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Abstract

Unified theories of addiction are challenged by differing drug-seeking behaviors and 

neurobiological adaptations across drug classes, particularly for narcotics and psychostimulants. 

We previously showed that protracted abstinence to opiates leads to despair behavior and social 

withdrawal in mice, and we identified a transcriptional signature in the extended amygdala that 

was also present in animals abstinent from nicotine, i9-tetrahydrocannabinol (THC) and alcohol. 

Here we examined whether protracted abstinence to these 4 drugs would also share common 

behavioral features, and eventually differ from abstinence to the prototypic psychostimulant 

cocaine. We found similar reduced social recognition, increased motor stereotypies, and increased 

anxiety with relevant c-fos response alterations in morphine, nicotine, THC and alcohol abstinent 

mice. Protracted abstinence to cocaine, however, led to strikingly distinct, mostly opposing 

adaptations at all levels, including behavioral responses, neuronal activation and gene expression. 

Together, these data further document the existence of common hallmarks for protracted 

abstinence to opiates, nicotine, THC and alcohol that develop within motivation/emotion brain 

circuits. In our model however, these do not apply to cocaine, supporting the notion of unique 

mechanisms in psychostimulant abuse.
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INTRODUCTION

Drug abuse is a chronic neuropsychiatric disorder characterized by loss of control over 

consumption despite negative consequences (APA, 2013). Quitting drug use represents a 

true challenge for addicted individuals, as remaining drug-free for an extended period of 

time leads to a negative emotional state, anxiety disorders and social withdrawal (Goodwin 

et al., 2002; McGregor et al., 2008; Wise and Koob, 2014), making protracted abstinence 

difficult to sustain and relapse more likely to occur (O'Brien, 2005). The neurobiological 

mechanisms involved in long-term drug abstinence, however, remain poorly understood. 

Further, unified theories of addiction are challenged by differing drug-seeking behaviors and 

brain adaptations across drug classes, particularly for narcotics and psychostimulants 

(Badiani et al., 2011; Pickens et al., 2011). As a consequence, behavioral deficits and 

molecular mechanisms underlying protracted abstinence may differ also, but this has not 

been tested in animal models.

In previous reports, we developed a mouse model of protracted abstinence to morphine 

(Goeldner et al., 2011) and heroin (Lutz et al., 2014), and showed the development of 

depressive-like symptoms and social withdrawal. These behavioral modifications differed 

across mouse strains (Ayranci et al., 2015) and were enhanced or reduced by genetic 

inactivation of delta and kappa opioid receptors, respectively (Lutz et al., 2014). We also 

tested gene expression for a large set of genes in the extended amygdala (EA), a key site 

contributing to hedonic and stress-related dysfunction in drug abuse. We found that specific 

transcriptional modifications develop after prolonged withdrawal from chronic morphine 

exposure, and intriguingly, further identified a transcriptional signature that develop upon 

protracted abstinence morphine, as well as nicotine, n9-tetrahydrocannabinol (THC) and 

alcohol (Le Merrer et al., 2012). Abstinence from these 4 drugs of abuse, therefore, leads to 

common molecular neuroadaptations, which may underlie a unitary mechanism contributing 

to the negative affect in protracted abstinence. Whether behavioral modifications also 

generalize across the four drugs and whether both behavioral and neurobiological hallmarks 

of protracted abstinence apply to psychostimulants, however, remained to be investigated.

In the present study, we evaluated whether mice abstinent for four weeks from chronic 

morphine, nicotine, THC, alcohol, and also cocaine, display modified behavioral responses 

in multiple tests extending our previous work. Behavioral assays were chosen as to 

specifically challenge functions of striatum and EA, where gene expression was modified in 

our previous study (Le Merrer et al., 2012): social interaction, nest building, motor 

stereotypies, and anxiety-like behavior in marble burying and novelty-suppressed feeding 

tests. We also evaluated neuronal reactivity following the latter approach/avoidance conflict 

task using Fos immunolabelling across multiple brain regions. We finally directly compared 

morphine and cocaine abstinence in further behavioral testing and gene expression analysis. 

Together, the data show a sharp contrast between morphine, nicotine, THC and alcohol 

abstinent mice on one-hand and cocaine abstinent animals on the other hand.
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MATERIALS AND METHODS

Subjects

For all experiments, we used C57BL/6J male mice aged 8-10 weeks (Charles River, Lyon, 

France). Except otherwise stated, animals were group housed and maintained on a 12hr 

light/dark cycle (lights on at 7:00 AM) at controlled temperature (21±1°C); food and water 

were available ad libitum. Animals housed in the same cage received the same treatment. 

