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ABSTRACT 

Changes in structural plasticity produced by the chronic exposure to drugs of abuse, such as 

alterations in dendritic spine densities, participate in the development of maladaptive learning 

processes leading to drug addiction. Understanding the neurobiological mechanisms involved 

in these aberrant changes is crucial to clarify the neurobiological substrate of addiction. Drug-

induced locomotor sensitization has been widely accepted as a useful animal model to study 

these mechanisms related to drug addiction. We have evaluated the changes in structural 

plasticity in the mesocorticolimbic system involved in morphine-induced locomotor 

sensitization. The role of the cannabinoid receptor type-I (CB1-R) in these neuroplastic 

alterations has also been studied using CB1-R deficient mice (CB1-R KO). Structural plasticity 

changes promoted by morphine are a highly dynamic phenomenon that evolves during the 

entire time course of the behavioural sensitization in wild-type (WT) animals. The different 

phases of the sensitization process were related to specific changes in connectivity between 

neurons revealed by modifications in dendritic spines in specific areas of the 

mesocorticolimbic system. Moreover, the lack of morphine-induced locomotor sensitization in 

CB1-R KO mice was accompanied by abnormal alterations in structural plasticity in the same 

mesocorticolimbic areas. These specific structural plasticity changes mediated by CB1-R 

activity seem necessary for the normal progression of morphine-induced locomotor 

sensitization, and could play a critical role in the addictive process.  

 

Keywords: Addiction, Cannabinoid type-I receptor, dendritic spines, locomotor sensitization, 

opioid, structural plasticity. 
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INTRODUCTION 

Drug addiction is characterized by the presence of maladaptive long-lasting behavioral 

alterations, including compulsive drug intake and recurrent drug seeking episodes, that can 

persist even for a lifetime period (Robinson and Berridge, 2003; Koob and Le Moal, 2001). 

These maladaptive responses are hypothesized to be due to aberrant learning processes in 

specific areas of the brain reward system as a consequence of the chronic exposure to the drug 

(Hyman and Malenka, 2001; Kalivas and O’Brien, 2008; Russo et al., 2010; Lüscher and 

Malenka, 2011). Neuroplasticity changes, mainly link to glutamatergic neurotransmission have 

been proposed to be key neurobiological mechanisms underlying these learning processes 

during drug addiction (Rampon and Tsien, 2000; Robinson and Kolb, 2004). Most glutamatergic 

inputs into neurons occur at the level of the dendritic spines (Harris and Kater, 1994). Enduring 

alterations in glutamatergic synaptic connectivity occur when the number and/or morphology 

of the dendritic spines are modified, what is also called structural plasticity changes (Leuner et 

al., 2003; Buxbaum et al., 2014; Enriquez-Barreto et al., 2014). Thus, modifications in synaptic 

efficacy as a consequence of specific changes in structural plasticity in neurons of the brain 

reward system are suggested to be crucial for aberrant learning processes during drug 

addiction (Russo et al., 2010). In agreement, chronic exposure to different drugs of abuse has 

been reported to modify structural plasticity in mesocorticolimbic neurons (Robinson and Kolb, 

1997; Crombag et al., 2005; Russo et al., 2010). To clarify the mechanism that triggers the 

progress of these stable neuroplastic modifications represents a crucial topic for better 

understanding how chronic drug exposure leads to drug addiction. An useful approach to 

investigate these adaptive changes produced by drugs of abuse is the model of drug-induced 

behavioral sensitization in mice. Behavioral sensitization is usually revealed by the increased 

locomotor response when repeatedly exposed to a drug, and has been proposed to be 

underlined by the same neuronal mechanisms involved in drug seeking relapse 

(Vanderschuren and Pierce, 2010; Steketee and Kalivas, 2011). Opioids are among the drugs 
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that produce locomotor sensitization (Vanderschuren and Kalivas, 2000). Locomotor 

sensitization has been reported to correlate with the morphological synaptic changes 

promoted in dendritic spines in different areas of the mesocorticolimbic system (Li et al., 2004; 

Robinson and Kolb, 2004).  

