRN represents an
essential mechanism contributing to low sociability during protracted heroin abstinence. Altogether, our findings reveal crucial and distinct
roles for all three opioid receptors in the development of emotional alterations that follow a history of heroin exposure and open the

INTRODUCTION

Drug abuse is a chronic brain disorder with devastating
consequences for individuals and their social environment.
Natural history of the disease typically consists in a vicious
cycle. Positive subjective effects are experienced during drug
intoxication, which are followed by emotional and physical
signs of withdrawal when the drug is no longer available. These
in turn feed into a ‘preoccupation’ stage, where drug craving
induces drug-seeking behavior and precipitates relapse.
Escaping this vicious cycle requires that prolonged abstinence
be maintained, possibly throughout life. In humans, it is well
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known that drug craving progressively increases over the
several first weeks of abstinence and remains high for extended
periods of time (Koob and Volkow, 2010).

Several causes contribute to interrupt drug abstinence.
External factors, such as life stress events and drug-
associated contexts (Koob and Volkow, 2010), are well-
studied determinants for relapse. Another key factor, which
is less understood, is the alteration of emotional homeostasis
during the course of the disease. Abstinence, notably from
opiate addiction, is characterized by symptoms reminiscent
of anxiety and depression, including lowered mood and
anhedonia (Grella et al, 2009). Further, in addicted
individuals, the development of depressive symptoms is
associated with more severe clinical courses and lower social
competence (Bakken et al, 2007). Antidepressant therapy has
been used in this context, although with limited success
(Nunes et al, 2004). Therefore, understanding long-term
emotional consequences of drug abuse has major implica-
tions for the management of opiate addicts.

Several animal studies have modeled prolonged with-
drawal from opiates. Data have shown decreased motivation
for natural reinforcers (Zhang et al, 2007), persistent
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preference for drug-associated cues (Aston-Jones and
Harris, 2004; Sakoori and Murphy, 2005), and relapse
tendencies up to 1 year (Wikler and Pescor, 1970). In
studies of emotional responses, opioid withdrawal was char-
acterized by increased vulnerability to stress (Blatchford
et al, 2005), increased defensive behavior (Harris and
Aston-Jones, 1993, 2001), and depressive-like behaviors that
could be detected up to a few weeks following drug dis-
continuation in rat (Anraku et al, 2001; Grasing and Ghosh,
1998) or mice (Hodgson et al, 2009; Jia et al, 2013). We
recently developed a model of morphine abstinence
(Goeldner et al, 2011; Lutz et al, 2011; Lutz et al, 2013b).
In this model, a 1-week intermittent chronic morphine
regimen, followed by a 4-week abstinence period (no
treatment), leads to the gradual emergence of social
avoidance and despair-like behavior, as well as dynamic
adaptations within serotonergic (5-HT) circuits, including
alteration of 5-HT bio-synthesis and 5-HT receptor-
dependent feedbacks (5-HT;, receptor).

Here we build on these initial studies and investigate
protracted abstinence from heroin, the diacetylated mor-
phine derivative. Due to specific pharmacokinetic and
pharmacodynamic properties, heroin reaches brain sites
faster than morphine and is metabolized into 6-monoace-
tylmorphine and morphine (Andersen et al, 2009), which
both activate mu opioid receptors (MORs) as their primary
target. Heroin therefore shows stronger euphoric effects and
addiction liability than morphine and represents the most
abused opiate worldwide. We first characterize the time
course of emotional and spatial working memory deficits
that develop along 7 weeks of heroin abstinence in mice. We
then demonstrate that delta and kappa opioid receptors
(DORs and KORs, respectively), which are distinct players in
addiction and mood control (Bruchas et al, 2010; Hyman
et al, 2006; Knoll and Carlezon, 2010; Lutz and Kieffer,
2013a), bi-directionally influence the development of emo-
tional deficits in heroin abstinence. We further show that
chronic fluoxetine (5-HT reuptake inhibitor) treatment
prevents the emergence of low sociability in heroin-
abstinent animals, directly implicating 5-HT systems. We
finally focus on the dorsal raphe nucleus (DRN), the main
serotonergic brain nucleus, and show that DRN-targeted
gene knockout (KO) of the MOR prevents the development
of social withdrawal in heroin-abstinent animals. This is the
first demonstration of an essential role of DRN MORs in
long-term consequences of heroin exposure on social
behaviors.

MATERIALS AND METHODS

See also Supplementary Material.

Animals

Adult male mice (20-35g) were used in all the experiments.
C57BL/6JCrl mice were obtained from Charles Rivers
Laboratories. Genetically modified mice were bred on a
50-50% C57BL/6]J-129SvPas background as described pre-
viously: DOR KO, KOR KO mice, and their wild-type (WT)
littermates (Filliol et al, 2000); as well as knock-in mice with
a ‘floxed MOR gene (MORY (Weibel et al, 2013)). All
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procedures followed ethical guidelines (EU 86/609/EEC and
IGBMC ethical comity). All mice used were 10-week old at
the beginning of chronic heroin exposure.