Experimental procedures were reviewed and approved by the Comité Régional d’Ethique en 

Matière d’Expérimentation Animale de Strasbourg (CREMEAS, 2003-10-08-[1]-58).

Drug treatments

Morphine, nicotine, THC and alcohol treatments were performed as described previously 

(Le Merrer et al., 2012). Doses and paradigm for cocaine administration (25 mg/kg, twice a 

day) were chosen to ensure significant locomotor sensitization (Figure S1). Details about 

drugs and treatment paradigms are available in Supplement 1.

Behavioral experiments

Detailed protocols for behavioral tests are described in Supplement 1. Figure 1 recapitulates 

experiments (Exp.) performed in our study and their time line. Testing order for batteries of 

behavioral assays is depicted in Figures S3A and S4A. Social behavior was explored using 

the direct social interaction, nest building and three-chamber tests, stereotyped behavior was 

assessed by scoring motor stereotypies and analyzing alternation patterns in the Y-maze, 

anxiety-like behavior was evaluated in the marble burying, novelty-suppressed feeding and 

elevated plus-maze tests. Locomotor activity was recorded using video-tracking to assess 

sensitization. Behavioral scoring was performed blind to the experimental groups.

Fos immunohistochemistry

Brains were removed from anesthetized and perfusion-fixed mice (0.9% NaCl followed by 

4% paraformaldehyde in PB 0.1 M, pH 7.4), post-fixed for 48 hours, cryoprotected in 30% 

sucrose / PB overnight at 4°C and stored at -80°C until 50 μm frontal sections were cut on a 

cryostat. Immunohistochemistry was performed on free-floating sections using a standard 

avidin-biotin peroxidase method (Becker et al., 2014). Slides were digitized using a 

Hamamatsu Nanozoomer 2-HT whole slide scanner (Hamamatsu Photonics, Hamamatsu, 

Japan) at 20x magnification. Frames were acquired using NDP View software, and Fos-

positive nuclei were counted using ImageJ software (NIH). Fos-immunoreactivity was 

assessed bilaterally in 26 cerebral regions (Paxinos and Franklin, 2001) on two consecutive 

sections per animal (see Figure S2). To express the obtained data (Fos-positive nuclei/mm2) 

as a fold-change, the number of Fos positive nuclei for each brain region of each abstinent 

animal was divided by the mean number of positive nuclei measured in the same brain area 

of the corresponding control (vehicle) group. The result was transformed using the following 

formula: if x<1, y=1-1/x; if x>1, y=x-1 (x: Fos count; y: transformed data).
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Real-time quantitative PCR analysis

Separate cohorts of morphine, cocaine and vehicle abstinent animals were prepared for qRT-

PCR experiments. Brains were removed and placed into a brain matrix (ASI Instruments, 

Warren, MI, USA). Bed Nucleus of the Stria Terminalis (BNST) and Central Nucleus of the 

Amygdala (CeA) were punched bilaterally out from 1mm-thick slices. Tissues were 

immediately frozen on dry ice and kept at -80°C until use. BNST and CeA punches from 

two mice were pooled in EA samples (n=5 samples/treatment). RNA was extracted and 

purified using the MIRNeasy mini-kit (Qiagen, Courtaboeuf, France). cDNA was 

synthetized using the first-strand Superscript II kit (Invitrogen®, Life Technologies, Saint 

Thomas, France) (Le Merrer et al., 2012). qRT-PCR was performed in quadruplets on a 

LightCycler 480 Real-Time PCR (Roche, Manheim, Germany) using iQ-SYBR Green 

supermix (Bio-Rad, Marnes-la-Coquette, France) kit with 0.25μl cDNA in a 12.5μl final 

volume. Gene-specific primers were designed using Primer3 software to obtain a 100- to 

150-bp product (Table S1). Relative expression ratios were normalized to the level of actin 

and the 2–ΔΔCt method was applied to evaluate differential expression level. Primer 

sequences are displayed in Table S1.

Statistics

Statistical analyses were performed using Statistica 9.0 software (StatSoft, Maisons-Alfort, 

France). For all comparisons, values of p<0.05 were considered as significant. Statistical 

significance in behavioral and immunohistochemical experiments was assessed using one or 

two-way analysis of variance (drug, stimulus and treatment effects) followed by Newman-

Keules post-hoc test, except for nesting for which significance was tested using the non-

parametric Kruskal-Wallis’ analysis of variance. A standard principal component analysis 

(PCA) was performed on behavioral and Fos count data (Becker et al., 2014). Loadings for 

each extracted principal component (PC) are quoted in Table S2. We considered the two first 

extracted PCs (PC1 and PC2) for schematic representation. Significance of Fos and qRT-

PCR results was assessed after transformation using a one-sample t-test, as previously 

described (Becker et al., 2014; Le Merrer et al., 2013). Unsupervised clustering analysis was 

performed on transformed immunohistochemical and qRT-PCR data using complete linkage 

with correlation distance (Pearson correlation) for drug and brain region (Cluster 3.0 and 

Treeview software).