The endogenous cannabinoid system is an important nerobiological system involved in 

controlling a wide range of biological processes, such as motor activity, cognition, emotional 

responses and neural plasticity. This system consists of at least 2 different cannabinoid 

receptors, known as CB1-R and CB2-R, the endogenous ligands, known as endocannabinoids 

(mainly anandamide and 2-arachidonyl-glycerol) and the proteins and enzymes responsible for 

their synthesis and degradation (De Petrocellis and Di Marzo; 2009). Previous studies have 

described the involvement of the CB1-R in modulating the pharmacological effects of different 

drugs of abuse. Thus, CB1-R activation is crucial for the development of opioid-induced 

locomotor sensitization and CB1-R KO mice do not develop this morphine sensitization (Martin 

et al., 2000). Moreover, CB1-R are important modulators of structural plasticity changes in the 

mesocorticolimbic system (Guegan et al., 2013), and are also involved in neuroplasticity 

induced by drugs of abuse, such as cocaine (Ballesteros-Yañez et al., 2007).  

In this study, we have investigated the specific changes in structural plasticity in different  

mesocorticolimbic areas occurring during morphine-induced locomotor sensitization and the 

involvement of CB1-R in these adaptive changes. For this purpose, we have evaluated 

structural plasticity in the mesocorticolimbic system in WT and CB1-R KO mice exposed to a 

protocol of morphine-induced locomotor sensitization. We observed that locomotor 

sensitization was associated to alterations in neuroplasticity in the mesocorticolimbic system 

that were dependent on CB1-R. These neuroplastic modifications after morphine exposure 

occur in WT, but not in CB1-R KO mice, and might play a crucial role in the development of 
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behavioral sensitization, and subsequently, in the progress towards drug-induced seeking 

behavior and relapse.  
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MATERIAL AND METHODS 

 

Animals 

The experiments were carried out in C57BL6/J background male CB1-R KO and WT littermates 

mice from 8 to 12 weeks old at the beginning of the experiments. The generation of CB1-R KO 

mice was described previously (Zimmer et al., 1999). Briefly, homozygous WT and CB1-R KO 

mice were bred by backcrossing of chimeric and heterozygous animals to C57BL6/J and 

interbreeding of heterozygous animals for at least 10 generations in order to obtain a pure 

C57BL6/J background. The animals were housed 4 per cage and maintained in a controlled 

temperature (21±1°C) and humidity (55±10%) room with a 12:12-h light/dark cycle (on at 8 

a.m. and off at 8 p.m.). Animals had ad libitum access to food and water during the entire 

experimental procedure. Mice were habituated to the experimental room and handled for one 

week before starting the experiments. All animal procedures were conducted in accordance 

with the standard ethical guidelines (European Communities Directive 86/60-EEC, Animal 

Welfare Assurance #A5388-01, IACUC Approval Date 06/08/2009) and approved by the local 

ethical committee (Comitè Ètic d'Experimentació Animal-Institut Municipal d'Assistència 

Sanitària-Universitat Pompeu Fabra). All the experiments were performed under blind 

conditions. 

Drugs  

Morphine was provided by the Ministerio de Sanidad y Consumo (Spain), dissolved in saline 

(0.9%) and administered subcutaneously (s.c.) at the dose of 15 mg/kg.  
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Locomotor sensitization procedure 

Morphine-induced locomotor sensitization was evaluated as previously reported (Martin et al., 

2000). We used locomotor activity boxes (9 × 20 × 11 cm; Imetronic, France) containing a line 

of photocells 2 cm above the floor to measure horizontal movements, and another line located 

6 cm above the floor to measure vertical activity (rearing). Mice were individually placed in the 

boxes and the total activity (ambulatory movements plus small movements) was recorded 

during 15 min in a low luminosity environment (20–25 lux). All the locomotor activity tests 

were performed between 09:30 and 10:30 h. 