Morphine and Heroin Treatments

Morphine was administered twice daily (0800 and 1800
hours) with escalating doses (20, 40, 60, 80, 100 mg/kg for
5 days, followed by a single 100 mg/kg injection on day 6)
or saline solution as a control. The heroin regimen
was identical, except that doses were divided by two
(10-50 mg/kg, see Results). Housing cages contained only
saline-treated or only opiate-treated mice.

Fluoxetine Treatment

The 10 mg/kg fluoxetine dose was chosen based on pilot
studies and our previous work (Goeldner et al, 2011).
Briefly, the amount of fluoxetine (Sigma-Aldrich, Lyon,
France) supplemented to regular chow was based upon
initial body weight of animals and daily average food intake.
For example, a 30-g mouse consuming 4 g/day (dry weight)
of chow supplemented with 0.3 mg fluoxetine received an
approximate 10 mg/kg/24h dose.

Behavioral Testing

See http://www.ics-mci.fr/service_neurobiology_behaviour_
tests.html for additional information on our phenotyping
facility and procedures. Following repeated heroin injections,
mice were maintained drug free. Emotional-like responses
were investigated 1, 4, or 7 weeks later in the following order:
open-field, social interactions (SIs), tail suspension, forced
swim (FS), Y-maze (YM), and sucrose preference.

SI.  Pairs of unfamiliar mice, from different home cages
but of similar treatment condition and weight, were placed
simultaneously for 10 min in the open-field arena, indirectly
lit at 50 lux. Our previous work indicates that both previous
habituation to the arena and dim lighting favor SIs in poorly
anxiogenic conditions (Goeldner et al, 2011). Using an
ethological keyboard, we measured the number of occur-
rences and the total duration of SI behaviors (sniffing,
following, and pawing contact), as well as of the individual
grooming behavior.

FS. Mice were placed for 6min into a glass cylinder
(height, 27 cm; diameter, 18 cm) filled with 3.5 liters of water
(23+1°C), and immobility time was recorded during the
last 4 min (Goeldner et al, 2010) by direct observation using
an ethological keyboard. Latency to the first immobilization
was also noted.

Y-maze (YM). Mice were individually placed in a
Y-shaped apparatus consisting of three arms (placed at
120° from each other, 40 x 9 x 16 cm) and allowed to move
freely (continuous procedure) for 5min under moderate
lighting conditions (100lux in the center-most region).
Specific motifs were placed on the walls of each arm, thus
allowing visual discrimination, and extra-maze cues of the
room were also visible from the maze. An arm entry was
counted when the mouse had all four paws inside the arm.
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The sequence of successive entries into the three arms was
scored for each mouse, and the YM performance, ie, the
percentage of spontaneous alternation performance, was
defined as the ratio of actual alternations to possible
alternations ((total arm entries — 2) x 100, see (Mandillo
et al, 2008; Wall et al, 2003)).

Sucrose preference. Sessions were conducted overnight
(1800-0800 hours). On the first day of the experiment, mice
were habituated to single housing in small cages with
constant access to two drinking bottles, both containing
water. On following days, one (Schlosburg et al, 2013) of the
drinking bottles was randomly exchanged with a bottle
containing sucrose solution. Based on our preliminary
experiments and considering that genetic background
strongly influences sucrose preference measures (Pothion
et al, 2004), we used the following sucrose concentrations:
0.8% for 100% C57BL/6JCrl mice; and 2.5 and 3.5% for
50-50% C57Bl6]J-129SvPas mice. Animals were presented
with each sucrose solution for 2 days. Bottles were
counterbalanced on the left and the right sides of the
feeding compartment and alternated in position from day to
day. Mice were grouped back in their home cages between
overnight daily sessions. All bottles were weighed before
and after each session to measure water and sucrose intakes
for each individual mouse. Sucrose preference was calcu-
lated as: preference = (sucrose solution intake (ml)/total
fluid intake (ml)) x 100.

Production of Viral Vectors

As described previously (Del Boca et al, 2012), recombinant
adeno-associated viruses serotype 2 (AAV) were produced
using the AAV helper-free system (Agilent) and plasmids
encoding the reporter enhanced green fluorescent protein
(eGFP) or the Cre recombinase-eGFP fusion protein (Cre),
driven by a CMV promoter. AAV titers were determined by
quantitative PCR (qPCR) and adjusted to 3 x 10" viral
genome/ml.

DRN Stereotaxy

MOR™ mice received stereotactic infusions in the DRN
(1.5 ul/15 min) (AP, — 0.3 mm from lambda; ML, 0.0 mm; DV,
+3.55) of AAV expressing either (i) the Cre fusion protein
(AAV-Cre) or (ii) the eGFP only as a control (AAV-eGFP).

Agonist-Stimulated [**S]-GTPyS Binding

MOR coupling to G-proteins was measured for each mouse
individually using [*°S]-GTPyS binding assay on brain
homogenates upon stimulation with increasing concentra-
tions of its specific agonist DAMGO, as described previously
(Weibel et al, 2013).