RESULTS

Mice abstinent from morphine, nicotine, alcohol or THC, but not cocaine, show deficient 
social interaction, motor stereotypies and exacerbated anxiety

We assessed social behavior in abstinent mice using two tests (Exp. 1). During dyadic 

interaction, mice abstinent from chronic morphine, nicotine, THC and alcohol, but not 

cocaine, spent less time in close contact with a matched conspecific (statistics in Table S3), 

due to reduced number and duration of nose and paw contacts, initiated less following 

sequences and groomed more often, especially after a close contact, than vehicle-treated 

animals (Figures 2A and S3B). Consistent with deficient social behavior, morphine and 

nicotine abstinent mice displayed impaired ability to build a nest (morphine: H1,24=9.7, 

p=0.001; nicotine: H1,24= 5.9, p<0.05)(Figure 2B).
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We measured the occurrence of spontaneous motor stereotypies in abstinent animals (Exp. 

1). When isolated in a standard cage, mice abstinent from chronic morphine, nicotine, THC 

and alcohol, but not cocaine, displayed more frequent rearing, grooming, headshakes and 

circling than vehicle controls. Frequency of spontaneous burying was increased in nicotine 

and alcohol abstinent animals, time spent burying was decreased in morphine and THC 

abstinent mice, but duration of individual burying episodes was reduced in all abstinent 

animals except cocaine-treated mice (see Table S3, Figures 2C and S3C). Of note, vehicle-

treated animals in the THC group displayed stereotyped head-shaking, as a likely result of 

the presence of 5% ethanol in the vehicle solution.

We evaluated anxiety levels in abstinent animals using two tests. In the marble burying test 

(Exp.1), mice previously exposed to morphine or nicotine buried more marbles than their 

respective vehicle controls (Figure 2D). In the novelty-suppressed feeding (NSF) test (Exp. 

2), a conflict test challenging approach/avoidance behavior (Aupperle and Paulus, 2010), 

mice abstinent from chronic morphine, nicotine, THC and alcohol, but not cocaine, showed 

higher latencies to reach and eat food pellets in the center of the arena. Mice previously 

exposed to morphine, nicotine and alcohol, but not THC and cocaine, ate less chow when 

returned to their home cage (Figure 3A).

In these animals, we used Fos immunostaining to map neuronal activation induced by NSF. 

To correlate behavioral and Fos responses, we performed a Principal Component Analysis 

on NSF data. Consistent with previous results (Becker et al., 2014), we observed that Fos 

labeling in the VTA correlated with food intake, while staining in the CeA clustered with 

latency to eat, except for cocaine abstinent animals (Figure S3). Projection in the subjects’ 

space (Figure S4) clearly dissociated drug abstinent from control mice, with a shift towards 

high Fos expression in anxiety-related structures for morphine, nicotine, THC and alcohol 

abstinent mice, and a shift towards increased Fos levels in the VTA for cocaine abstinent 

animals. We then expressed immunohistochemical data as fold change versus respective 

vehicle control groups (Table S4), and identified brain regions with similar Fos expression 

pattern using clustering analysis. Hierarchical clustering (Figure 3B) organized Fos levels 

across brain regions in three main clusters. In cluster (a), Fos expression was decreased for 

cocaine and THC-treated animals while mostly increased in morphine, nicotine and alcohol 

abstinent mice. Cluster (b) gathered brain regions where Fos expression was increased for 

animals previously exposed to alcohol, morphine, nicotine and THC, and down-regulated in 

cocaine abstinent mice. Among these regions, the amygdala nuclei (CeA, Medial nucleus of 

the Amygdala -MeA, Basolateral nucleus of the Amygdala -BLA), BNST, shell of the 

Nucleus Accumbens (AcbS), Paraventricular Nucleus (PVN) of the hypothalamus and dorsal 

hippocampus (CA1, CA3 and Dentate Gyrus-DG) play a critical role in modulating anxiety 

levels. Lastly, Fos expression was decreased under most conditions in brain regions 

clustering in (c), including the Ventral Tegmental Area (VTA) and Dorsal Raphe (DR). 

Notably, in this last region, Fos expression was down-regulated for animals previously 

exposed to alcohol, morphine, nicotine and THC, and not cocaine. Thus morphine, nicotine, 

THC and alcohol abstinent mice show increased Fos levels in anxiety-related brain 

structures and decreased Fos expression in the reward/approach-related VTA and DR, 

whereas cocaine animals mostly display reduced Fos staining following the NSF test (Figure 

3C).