Basal locomotor activity was measured on days 1, 2 and 3 in order to habituate the animals to 

the test environment and to obtain a stable baseline. On day 4, chronic treatment with 

morphine (15 mg/kg, s.c., twice daily) or vehicle (control mice) began for a period of 15 days. 

Morning injections were performed between 9.30 and 10.30 h, and evening injections 

between 18.00 and 19.00 h. The acute locomotor effects of morphine were evaluated on day 

4, 10 min after injection. During chronic drug treatment, locomotion was recorded every 3 

days (days 7, 10, 13, 16 and 19) 10 min after the morning injection. One week after chronic 

drug treatment (day 26), saline and morphine treated animals from both genotypes were 

divided in different experimental groups with similar locomotor activities: half of the mice 

were treated again with saline (SALINE/SALINE GROUP and MORPHINE/SALINE GROUP) and 

half received an acute morphine administration (15 mg/kg, s.c.) (SALINE/MORPHINE GROUP 

and MORPHINE/MORPHINE GROUP). Locomotor activity was measured again ten min after the 

injection.  

 

Ballistic labeling with the fluorescent dye DiI 

 

Immediately after locomotor evaluation on day 26, mice were deeply anesthetized by an 

intraperitoneal (i.p.) injection (0.2 ml/10 g body weight) of a mixture of ketamine (100 mg/kg) 
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and xylazine (20 mg/kg) and rapidly perfused intracardiacally using a peristaltic pump 

delivering at 20 ml/min. Ten ml of Na2HPO4/NaH2PO4/NaCl buffer (PBS) 0.1 m, pH 7.5 was 

initially perfused followed by 40 ml of 4 % paraformaldehyde (PFA) in PBS 0.1 M, pH 7.5. Brains 

were quickly removed from the skull and postfixed in 4 % PFA for 10 min. Brain coronal 

sections (100 µm) containing the nucleus accumbens (NAc) (Paxinos and Franklin, 2001) (from 

bregma 1.54 mm to bregma 1.10 mm) or the medial prefrontal cortex (mPFC) (from bregma 

1.98 mm to bregma 1.70 mm) were obtained by using a vibratome (Leica VT 1000 S, Nussloch, 

Germany) and kept in PBS 0.1 M until processed for fluorescent labeling. Brain slices were 

labeled by ballistic delivery of fluorescent dye DiI (Molecular Probes, Eugene, OR, USA) using a 

gene gun apparatus (Helios Gene Gun System, Bio-Rad, Deutschland), as described previously 

(Grutzendel et al., 2003), and postfixed with PFA for 4 hours at room temperature to further 

preserve structures and to allow the diffusion of the dye DiI. Sections were placed on 

microscope gelatine-coated slides and coverslipped with mounting medium (Mowiol). Then, 

images were acquired with confocal microscope (Zeiss LSM 510, Germany) with an oil 

immersion lens (40x) to analyze dendritic spine density and structure. 

 

Dendritic spine analysis 

 

Individual medium spiny neurons (MSN) in the NAc and pyramidal neurons from the mPFC 

were chosen for spine analysis based on several criteria, as described previously (Lee et al., 

2006). Briefly, individual MSN in the NAc and mPFC pyramidal neurons were chosen for spine 

analysis based on the following criteria (i) there was minimal or no overlap with other labeled 

cells to ensure that processes from different cells would not be confused, (ii) at least three 

primary dendrites needed to be visible for cells to be used for analysis and (iii) distal dendrites 

(from secondary dendrites to terminal dendrites) were examined. Dendrites from MSN in the 

core and shell of the NAc (from bregma 1.54 to bregma 1.10) and basilar dendrites of 
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pyramidal neurons taken predominantly from the prelimbic and infralimbic areas of the mPFC 

(from bregma 1.98 to bregma 1.70) were analyzed. 