Statistical Analysis

All data are expressed as mean + SEM. Statistical analysis
was performed using analysis of variance (ANOVA) with
between-subjects (heroin treatment, fluoxetine pellets, or
genotypes) and within-subjects (sucrose concentration)
factors, in accordance with the experimental design. As
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the effect of the duration of abstinence was analyzed across
independent animal cohorts, this factor was treated as a
between-subject factor. In case of significant interaction,
multiple group comparisons were performed using Bonfer-
roni’s post-hoc analysis. Statistical significance was defined
as p<<0.05.

RESULTS

Protracted Heroin Abstinence Produces Long-Lasting
Social, Depressive-Like, and Spatial Working Memory
Deficits in Mice

The severity of physical dependence, as measured by acute
naloxone-precipitated withdrawal, is a classical measure of
chronic opiate effects. Therefore, to translate our morphine
abstinence model to heroin, we first established a chronic
intermittent heroin administration protocol that would
induce physical dependence similar to our previous
morphine protocol (Goeldner et al, 2011). Based on pre-
vious reports (Kest et al, 2002; Klein et al, 2008), we selected
heroin doses divided by a factor of two (10-50 mg/kg)
compared with morphine doses in our previous study
(20-100 mg/kg). Although the signs of withdrawal qualita-
tively differed (Supplementary Table S1), the global scores
for acute naloxone-precipitated withdrawal were compar-
able across the two regimens (Supplementary Figure SI).
We therefore applied intermittent administration of escalat-
ing 10-50 mg/kg heroin doses throughout the study.

In all the subsequent experimental series, we used
separate animal cohorts to (i) measure naloxone-precipi-
tated withdrawal at the end of heroin exposure, in order to
verify and quantify the extent of physical dependence, and
(ii) analyze emotional-like responses and spatial working
memory during protracted abstinence in animals that
experienced spontaneous withdrawal from the chronic
heroin treatment (ie, in the absence of naloxone injection).

We then investigated the kinetics of emotional-related
behavioral modifications upon 1, 4, or 7 weeks of
spontaneous withdrawal (see time-line in Figure la). This
included assessing anxiety-like and depressive-like beha-
viors, as well as SIs. First, we found that heroin preexposure
had no effect on anxiety-like behaviors in the open-field test
and only led to slightly increased locomotor activity
(Supplementary Figure S2). In the SI test, two-way ANOVA
showed that total social exploration time (Figure 1b) was
decreased by heroin preexposure (F(1,64) =44.1; p<0.001),
but not by the duration of abstinence (F(2,64)=1.7;
p=0.20), with a significant interaction between the two
factors (F(2,64) =6.4; p=0.003). Post-hoc analysis revealed
that heroin-pretreated pairs of mice interacted significantly
less than saline-pretreated controls after 4 weeks (p <0.001)
and 7 weeks (p<0.001), but not after 1 week (p=1.0), of
abstinence. In addition, within heroin-pretreated groups, SI
time was decreased in 4-week heroin-abstinent mice
compared with the 1-week time point (p = 0.026).

During the social encounter, individual self-grooming
(Figure 1c) was also modified by heroin treat-
ment (F(1,64) =59.0; p<0.001) and abstinence duration
(F(2,64) =24.0; p<0.001), with a significant interaction
(F(2,64) = 16.1; p<0.001). Post-hoc analysis again indicated
that grooming was significantly increased in heroin-treated
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Social, depressive-like, and spatial working memory deficits develop during the 7 weeks of heroin abstinence. (a) Experimental procedure.

Independent animal cohorts were used to assess each time point during heroin abstinence. Following repeated opiate injections, mice were maintained drug
free for |, 4, or 7 weeks. Then, emotional-like responses were evaluated using classical paradigms performed every other day, as previously described (Goeldner
et al, 201 1; Lutz et al, 2013b). Mice body weights were measured as indices of global opiate effects during chronic injections and abstinence (Supplementary
Figure S4). In the social interaction test (SI; n= 12 pairs of mice/treatment group/abstinence duration), during heroin abstinence, social avoidance progressively
emerged, with decreased duration of social behaviors (b) and increased grooming (c). Stimulus mice for social interactions tests were used only once. Increased
despair-like behavior was also detected following a 7-week abstinence period in the forced swim test (FS; n =24 mice/treatment group/abstinence duration),
with both increased immobility (d) and decreased latency to first immobilization (e). In the sucrose-preference test (n= 24 mice/treatment group/abstinence
duration), there was no effect of heroin abstinence on hedonic tone (f). Finally, abstinent mice showed decreased working memory performance in the Y-maze
(YM; n = 24 mice/treatment group/abstinence duration) task (g). Values are mean = SEM. " p <0.05, ANOVA main effect of heroin; *p <0.001, post-hoc effects
of heroin for each abstinence duration (see text for other post-hoc comparisons and also Supplementary Figure S2).

pairs compared with saline controls after 4- (p<0.001) and
7- (p<0.001), but not 1-week (p=1.0), abstinence periods.
In addition, grooming was significantly increased in
4- (p<0.001) and 7-week (p<0.001) heroin-abstinent
groups compared with the 1-week heroin-abstinent group.
Therefore, disruption of SIs appears after 4 weeks of heroin

abstinence, as for morphine in our previous study. Further,
data indicate that this behavioral modification persists for
at least 3 additional weeks.