Becker et al. Page 5

Addict Biol. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Further comparison of morphine and cocaine abstinence at behavioral level reveals both 
differences and similarities

We designed a novel series of experiments to further explore differences between morphine 

and cocaine abstinent mice (Exp. 3). We first used a more challenging version of the NSF 

test (80 lux instead of 60 lux) to better dissociate anxiety levels in morphine and cocaine 

abstinent mice, in accordance with Fos immunochemistry results. Under these conditions, 

we confirmed increased feeding latencies in mice previously exposed to morphine, and 

detected lowered latencies in cocaine-treated mice. Evocative of elevated anxiety levels, 

food intake was reduced in morphine abstinent animals while no modification was detected 

in cocaine abstinent mice (Figure 4A, Table S5). We then tested morphine and cocaine 

abstinent mice in the EPM, to assess exploration-dependent anxiety in these animals. In this 

test, morphine- and cocaine-exposed groups both showed increased distance ratios and a 

tendency for increased time ratios, suggestive of lowered anxiety levels as compared to 

vehicle abstinent controls. Ethological parameters (Cole and Rodgers, 1993) were 

consistently increased in cocaine abstinent mice. However, such an increase was not 

observed in morphine abstinent animals, and duration of head dips was even reduced, 

evocative of higher anxiety levels in these mice (Figures 3B and S3B, Table S4).

Because we found impaired direct social interactions in morphine, but not cocaine, abstinent 

mice (Fig 1), we assessed social preference in these animals using the three-chamber test. 

Remarkably, morphine- and cocaine-exposed mice similarly spent less time in the chamber 

where the stimulus mouse was confined and closely exploring this mouse than vehicle-

treated mice. However, only morphine abstinent mice concomitantly spent more time in the 

chamber of the toy mouse and exploring this toy, with equivalent duration of close contacts 

with the stimulus mouse or toy. This produced a significant decrease of the ratio of time 

spent in close contact in these animals, while this parameter was not significantly modified 

in cocaine abstinent mice (Figures 4C and S4C, Table S5).

Finally, we tested whether after a four-week period of abstinence mice previously exposed to 

morphine or cocaine would still display locomotor sensitization to the effects of this drug. 

After a 60-min habituation, acute administration of morphine (10 mg/kg) in morphine 

abstinent mice resulted in greater locomotor activity than in vehicle abstinent animals. 

Similarly, cocaine injection (25 mg/kg) produced a greater stimulant effect on locomotor 

activity in cocaine abstinent animals than in vehicle abstinent controls (Figure 4D, Table 

S5).

Comparison of morphine and cocaine abstinence at transcriptional level reveals opposing 
adaptations in the EA

We compared the effects of a history of morphine or cocaine exposure at transcriptional 

level in the EA (Exp. 4). We focused on two of the gene networks that we had previously 

identified as contributing to most of the variance of gene expression under abstinent 

conditions (Le Merrer et al., 2012): a huntingtin (HTT)-centered network (Adora2a, Arpp21, 

Bcl11b, Cnr1, Drd1, Fam107a, Strip2, Foxp1, GPR88, Gcnt2, Nr4a1, Pde10a, Hpca, 
St8sia3), found commonly down-regulated in abstinent animals, and a CREB/ERK-centered 

network (Camk2a, Crh, Gabrg2, Sdc4, Cirbp, Dusp6, Egr1, Egr3, Hnrnpl, Junb, Lpl, Ppp3r1, 
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Syt9). In addition, we assessed transcription levels of several striatal/EA neurotransmission 

gene markers (Chrm4, Dlg4, Drd2, Gpr6, Grm5, Oprk1, Oprm1, Oprd1, Pdyn, Penk, Tac1). 

Hierarchical clustering including all qRT-PCR data organized gene expression in 4 main 

clusters (Figure 5, Table S6). Cluster (a) grouped genes with down-regulated expression in 

cocaine abstinent animals. Gene expression was upregulated under morphine conditions in 

cluster (b) whereas levels of expression were higher under cocaine conditions in cluster (c). 

Finally, cluster (d) gathered genes with down-regulated expression under morphine 

abstinence and up-regulated expression in cocaine abstinence. Most strikingly, all genes 

from HTT-centered network but one (Nr4a1) were found in this cluster, together with several 

genes coding for key actors of striatal/EA neurotransmission (Drd2, Oprd1, Penk, Gpr6, 
Grm5, Pdyn). Genes belonging to the CREB/ERK-centered network were found across 

clusters (a)-(c). Together, our transcriptional data show that morphine and cocaine 

abstinence result in highly contrasted transcriptional regulations for a collection of HTT-

related genes expressed in the MSNs of the EA.