To calculate spine density, a length of dendrite (at least 20 μm long) was traced by using a 

confocal microscope (Zeiss LSM 510, Germany) with an oil immersion lens (40×). All images of 

dendrites were taken at different z levels (0.3 μm depth intervals) to examine the morphology 

of dendritic spines. All measurements were made using IMAGE J analysis software. Protrusions 

from dendrites were classified into five types based on their morphology: class 1 protrusions, 

also called stubby protuberances were 0.5 μm in length, lacked a large spine head, and did not 

appear to have a neck; class 2, or mushroom-shaped spines were between 0.5 and 1.25 μm in 

length and were characterized by a short neck and large spine head; class 3, or thin spines 

ranged between 1.25 and 3.0 μm and had elongated spine necks with small heads; class 4, or 

wide spine were between 0.5 and 1.25 μm in length and were characterized by a large neck 

and a large spine head; and class 5 or branched spine ranged between 1.25 and 3.0 μm and 

had elongated spine necks with two or more spine heads.  

 

Statistical analysis 

 

Behavioural data were analyzed by using three-way or two-way ANOVA with genotype 

(between subjects) and/or treatment (between subjects) and day (within subjects) as factors 

of variations (Table 2). Morphological data were analyzed by using a two-way ANOVA with 

genotype and treatment as factors of variation (between subjects) (Table 3). Post hoc 

comparisons were performed by using the Fischer F-test when appropriate. Statistical tests 

were performed with Statistica© (StatSoft, Tulsa, OK, USA).    
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RESULTS 

 

Genetic deletion of CB1-R modifies basal locomotor activity and prevents the development 

of morphine locomotor sensitization.   

 

Inactivation of CB1-R activities in mice produced hypolocomotor effects, in agreement with 

previous studies (Zimmer et al., 1999; Martin et al., 2000). Thus, total locomotion in CB1-R KO 

animals was lower than in WT mice on the 3 days of habituation (Fig. 1A; F(1, 117)=779.17; 

p<0.01). Acute morphine administration increased locomotor activity in both genotypes (Fig. 

1B; WT F(1, 30)=65.083; p<0.001; CB1-R KO F(1, 27)=70.783; p<0.001). However, acute morphine-

induced hyperlocomotion was 5 times higher in CB1-R KO than in WT mice in proportion to 

their respective basal activity on day 3 (Fig. 1B and C; F(1, 58)=33.439; p<0.001). These data 

suggest that CB1-R participate in morphine acute locomotor effects. In contrast, chronic 

morphine treatment leads to sensitization of its locomotor effects only in WT, but not in CB1-R 

KO animals that showed a significant locomotor decrease (Fig. 1B day 19; WT F(1, 30)=15.030; 

p<0.01; CB1-R KO F(1, 27)=7.777; p<0.05 (repeated measure), as previously reported (Martin et 

al., 2000).  

One week after chronic morphine treatment, mice were challenged with the same dose of 

morphine (15 mg/kg, s.c.) to evaluate the maintenance of the behavioral sensitization (day 26). 

Sensitized locomotor responses to morphine were maintained for at least one week after the 

cessation of the chronic treatment in WT mice (Fig. 1B and C), and this response was 

significantly diminished in CB1-R KO mice (Fig. 1B and C; F(1,34)=32.924; p<0.001). Acute 

morphine administration on day 26 in animals chronically treated with saline produced the 

same hyperlocomotor effects in both genotypes than on day 4 (Fig. 1B and C).  
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Genetic deletion of CB1-R modifies basal neuronal morphology in the mesocorticolimbic 

system and exacerbates the changes induced by acute morphine. 