Second, we evaluated despair-like behaviors in both tail
suspension (TS) and FS tests. In contrast with our morphine
study, heroin treatment had no effect in the TS

Neuropsychopharmacology
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Figure 2 During heroin abstinence, delta opioid receptor (DOR) activity prevents the emergence of anhedonia-like symptom, and kappa opioid receptor
(KOR) activity mediates the development of social withdrawal. Heroin physical dependence (a and c) and emotional consequences of 4-week abstinence
(b and d) were studied in DOR knockout (KO) mice and in their wild-type (WT) littermates (a and b), as well as in KOR knockout (KO) mice and in their
wild-type (WT) littermates (c and d). Naloxone-precipitated withdrawal, as a measure of physical dependence achieved at the end of opiate exposure, and
the analysis of emotional-like behaviors during protracted abstinence, after spontaneous heroin withdrawal had occurred (no naloxone), were performed in
separate animal cohorts. In DOR KO mice, (a) acute heroin withdrawal (n=8-10 mice/treatment group/genotype) and (b, left panel) social avoidance
following a 4-week abstinence period (n= 14-15 mice/treatment group/genotype) are comparable to levels in WT controls. In contrast, (b, right panel)
decreased sucrose preference specifically developed in DOR KO but not in WT mice during heroin abstinence (n= 14-15 mice/treatment group/
genotype). In KOR KO mice, (c) physical dependence to heroin is slightly decreased (n=8-10 mice/treatment group/genotype), and (d, left panel) social
avoidance is fully prevented (n = |6—18 mice/treatment group/genotype). No modification of sucrose preference (d, right panel) is observed for KOR KO
mice under our experimental conditions (n = |68 mice/treatment group/genotype). Values are mean + SEM. *p <0.001, ANOVA main effects of heroin;
#p<0.01, post-hoc comparisons between the saline and heroin groups; #p < 0.05, post-hoc comparisons between the saline and heroin groups within each

genotype.

(Supplementary Figure S3a and b). In the FS, however,
heroin significantly modified the duration of immobility
(Figure 1d; F(1,135)=8.5; p=0.004). The abstinence
duration had no effect on this parameter (F(2,135)=2.0;
p=0.14), but there was a significant interaction
(F(2,135) =3.4; p=0.038). Immobility was increased in
heroin-abstinent mice after 7 weeks only (p =0.006), but
not after 1 week (p=1.0) or 4 weeks (p =1.0) of abstinence.
In saline-treated mice, duration of immobility was not
modified in 7-week mice compared with 1- (p =0.07) and
4-week (p =0.08) groups. For the latency to first immobi-
lization in the FS (Figure le), there was a significant effect
of heroin treatment (F(1,135)=5.4; p=0.021) and of
abstinence duration (F(2,135)=10.2; p<0.001), but no
interaction (F(2,135) = 1.1; p = 0.33). Despair-like behaviors
therefore develop during heroin abstinence but are only
significantly detected at the 7-week time point. To further
assess depression-related behaviors, we measured hedonic
responses in abstinent mice, using the sucrose preference
test (Figure 1f). We found no effect of heroin treatment
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(F(1,130) =0.16; p =0.69) or abstinence duration (F(2,130)
=1.6; p=0.21) and no interaction (F(2,130)=0.36;
p=0.70).

Considering that addicted patients frequently show
cognitive deficits, even when abstinent (Ornstein et al,
2000; Rapeli et al, 2006), we finally examined abstinent mice
in the YM task (Figure 1g). ANOVA revealed an effect of
heroin abstinence for percentage of spontaneous alterna-
tions (F(1,135) =19.2; p=0<0.001), an index of spatial
working memory. The abstinence duration had no effect
(F(2,135) =0.07; p=0.93), but there was an interaction
between these two factors (F(2,135) =4.2; p=0.017). As for
sociability, post-hoc analysis showed that the working
memory deficit was not detectable after 1 week (p=1.0)
but emerged after 4 weeks (p =0.013) and persisted for at
least 3 weeks (p = 0.002). In this heroin model therefore, we
detect a spatial working memory deficit, representing yet
another aspect of protracted abstinence relevant to the
human condition that we did not explore in our previous
morphine study. Additional behavioral paradigms will be



required to fully characterize the spectrum of cognitive
deficits associated with opiate addiction (Ornstein et al,
2000) that may be addressed in our mouse model.

Delta and Kappa Opioid Receptors Bi-Directionally
Regulate Social Behaviors and Hedonic Tone During
Protracted Heroin Abstinence

Next, we explored contributions of DOR and KOR in heroin
abstinence. These two receptors are not direct molecular
targets for heroin but strongly regulate endogenous opioid
physiology and contribute, yet very differently, to addictive
behaviors and mood disorders. Antidepressant-like DOR
and prodepressant-like KOR activities are now well
established (Lutz and Kieffer, 2013a) but have not been
examined in the context of heroin abstinence.