DISCUSSION

One original aspect of our study lies in the comparison of 5 different drugs of abuse for their 

long-lasting behavioral effects upon cessation of drug exposure, revealing clearly distinct 

profiles. Indeed, we show for the first time that mice kept abstinent during four weeks, after 

chronic morphine, nicotine, THC and alcohol, share similar long-term deficient direct social 

interaction, increased motor stereotypies and exacerbated anxiety, with consistent Fos 

expression patterns. In contrast, we show that cocaine abstinence produces only a moderate 

decrease in social interest, reduces anxiety levels, supported by a relevant Fos expression 

pattern, and results in transcriptional regulations opposing those induced by morphine 

abstinence.

We first demonstrate that abstinence from morphine, nicotine, THC, alcohol and, to a lesser 

extent, cocaine, leads to enduring impairments of social abilities. Morphine abstinent mice 

displayed impaired direct social interaction, deficient nest building and compromised social 

preference, indicative of altered social behavior. These results match previous reports that 

protracted abstinence from chronic escalating opiate treatment produces social behavior 

deficits in rodents (Ayranci et al., 2014; Goeldner et al., 2011; Lutz et al., 2014; Zanos et al., 

2014), as well as clinical reports describing social cognition/judgment deficits in patients 

under opioid maintenance (Johnson et al., 2014; McDonald et al., 2013). Alcohol, nicotine 

and THC abstinent mice also exhibited reduced social interaction. Previous studies revealed 

social behavior deficits in early alcohol withdrawn rats (Broadwater et al., 2011; Overstreet 

et al., 2002), in primates under chronic alcohol (Shively et al., 2002) as well as in nicotine 

abstinent rats (Aydin et al., 2012). In the clinics, impaired social cognition was reported in 

patients with a drinking history (Valmas et al., 2014). Tobacco smokers and abstinent 

marijuana smokers appear more prone to display aggressive behavior (Bernstein et al., 2014; 

Budney et al., 2001), which may compromise social relationships. In cocaine abstinent 

animals, we found no modification of direct social interaction, but a moderately decreased 

interest for the social stimulus in the three-chamber test. This alteration fits clinical findings 

that social abilities are blunted in cocaine users, although one cannot exclude that multiple 

drug use, a major concern when studying addiction, have contributed to such behavioral 

Becker et al. Page 7

Addict Biol. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



deficit (Preller et al., 2014). To pinpoint neurobiological substrates differentially recruited 

after long-term abstinence, we mapped neuronal activation induced by an approach/

avoidance conflict task, the NSF. As regards approach, morphine, nicotine, THC and 

alcohol, but not cocaine, abstinent mice displayed lower Fos stimulation in the VTA 

following NSF. Diminished neuronal activation in this region, a likely result of sustained 

stimulation during drug exposure and withdrawal (Luscher and Malenka, 2011), reduces 

striatal dopamine (DA) release and may contribute to lower reward sensitivity in addiction 

(Volkow et al., 2010). Remarkably, decreased DA release in the nucleus accumbens (NAc) 

was evidenced as a long-term consequence of adolescent binge alcohol exposure (Zandy et 

al., 2015). Moreover, social interactions recruit brain reward circuitry (Becker et al., 2014; 

Gunaydin et al., 2014; Trezza et al., 2010). Therefore, in our study, blunted VTA activation 

in abstinent mice, with the exception of cocaine treated animals, may account for their social 

interaction deficits, together with decreased reactivity in the DR, as social reward involves 

serotonin release in the NAc (Dolen et al., 2013).

Next, we evidence for the first time that mice made abstinent from morphine, nicotine, THC 

and alcohol develop spontaneous motor stereotypies. Repeated morphine administration was 

shown to induce motor stereotypies (Pollock and Kornetsky, 1989; Walter and Kuschinsky, 

1989) and opiate abstinence to produce excessive grooming and deficient spatial alternation, 

suggestive of stereotypes/perseverative behavior (Goeldner et al., 2011; Lutz et al., 2014). 

Concerning alcohol, early withdrawal causes stereotypic behavior in mice (Becker et al., 

1987). In the clinics, substance abuse induce movement disorders, including stereotypies 

(Brust, 2010), and stereotyped behavior may contribute to poor cognitive flexibility 

(Baldacchino et al., 2012; Lundqvist, 2005). Finally, we failed to detect cocaine abstinence-

induced motor stereotypies despite clinical reports of such behaviors in cocaine users 

(Fasano et al., 2008), although here again multiple drug abuse should be considered.