 

Changes in dendritic spine densities in MSN from the NAc shell and core and pyramidal 

neurons from the mPFC, both areas involved in drug-induced behavioral sensitization, were 

analyzed after the locomotor test on day 26. Dendritic spine densities in WT and CB1-R KO 

control groups (SALINE/SALINE treated animals) revealed that deletion of CB1-R altered total 

spine densities in MSN of the NAc core, but not in NAc shell or mPFC (Fig. 2). Total spine 

density in the NAc core was decreased in CB1-R KO control mice when compared to WT mice 

(Fig. 2C and D; F(1,95)=4.816; p<0.005). A significant increase in stubby- and a decrease in 

mushroom-type of spines (F(1,89)=19.952; p<0.001 and F(1,89)=13.751; p<0.001 respectively) 

were also observed in the NAc shell in CB1-R KO mice when compared with WT animals in 

basal conditions (Fig. 3). 

Our morphological analysis revealed that acute morphine administration (15 mg/kg, s.c.) did 

not modify total dendritic spines densities in any of the three brain areas studied in WT mice. 

In contrast, the same morphine administration significantly increased total dendritic spines 

densities in the NAc shell (F(1,87)=4.141; p<0.05) and core (F(1,93)=4.452; p<0.05) of CB1-R KO 

mice (Fig. 2) revealing the modulatory role of CB1-R in acute morphine effects in structural 

plasticity in the NAc MSN. We then evaluated the particular types of spines that result involved 

in these morphine structural plasticity changes. Acute morphine specifically increased 

mushroom-type dendritic spines density in the NAc shell (F(1,93)=8.950; p<0.01) and stubby-

types dendritic spines in the NAc core (F(1,93)=9.016; p<0.01) in CB1-R KO mice (Fig. 3 and 4 and 

Table 1). Although global changes in dendritic spines density were not revealed in WT mice 

after single morphine injection, a detailed analysis showed that acute morphine increased the 

proportion of stubby-type spines in the NAc shell (Fig. 3; F(1,91)=10.067; p<0.01) and mushroom-

type (Fig. 4; F(1,91)=4.210; p<0.05) in the NAc core in WT mice. Therefore, our results show that 
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acute morphine exposure modifies structural plasticity in the mesocorticolimbic system by 

altering the morphology of pre-existing spines. In addition, acute morphine-induced structural 

changes in the mesocoticolimbic circuit are regulated by the activity of the endogenous 

cannabinoid system, and the lack of CB1-R activities exacerbates these neuronal adaptations 

(Fig. 2).    

 

The lack of CB1-R differentially alters structural plasticity changes induced by chronic 

morphine in the NAc and mPFC. 

 

Previous studies have described that a challenge injection of morphine one week after the 

cessation of the chronic treatment leads to an increase in the sensitized locomotor response to 

this drug in mice (Martin et al., 2000). Structural plasticity analysis revealed that one week 

withdrawal from morphine treatment did not modify the total density nor the percentage of 

each sub-type of dendritic spines in the NAc shell and core of WT mice (WT MORPHINE/SALINE 

group) when compared with control animals (SALINE/SALINE). Similarly, no major structural 

plasticity changes were found in the NAc core and shell after chronic morphine treatment and 

withdrawal in CB1-R KO mice (MORPHINE/SALINE), although an increased proportion of 

stubby-types spines was revealed in the NAc core in these animals (Fig. 2, Fig. 4 and Table 1; 

F(1,87)=7.250; p<0.01).  

In contrast, disruption of chronic morphine treatment (MORPHINE/SALINE group) was 

associated with a significant increase in the dendritic spine density in the mPFC in WT (Fig. 2; 

F(1,96)=8.456; p<0.01) and CB1-R KO mice (F(1,89)=6.378; p<0.05) when compared with their 

respective control groups. These changes were mainly due to an increase in the density of 

thin-types spines in both genotypes (Fig. 5 and Table 1; F(1,96)=13.212; p<0.001; F(1,89)=10.786; 

p<0.01, respectively), and were significantly higher in WT than in CB1-R KO mice (Fig. 2; total 

Page 13 of 38 Addiction Biology



For Review
 O

nly

 13

density WT vs KO F(1,90)=4.159; p<0.05), suggesting that CB1-R participate in the generation of 

these plasticity changes.  