Naive DOR KO mice show increased emotional vulner-
ability (Lutz and Kieffer, 2013a). We therefore tested the
hypothesis that mutant mice would show enhanced mood
deficits after prolonged heroin abstinence. In the first group
of mice, we measured precipitated withdrawal after heroin
chronic treatment (Figure 2a and Supplementary Table S2).
Heroin had a strong effect (F(1,33) =42.4; p<0.001), but
there was no effect of genotype (F(1,33) =1.8; p=10.19) and
no interaction (F(1,33)=1.6; p=0.22), indicating that
physical dependence develops normally in DOR KO mice.
In the second cohort of animals, we measured social
behavior after a 4-week abstinence period. Social interac-
tions (Figure 2b, left panel) were decreased by heroin
(F(1,54) =20.8; p<0.001), regardless of the genotype
(F(1,54) =2.0; p=0.17), therefore no enhancement of social
deficits could be detected in mutant mice, at least under our
experimental conditions. We also measured hedonic
responses in abstinent mice, using the sucrose preference
test (Figure 2b, right panel). Interestingly, we detected
a significant interaction between genotype and heroin
treatment (F(1,55) =4.6; p=0.036), as well as an effect
of genotype (F(1,55)=38.5; p=0.005), in addition to the
expected effect of sucrose concentration (F(1,55)=6.6;
p=0.013)). At the 2.5% concentration, within-group
comparisons showed a significant effect of heroin in DOR
KO (p=0.036) but not in WT mice (2.5%, p=1.0).
Importantly, there was no significant difference between
WT-saline and DOR KO-saline mice at any of the two
concentrations (2.5%, p=1.0; 3.5%, p=1.0), suggesting
that the main effect of genotype is fully explained by its
interaction with heroin treatment. Together, data indicate
that DOR KO mice develop a more severe heroin abstinence
syndrome, as social impairment is accompanied by
anhedonia-like symptom. In conclusion, DOR activity does
not significantly contribute to physical signs of heroin
dependence but controls hedonic tone in heroin abstinence.

Contrasting with DOR KO mice, naive KOR KO mice
show no mood phenotype under basal conditions but
display attenuated responses to several stressors (Lutz and
Kieffer, 2013a). We therefore tested the hypothesis that KOR
KO mice would be resistant to mood alterations
after protracted heroin abstinence. In the first cohort, we
found a significant genotype effect (F(1,30) =6.8; p =0.014)
on physical withdrawal signs (Figure 2c and Supplementary
Table S3), in addition to a strong heroin effect (F(1,30) =
74.9; p<0.001) and a significant interaction (F(1,30) =7.2;
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p=0.011). Post-hoc comparisons indicated that physical
dependence is decreased in heroin-pretreated KOR KO mice
compared with heroin-pretreated WT mice (p=0.004),
consistent with previous results for morphine (Simonin
et al, 2006). Heroin abstinence was then studied in the
second cohort. In the SI test (Figure 2d, left panel), there
was a significant interaction between factors (F(1,65) =18.1;
p<0.001), with an effect of treatment (F(1,65)=11.0;
p=0.002) but not genotype (F(1,65)=1.6; p=0.21). Post-
hoc analysis revealed that heroin abstinence significantly
decreased SIs in WT mice (p<0.001), and this effect was
absent in KOR KO (p=1.0). In the sucrose preference test
(Figure 2d, right panel), sucrose concentration strongly
influenced sucrose preference (F(1,54)=23.3; p<0.001),
but there was no effect of genotype (F(1,66) =2.7; p=0.10)
or heroin treatment (F(1,66) =0.16; p=0.69) and no inter-
action (F(1,66) =0.01; p=0.92), suggesting that sucrose
preference did not differ between mutant and control
animals. Thus KOR KO mice show reduced physical
dependence to heroin and blunted abstinence-associated
social deficits. We conclude that tonic KOR activity
enhances acute withdrawal and is necessary to the develop-
ment of SI deficits after protracted heroin abstinence.

Chronic Fluoxetine Prevents the Development of Social
but not Spatial Working Memory Deficits in Heroin
Abstinence

To test whether enhancing 5-HT function would prevent the
development of social or working memory deficits, we
examined consequences of a chronic antidepressant treat-
ment during the 4-week abstinence period. We used
fluoxetine, a prototypal SSRI, at a low dose (=10 mg/kg/
day, per os) that has no effect per se in saline-treated,
control animals (Figure 3 and Supplementary Figure S6). In
the SI test, heroin (F(1,27)=6.2; p=0.02), but not
fluoxetine (F(1,27)=2.5; p=0.12), significantly modified
social behaviors (Figure 3a). Importantly, there was an
interaction between treatments (F(1,27)=4.9; p=0.035).
Consistent with our kinetic experiments, heroin-pretreated
mice pairs fed regular chow (heroin-control food) spent
significantly less time interacting than saline controls
(saline-control food; p=0.018). Chronic fluoxetine admin-
istration fully prevented this heroin-induced deficit, as
interaction times between heroin-fluoxetine pairs and
saline-fluoxetine pairs were not significantly different
(p=1.0). During the social encounter, individual self-
grooming (Figure 3b) was also modified by heroin
(F(1,27) =4.8; p=0.038) and fluoxetine (F(1,27)=28.2;
p=0.008), with a significant interaction (F(1,27)=4.5;
p =0.042). Inter-group comparisons indicated that heroin-
induced increase in grooming in control food mice
(p=0.034) was absent in fluoxetine-fed mice (p=1.0,
heroin-fluoxetine compared with saline-fluoxetine food
pairs). Therefore, both decreased SIs and increased groom-
ing observed in heroin-abstinent mice were prevented by
chronic fluoxetine treatment.