Third, we show increased anxiety levels for morphine, nicotine, THC and alcohol, but not 

cocaine, abstinent animals. For morphine, we detected increased marble burying and 

augmented latencies to feed in the NFS test in morphine abstinent mice, suggestive of 

elevated anxiety. Morphine abstinent animals explored the open arms more than saline 

counterparts in the EPM test, pointing conversely to reduced anxiety. Head-dipping 

frequency and duration, however, were not concomitantly increased, as expected in mice 

with low levels of anxiety (Sorregotti et al., 2013). These results evoke a mu opioid receptor 

(MOR)-mediated mechanism, as similar discrepancies are observed in mice lacking MORs 

(Becker et al., 2014; Filliol et al., 2000; Ide et al., 2010), and rats injected with a MOR 

antagonist in the CeA (Wilson and Junor, 2008). Paradoxical or limited effects in anxiety 

tests based on exploration may account for previous failure to detect modified anxiety levels 

in morphine abstinent animals (Goeldner et al., 2011; Lutz et al., 2013) despite high 

frequency of comorbid anxiety in patients with a history of opiate abuse (Fatseas et al., 

2010). Regarding nicotine, THC and alcohol, abstinent animals buried more marbles (for the 

former) and showed longer latency to eat food pellets in the NFS test (all three drugs), 

pointing to increased anxiety levels. These results are consistent with previous reports of 

increased anxiety under early nicotine withdrawal (Cippitelli et al., 2011; Cohen et al., 2015) 

and in alcohol abstinent rats (Economidou et al., 2011; Gillett et al., 2013; Zhao et al., 

2007). In the clinics, patients with a history of alcohol drinking display anxiety disorders 
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and biased perception of emotions towards negative feeling (Townshend and Duka, 2003; 

Trick et al., 2014). Consistent with behavioral data, Fos immunochemistry performed after 

NFS revealed increased neuronal reactivity in anxiety-related brain regions for morphine, 

alcohol, THC and nicotine abstinent mice, most strikingly in the CeA and PVN. 

Interestingly, elevated cortisol levels, as a possible result of excessive PVN reactivity, were 

detected after 30 days of abstinence in heroin addicts (Shi et al., 2009). In contrast, cocaine 

abstinence resulted in decreased anxiety levels in the NSF test under challenging conditions 

(80 lux) and in the EPM. In the literature, anxiety was reported as increased after acute 

cocaine withdrawal (Perrine et al., 2008) and either unchanged (Craige et al., 2015) or 

increased (El Hage et al., 2012) following a period of abstinence. Discrepancies may result 

from the use of different cocaine exposure paradigms, anxiety tests and species. In 

agreement with decreased anxiety levels in cocaine abstinent mice, though, we evidenced 

decreased Fos immunoreactivity throughout anxiety-related brain circuitry following NSF, 

consistent with our qRT-PCR data showing decreased early gene expression (Egr1 and Egr3) 

in EA and previous report in early cocaine withdrawal (El Hage et al., 2012). In the clinics, 

blunted anxiety could contribute to exacerbated risk-taking behavior in psychostimulant 

users (Gorini et al., 2014; Morley et al., 2015). Our data thus suggest that chronic exposure 

to morphine, nicotine, THC or alcohol long-lastingly compromises social behavior, motor 

patterns and emotional responses, together with neuronal reactivity in circuits underlying 

approach and anxiety, while such alterations are not observed, or milder, after cocaine 

abstinence.

Over the last decades, a unitary view of addiction has emerged, nurtured by influential 

theories highlighting shared psychological processes and neurobiological substrates across 

addictions to different drugs of abuse. Although these theories have allowed significant 

advances in the field, they ignore noticeable differences, especially in opiate versus 

psychostimulant (cocaine) addiction, or alcohol addiction versus addiction to other drugs 

(Badiani et al., 2011; Ozburn et al., 2015). Our data identify further differences between 

cocaine addiction and addiction to other drugs, while they substantiate commonalities 

between opiate, alcohol, THC and nicotine abuse. Limitations of our study, however, lie in 

the use of a single paradigm of administration for each drug, selected for its ability to induce 

a withdrawal syndrome of comparable intensity in morphine, nicotine, THC and alcohol-

treated mice (Le Merrer et al., 2012). Furthermore, paradigms differed across drugs, due to 

differences in solubility, kinetics and reinforcing properties. Convergence in the long-term 

behavioral (this study) and transcriptional (Le Merrer et al., 2012) consequences of drug 

exposure under such conditions is thus remarkable, but will require further investigation by 

varying administration protocols (doses, routes of administration, sequences of injection/