Finally, a challenge morphine injection (15 mg/kg, s.c.) one week after chronic morphine 

treatment significantly increased total dendritic spines density in the NAc shell and core in WT 

mice, when compared with mice chronically receiving saline (SALINE/SALINE) (Fig. 2; 

F(1,98)=4.718; p<0.05) or morphine (MORPHINE/SALINE) (Fig. 2; F(1,94)=5.579; p<0.05). In these 

groups receiving the morphine challenge, the increase in spine density in WT mice was 

significantly higher in the NAc core when compared to CB1-R KO mice (Fig. 2; F(1,98)=7.178; 

p<0.01). The structural changes observed in these mice were mainly due to an increased 

density in stubby- (F(1,98)=9.653; p<0.01) and branched-types (F(1,98)=7.955; p<0.01) of spines in 

the NAc shell (Fig. 4); while in the NAc core these changes relied on an increase in thin-spine 

density (Fig. 3, Fig. 4 and Table 1 F(1,94)=5.006; p<0.05). In contrast, this morphine challenge did 

not modify total spine density in CB1-R KO mice in both sub-regions of the NAc (Fig. 2), 

although enhanced the proportion of mushroom-type of spines in the NAc shell (Fig. 3; 

F(1,89)=5.196; p<0.05) and mushroom- and stubby-type of spines in the NAc core (Fig. 4; 

F(1,97)=6.013; p<0.05; F(1,97)=5.335; p<0.05, respectively) when compared with control CB1-R KO 

animals (SALINE/SALINE). In the mPFC, this morphine challenge decreases the prior 

enhancement of total spine density produced by chronic morphine in both genotypes (Fig. 2, 

WT F(1,102)=6.285; p<0.05; CB1-R KO F(1,87)=5.176; p<0.05). Therefore, the structural changes in 

the mPFC produced by chronic morphine treatment and re-exposure do not seem to be 

dependent on CB1-R. 
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DISCUSSION 

This study reveals that morphine-induced behavioral sensitization is associated to specific 

structural plasticity changes in different areas of the mesocorticolimbic system, a neuronal 

circuit that plays a crucial role in drug addiction. Several of these modifications induced by 

morphine were absent or modified in CB1-R KO mice, an animal model in which opioid 

behavioral sensitization is impaired (Martin et al., 2000; present study). These specific changes 

in structural plasticity observed in WT, but not in CB1-R KO mice, might play an important role 

in the maladaptive behavioral alterations that characterize drug addiction. 

In agreement with previous studies (Zimmer et al., 1999; Martin et al., 2000), control mice 

lacking CB1-R showed basal hypolocomotion when compared with WT animals (Fig. 1) and 

modifications in structural plasticity in the NAc core and shell (Fig. 2) that could be related to 

this hypolocomotor phenotype. Indeed, previous studies have revealed that alterations in 

dopaminergic and glutamatergic neurotransmission into the NAc modify locomotion in rodents 

(Fishman et al., 1983; Pulvirenti et al., 1989). Interestingly, dopamine and glutamate inputs are 

crucial modulators of NAc MSN activities by making synaptic connections at distal parts of 

terminal dendrites (Smith and Bolam, 1990; Spooren et al., 1991), which are altered in CB1-R 

KO mice. These modifications in basal distal dendritic spine density and/or in spine 

morphology could modify glutamatergic and dopaminergic neurotransmission in both 

subregions of the NAc, and alter locomotion in CB1-R KO mice. CB1-R also exert direct control 

of glutamate (Robbe et al., 2001) and dopamine (Hungun et al., 2003) release at the synaptic 

level in the NAc. The absence of endocannabinoid-modulatory actions on dopamine and/or 

glutamate release in the NAc can account for the basal locomotor impairments in CB1-R KO 

mice. 