In the YM (Figure 3c), while heroin still decreased sponta-
neous alternation (F(1,56) =17.7; p<0.001), there was no
beneficial effect of fluoxetine (1,56) =1.4; p=0.24), and
there was no interaction between factors (F(1,56) = 0.44;
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Figure 3 Chronic antidepressant treatment prevents the development of social avoidance in heroin-abstinent mice. Following chronic saline or heroin
injections, mice were fed fluoxetine-supplemented pellets (& 10 mg/kg/24 h) for 4 weeks, or nature pellets as controls, as previously described (Goeldner
et al, 2011). In the social interaction (SI) test (n=7-8 pairs of mice/treatment group/food type), chronic treatment with fluoxetine prevented protracted
heroin effects on (a) social and (b) individual behaviors. In contrast (c), fluoxetine did not prevent the effect of abstinence on working memory (n= 15—16
mice/treatment group/food type). Values are mean  SEM. + p <0.001, ANOVA main effect of heroin; *» <0.01, post-hoc effects of heroin in control food

mice; #p<0.05, post-hoc effects of fluoxetine in the heroin-treated groups.

p=0.51). Thus, 5-HT potentiation is ineffective on this
aspect of the abstinence syndrome.

MOR Conditional Knockout (MOR cKO) in the DRN
Prevents the Development of Social but not Spatial
Working Memory Deficits in Heroin Abstinence

Fluoxetine mainly targets DRN 5-HT neurons. MOR is the
main molecular target for 6-monoacetylmorphine and
morphine, the two major active heroin metabolites in
rodents (Andersen et al, 2009). Although this receptor is
largely distributed throughout the nervous system, there is
evidence that MORs expressed at the level of the DRN
control firing rates of 5-HT neurons (Tao and Auerbach,
2002, 2005). We therefore tested the contribution of this
particular MOR population to the development of emo-
tional deficits in heroin abstinence.

To this aim, we produced cKO animals, which lack MORs
specifically in the DRN (Figures 4 and 5), via injection of
AAV-Cre in mice harboring a floxed MOR gene (MOR™,

Neuropsychopharmacology

First, we optimized stereotactic procedures so as to target
the DRN while sparing adjacent regions (Figure 4b). We
then infused either AAV-eGFP (MORY, control group) or
AAV-Cre (MOR cKO group) and measured MOR signaling
activity 4 weeks after surgery. In micro-dissected DRN
homogenates (Figure 4c), [*>S]-GTPyS binding increased
with agonist concentration (F(2,56) =244.3; p<0.001) in
control mice. This response was significantly lower in AAV-
Cre-treated animals F(1,56) =19.4; p<0.001), correspond-
ing to a 40% reduction in E,,, (MOR™™ 209.4 + 5.9%; MOR-
cKO 165.5£8.4%). Post-hoc comparisons confirmed that
[*S]-GTPyS binding was decreased at all the three agonist
concentrations used (p <0.01). The genetic inactivation was
restricted to DRN, as [*°S]-GTPyS binding was unchanged
in nearby structures, including the periaqueductal gray
(Figure 4d; (F(1,56) =0.001; p=0.98)) and median raphe
nucleus (Figure 4e; (F(1,56) =0.72; p=0.40)). A variety of
experimental factors (notably the precision of DRN stereo-
taxy and micro-dissections), however, contribute to varia-
bility in the measure of MOR cKO efficacy. In subsequent
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experiments, therefore, the eGFP expression pattern was
analyzed for each individual animal at the end of behavioral

ANOVA analysis of naloxone-precipitated withdrawal
scores (Figure 5a and Supplementary Table S4) showed

testing, and animals with mis-targeted or inefficient viral
expression were excluded from the analyses.

We examined the first cohort of AAV-eGFP- and AAV-
Cre-treated mice for physical dependence to heroin.

the expected strong effect of heroin (F(1,21)=50.4;
p<0.001). There was no effect of genotype (F(1,21) =0.2;
p=0.67) and no interaction (F(1,21)=0.01; p=0.91),
indicating that MORs expressed by DRN neurons do not
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contribute to physical signs of acute heroin withdrawal.
This is consistent with a previous report on conserved
morphine physical dependence in mice lacking ascending
serotonergic pathways (Zhao et al, 2007).