exposure, active versus passive exposure). As regards cocaine, the administration paradigm 

was chosen based on its ability to induce robust behavioral sensitization; selected doses were 

higher than these required to produce withdrawal-induced anxiety (El Hage et al., 2012), 

making unlikely that differences in the long-term behavioral effects between cocaine and 

other drugs were due to insufficient exposure. Further work will nevertheless be necessary to 

explore the effects of cocaine following various administration protocols. Finally, abstinence 

to all these drugs will need to be assessed at additional time points. In the case of opiates, 

social withdrawal, not detected after 1 week of morphine or heroine abstinence, was 
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evidenced after 4 weeks, and maintained up to 7 weeks for heroin (Goeldner et al., 2011; 

Lutz et al., 2014). Comparison with alcohol, THC, nicotine and cocaine abstinence could 

reveal differences in time course, with possible later onset for cocaine. Keeping in mind such 

limits, though, our results point substantial differences in the long-term consequences of 

psychostimulant versus opiate addiction.

Crucial differences between addiction to psychostimulants versus other drugs reside notably 

in their neurobiological substrates (Badiani et al., 2011). Of interest in the context of 

abstinence, morphine and cocaine differentially alter MSN morphology in the NAc when 

drug exposure ceases, with morphine abstinence reducing whereas cocaine abstinence 

increases spine density (Diana et al., 2006; Dobi et al., 2011; Lee et al., 2006; Spiga et al., 

2014). Accordingly, our qRT-PCR data in the EA show opposite transcriptional regulation 

after morphine versus cocaine abstinence for a huntingtin (HTT)-related network of genes 

(Le Merrer et al., 2012) and several marker genes, all sharing common enriched expression 

in MSNs (Doyle et al., 2008). MSNs, abundant in striatal and striatal-like regions 

(Kawaguchi, 1997; Sun and Cassell, 1993), play a crucial role in every stage of the addiction 

process (Koob et al., 2014; McNally, 2014; Nieh et al., 2013; Shalev et al., 2002; Volkow 

and Baler, 2014). Thus differential enduring effects of psychostimulants versus opiates on 

these neurons and, more specifically, on the two main MSNs populations, D1 and D2 

dopamine receptor bearing neurons (Dobi et al., 2011; Enoksson et al., 2012; Lee et al., 

2006; Lobo et al., 2013), may have crucial implications for long-term vulnerability to these 

drugs. Most interestingly, such contrasting effects could account for setting-driven 

differential reinstatement of heroin versus cocaine-seeking (Montanari et al., 2015). 

Conversely, shared long-lasting effects on MSNs (Ehlinger et al., 2014; Le Merrer et al., 

2012; Peterson et al., 2015; Smith et al., 2015) represent a plausible substrate for 

commonalities between alcohol, THC, nicotine and morphine addiction. Involvement of 

MORs represents another major neurobiological difference between opiate and 

psychostimulant addiction, as required for the former (as well as alcohol, THC and nicotine 

abuse) and not for the later (Badiani et al., 2011; Le Merrer et al., 2009; Ozburn et al., 

2015). Interestingly, our gene expression analysis also reveals opposite effects of morphine 

versus cocaine abstinence on the expression of opioid genes. Transcription of Penk (coding 

Proenkephalin) and Pdyn (Prodynorphin) was reduced or tended to be in morphine abstinent 

mice, suggestive of low opioid peptide release, as recently evidenced in the striatum of 

alcoholic patients (Sarkisyan et al., 2015). Such a decrease may lead to diminished MOR 

activity and therefore account for common behavioral features between morphine abstinent 

and MOR knockout mice (Becker et al., 2014). Conversely, MOR transcription was 

increased in cocaine abstinent mice, consistent with previous report (Unterwald et al., 1992), 

as well as Penk and Pdyn transcription, suggesting that opioid tone is high in these animals, 

as recently demonstrated in the ventral pallidum (Kupchik et al., 2014). Elevated opioid tone 

might have protected cocaine abstinent animals from social behavior deficits.

In conclusion, our study not only highlights commonalities in the behavioral and 

neurobiological consequences of long-term abstinence from morphine, nicotine, THC and 

alcohol but also evidences clear differences with cocaine abstinence, thus challenging 

unitary theories of addiction. These differences may have crucial clinical and therapeutic 

implications. They could account for differential influence of environment (home versus 
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outside) on drug taking and relapse (Caprioli et al., 2009; Montanari et al., 2015), maybe in 

relation with distinct long-term effects of social abilities. They could also explain why 

efficient pharmacotherapies for addiction to opiates or other drugs of abuse have limited 

effects on cocaine addiction (Badiani et al., 2011; Somaini et al., 2011; Soyka and 

Mutschler, 2015). Importantly, they might provide useful cues for the development of novel 

pharmacological and/or cognitive behavioral therapeutic strategies for addiction, targeting 

better the specific needs of each patient depending on the abused drug.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Summary and time line of the experiments
We performed three series of experiments in the present study. (A) We verified the 

development of behavioral sensitization after cocaine treatment in a dedicated cohort of 

naïve animals (Exp. 0). (B) We compared the effects of protracted abstinence (4 weeks) 

from morphine, THC, nicotine, alcohol and cocaine versus corresponding vehicle groups in 

a battery of behavioral tests (Exp. 1) and in the novelty suppressed feeding (NFS) test 

followed by immunohistochemical assessment of brain Fos expression (Exp. 2). (C) Finally 

we further compared long-term consequences of morphine versus cocaine abstinence or 

vehicle treatment on behavior (Exp. 3) and gene expression in the extended amygdala (Exp. 

4). The order of behavioral assays in Exp. 1 and 3 was identical for all tested cohorts (see 

Figures S3A and S4A). Exp.: experiment.
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Figure 2. Mice made abstinent from morphine, nicotine, THC, alcohol but not cocaine show 
social interaction deficit, motor stereotypies and increased marble burying
(A) Social interaction test performed after a 4-week abstinence period from chronic, 

morphine, nicotine, THC, alcohol and cocaine. Six parameters are shown. (B) Nest building 

behavior. (C) Motor stereotypies assessed by grooming, rearing episodes, head shakes and 

circling behavior. (D) Marble burying test. Data are presented as mean ± SEM. Stars: 

abstinence effect, compared to vehicle group. Hash symbol: vehicle effect, compared to 

morphine vehicle. One symbol p<0.05, two symbols p<0.01, three symbols p<0.001. See 

more parameters in Figure S3.
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Figure 3. Morphine, nicotine, THC and alcohol, but not cocaine, abstinent mice display 
exacerbated conflict anxiety associated with modified neuronal reactivity in brain regions 
controlling anxiety and motivation
(A) Novelty-suppressed feeding test (60 lux) performed in abstinent mice at (B) Cluster 

analysis of Fos expression data. Cluster (c) gathers key brain regions involved in the control 

of anxiety, where Fos levels where mostly increased in morphine, nicotine, THC and alcohol 

abstinent animals. (C) Fold change number of Fos positive nuclei in the VTA, CeA and PVN 

in abstinent animals. Data in (A) are presented as mean± SEM. Solid stars: abstinence effect, 

compared to vehicle group. Open stars: abstinence effect, as compared to no regulation. One 

symbol p<0.05, two symbols p<0.01, three symbols p<0.001. CeA: central amygdala; PVN: 

paraventricular hypothalamus; VTA: ventral tegmental area. See Table S4 for complete list 

of abbreviations.
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Figure 4. Comparing morphine and cocaine abstinent mice reveals convergences and differences 
at behavioral level
(A) Novelty-suppressed feeding test performed under more challenging conditions (80 lux) 

reveals decreased anxiety in cocaine abstinent mice. (B) In the elevated plus-maze test, 

morphine and cocaine abstinent mice travelled more in open arms, but only the later showed 

increased number of head-dips whereas these were shorter in morphine abstinent mice. (C) 

Three-chamber test shows decreased social preference in morphine and cocaine-treated 

animals, with only morphine abstinent mice spending more time exploring the toy as 

compared to vehicle-treated animals. (D) Locomotor sensitization was assessed by injecting 

morphine to morphine and vehicle abstinent mice, and cocaine to cocaine and vehicle 

abstinent mice (see time line in Figure S4). Arrow: drug injection. Data are presented as 

mean ± SEM. Stars: abstinence effect, compared to vehicle group. Hash symbol: stimulus 

effect, toy vs. mouse. One symbol p<0.05, two symbols p<0.01, three symbols p<0.001. See 

also Figure S4.
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Figure 5. Morphine and cocaine abstinence produced opposite transcriptional regulations of a 
set of HTT-related genes in the EA
Hierarchical clustering of gene expression. Cluster (d) gathers genes with down-regulated 

expression after morphine abstinence and up-regulated expression after cocaine abstinence. 

All genes of the HTT-centered network (highlighted in blue) but one (Nr4a1) are found in 

this cluster, together with several genes coding for key actors of striatal/EA 

neurotransmission (Drd2, Oprd1, Penk, Gpr6, Grm5, Pdyn). Genes belonging to the CREB/

ERK-centered network (highlighted in orange) are spread across the first three clusters. Full 

gene names are displayed in Table S1.
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