We then examined sociability in the second cohort.
ANOVA indicated that the duration of social behaviors
(Figure 5b) was significantly affected by heroin (F(1,38)
=16.1; p<0.001)), with no effect of viral injection (F(1,38)
=1.19; p=0.28), but a significant interaction between
factors (F(1,38) =4.9; p=0.032). Post-hoc analysis showed
that heroin significantly decreased social behaviors in
MORYH (saline VS heroin mice, p<0.001) but not in
MOR cKO mice (saline VS heroin mice, p=1.0). Finally,
individual grooming behavior (Figure 5¢) was increased by
heroin abstinence (F(1,38) =13.8; p<0.001), and decreased
by AAV-Cre infusion (F(1,38) =4.8; p=0.04), with a trend
toward an interaction between the two factors
(F(1,38) =3.4; p=0.072). In contrast to control animals,
therefore MOR ¢KO mice do not develop social deficits,
demonstrating that activation of MOR at the level of the
DRN is necessary for the emergence of social avoidance
during heroin abstinence.

In the YM (Figure 5d), there was a strong effect of heroin
(F(1,38) =23.5; p<0.001) but not of genotype (F(1,38)
=0.29; p=0.59), with no interaction (F(1,38)=0.72;
p =0.40). Therefore, DRN MORs do not seem to contribute
to working memory impairment associated with heroin
abstinence in this paradigm.

DISCUSSION

Our study establishes a behavioral mouse model of
emotional dysfunction in heroin abstinence. This rodent
model will be useful in the context of the highly prevalent
association between addiction and depression (Darke et al,
2009). Although these two disorders clearly share bi-
directional relationships, the clinical question remains to
distinguish preexisting mood deficits in addicted indivi-
duals (self-medication) from mood deficits that develop
upon repeated drug exposure and withdrawal cycles. In our
animal model, we first demonstrate emergence of depres-
sive-related traits following a history of heroin exposure.
We then examine this phenomenon in KO models
representing preexisting distinct states of emotional vulner-
ability (DOR KO mice) or resilience (KOR KO mice).
Finally, we demonstrate that DRN MORs mediate the
development of low sociability in heroin-abstinent animals,
altogether revealing essential yet distinct roles of all three
opioid receptors in mood control and social functioning
during prolonged abstinence.

The heroin abstinence syndrome is characterized by low
sociability after 4 weeks of abstinence. Interestingly, no
deficit was observed after 1 week in any test, supporting the
notion that dynamic adaptations incubate and develop
along spontaneous prolonged withdrawal. These results
demonstrate that repeated intermittent MOR over-stimula-
tion by increasing heroin doses triggers long-term brain
adaptations, which progressively lead to deficient SIs. Levels
of sociability are known to be influenced by both mood-
and anxiety-related traits in rodents. Here, we used a testing
condition (low light and familiar context) that generates low
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levels of anxiety-like behaviors and thus promotes social
investigation. Such testing procedure has been suggested to
be more appropriate for the detection of social deficits
associated with depressive-like state (eg, social withdrawal)
rather than fear/anxiety-like state (File and Seth, 2003;
Gururajan et al, 2010). Indeed, in the open-field test,
heroin-abstinent mice displayed normal emotional-like
responses, suggesting that the observed SI deficit may not
be linked to heightened fear state. Furthermore, low
sociability was detected at the 4-week time point and was
then accompanied by increased despair-like behavior after
7 weeks, indicating that deficient sociability precedes
mood disruption during on-going heroin abstinence.
Emergence of this emotional syndrome strikingly parallels
the observation of increasing relapse tendency in rodents
withdrawn from opiate self-administration (Pickens et al,
2011) and supports the notion of ‘incubating’ drug craving.
Possibly, emotional dysfunction may contribute to this
time-dependent potentiation of relapse probability.

We found that heroin-abstinent mice show decreased
performance in a YM task. This deficit reveals yet another
facet of the abstinence syndrome, which we had not explored
in our previous morphine study. This result suggests that,
following repeated drug exposure, spatial working memory
is impaired or alternatively that behavioral flexibility is
decreased. Reduced performance in similar tasks was
previously reported either immediately after opiate-induced
activation of the MOR (Ukai et al, 2000) or after a 3-day
withdrawal period (Ma et al, 2007), whereas later time points
were not explored, to our knowledge. Here the deficit was
detected after 4 and 7 weeks, but not 1 week, of abstinence,
indicating that behavioral dysfunction develops with time, as
for social withdrawal and despair-like behavior. In contrast
to emotional alterations though, the YM deficit resisted to
chronic fluoxetine treatment and developed despite condi-
tional deletion of the MOR gene in DRN. These two lines of
evidence strongly suggest that working memory impairment
during heroin abstinence stems from MOR recruitment
outside the DRN. MOR-dependent modulation of executive
and memory functions has been demonstrated in other brain
regions (medial septum, hippocampus, prefrontal cortex), in
interaction with other neuro-modulatory systems (eg
cholinergic transmission; Ragozzino and Gold, 1995).
Additional studies will be needed to identify opioidergic
circuits and transmitters involved in cognitive losses of
heroin-abstinent animals.

Chronic activation of the MOR has been suggested to
induce within-system adaptations, as revealed by increased
expression of DOR (Hack et al, 2005) and KOR (Solecki
et al, 2009). Considering that these two opioid receptors,
respectively, show antidepressant- and prodepressant-like
activities in pharmacology and genetic studies (Lutz and
Kieffer, 2013a), we postulated that symptoms of heroin
abstinence might be exacerbated, and attenuated, in DOR
and KOR KO mice, respectively. Indeed, our results indicate
that DOR KO mice, an emotionally vulnerable mutant line
(Supplementary Figure S5a), react more severely to heroin
abstinence and develop a robust anhedonia-like phenotype,
considered a hallmark of depressive-like states across a
variety of rodent paradigms. Several rodent studies support
the use of DOR agonists as antidepressants, and clinical
trials are on-going (Chu Sin Chung and Kieffer, 2013). Our



data further indicate that these drugs may prove helpful for
addicts suffering from depressive symptomatology.

In sharp contrast, the deleterious effect of heroin on
sociability was fully abrogated in KOR KO mice. Several
studies have shown that KOR contributes to the emergence
of emotional deficits in rodent models of alcohol (Berger
et al, 2013), nicotine (Smith et al, 2012) and cocaine
addiction (Kallupi et al, 2013). Our data expand this
growing body of evidence to opiate abuse and implicate
KOR in long-lasting social aversion. Our study also
strengthens the therapeutic potential of KOR antagonists
and is coherent with clinical reports on beneficial effects of
buprenorphine, a dual MOR agonist/KOR antagonist, in
depressed addicts (Gerra et al, 2004).

Despite significant differences in morphine- and heroin-
induced physical dependence and emotional impairments,
abstinence from both drugs leads to social avoidance.
Healthy social behaviors are essential to emotional regula-
tion (Meyer-Lindenberg and Tost, 2012), and social
avoidance has been extensively used in preclinical studies
as a marker of pathological emotional states (Berton et al,
2012). Importantly, this robust phenotype can be fully
blocked by chronic fluoxetine treatment, suggesting adapta-
tions within 5-HT neurons. Because MOR stimulation upon
heroin exposure represents the initial step towards mole-
cular adaptations that ultimately lead to altered behavior,
we tested whether abstinence deficits originate from the
direct activation of MORs expressed at the level of the DRN.
Our conditional genetic approach shows that decreased
MOR signaling in the DRN does not modify physical
dependence to heroin but is sufficient to fully prevent the
emergence of social avoidance in heroin-abstinent mice. We
therefore demonstrate that DRN MORs are essential for the
disruption of social behaviors during heroin abstinence.
Previous data showed that MORs expressed along meso-
limbic dopaminergic pathways mediate rewarding proper-
ties of social stimuli (Trezza et al, 2010). Our finding further
suggests that MORs in 5-HT circuits encode emotional
components of social encounters, which may have implica-
tions outside the context of addiction. Notably, a recent
report found that social adversity selectively recruits
GABAergic DRN interneurons to mediate the expression
of social avoidance (Challis et al, 2013). Therefore, we
hypothesize that predominance of DRN MORs in these
particular GABAergic neurons (Tao and Auerbach, 2005)
may be essential in the control of social approach. In
summary, our study uncovers for the first time an essential
role for DRN MORs in the regulation of sociability and
represents a first step towards the elucidation of MOR
function at the interplay of rewarding and emotional
properties of social stimuli.

Finally, the question arises of whether emotional deficits
developing along heroin abstinence are merely the direct
result of acute physical withdrawal, considered an aversive
experience, or arise from other adaptive processes in the
brain. Considering the first hypothesis, it is possible that the
milder physical withdrawal syndrome experienced by KOR
KO mice following chronic heroin exposure may underlie,
at least partly, the absence of social avoidance during
abstinence in these mutants. Several observations of our
study, however, favor the second hypothesis. In both DOR
KO and DRN MOR cKO experiments, we demonstrate
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dissociation between physical dependence to heroin and
emotional dysfunction during abstinence from the drug.
Although acute signs of physical withdrawals were compar-
able to control groups in both genetic models, the
abstinence period led to more or less severe outcomes in
DOR KO and DRN MOR cKO mice, respectively. Therefore,
emotional homeostasis during prolonged abstinence is not
entirely determined by the severity of the acute withdrawal
state. In addition, some of our recent data in 129SvPas mice
show the development of despair-like behaviors despite an
almost complete lack of physical dependence, further
suggesting dissociation between physical dependence and
drug abstinence-induced emotional dysfunction (data not
shown). In a broader perspective, these findings nicely fit
with epidemiological measures of similar levels of comor-
bidity between addiction and depression across all drugs of
abuse, regardless of their potential for physical dependence
(classically very low for nicotine or cocaine, for example).

In conclusion, our study unravels opioid receptors as
essential players in the emotional syndrome of heroin
abstinence. We show that, during prolonged heroin
abstinence, DORs regulate hedonic homeostasis, while
MOR signaling in serotonergic pathways and KORs together
control social behaviors. Our findings further deepen our
knowledge on the neurobiology of sociability and empha-
size the opioid system as a crucial substrate of the social
brain at the intersection of addiction and emotional
regulation.
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