Previous studies have also described similar modifications in basal neuronal plasticity in CB1-R 

KO mice in other neuronal populations, such as the pyramidal neurons of the motor cortex 
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(Ballesteros-Yañez et al., 2007). These results suggest that CB1-R are important mediators of 

normal neurodevelopmental processes in specific brain areas, in agreement with the role of 

these receptors in neural progenitor proliferation, axonal navigation and synapse formation 

during embryonic neuronal development (Fernández-Ruiz et al., 2000; Diaz-Alonso et al., 

2012). CB1-R also control dendritic spine dynamics in specific areas of the adult central 

nervous system, such as the hippocampus, where CB1-R blockade leads to a decrease in total 

density of spines (Busquets-Garcia et al., 2013). No changes in basal structural plasticity were 

observed in the mPFC of CB1-R KO mice (Fig. 2 and Fig. 5) suggesting that the role of CB1-R in 

neurodevelopment seems to be particularly relevant in specific brain areas, such as the NAc, 

motor cortex or hippocampus.  

The hyperlocomotor effects of acute morphine were proportionally 5 times higher in CB1-R KO 

mice than in WT animals (Fig. 1), in agreement with previous studies demonstrating an 

involvement of these receptors in opioid-induced pharmacological responses (Ledent et al., 

1999, Martin et al., 2000). Several studies have revealed a functional interaction and/or 

crosstalk between the endogenous cannabinoid and opioid systems regulating different 

physiological responses, such as nociception, drug reinforcement and anxiety (Maldonado et 

al., 2006). Dopamine and glutamate neurotransmission into the NAc are important 

mechanisms involved in acute opioid-induced hyperlocomotion (Steketee and Kalivas, 2011). 

Deregulations in dopamine and/or glutamate functionality in the NAc of CB1-R KO mice might 

have affected acute opioid-induced behavioral responses in these deficient animals. 

Interestingly, a single exposure to morphine modified neuroplasticity in the NAc, but not in the 

mPFC, in both WT and CB1-R KO mice in a short period of time (30 min). Therefore, these 

structural plasticity modifications produced by acute morphine seem to occur only in specific 

areas of the brain reward circuit.  

Behavioral- and pharmacological-dependent structural plasticity changes that include 

modifications in the number or morphology of pre-existing spines are highly dynamic 
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processes occurring in short periods of time in different brain areas, such as the NAc (Lendvai 

et al., 2000; Gipson et al., 2013). These acute plasticity changes were more important in CB1-R 

KO (increase in total dendritic spine densities in the NAc shell and core) than in WT animals 

(increase in stubby- and mushroom-type density of spines in the NAc shell and core, 

respectively). These data suggest that CB1-R participate in neuronal rearrangements promoted 

in the mesocorticolimbic system by acute morphine administration, and the lack of CB1-R 

exacerbates these structural plasticity changes.  

Alterations in neuronal plasticity after acute drug administration may affect neuronal 

rearrangements produced by subsequent exposures to the drug that may be crucial for the 

development of the addictive process. Thus, aberrant dendritic plasticity in CB1-R KO mice 

induced by acute morphine may also affect neuroplastic modifications after repeated 

morphine treatment and disrupt the development of behavioral sensitization. In agreement, 

morphine already induced locomotor sensitization after 3 days of chronic treatment in WT 

mice, whereas CB1-R KO mice developed locomotor tolerance from the same day of chronic 

morphine treatment (data not shown). 

No major changes in total dendritic spine density or density of specific spine sub-types in the 

NAc shell or core were observed in WT and CB1-R KO mice one week after the disruption of 

chronic morphine treatment, although increased proportion of stubby-types spines was 

revealed in the NAc core in CB1-R KO animals (Fig. 2, Table 2). These results reflect that 

disruption of chronic morphine treatment might be associated with a progressive waning of 

structural plasticity established in the NAc during morphine treatment. Similar results have 

also been described in dendrites of MSN of the NAc after prolonged withdrawal from a chronic 

cocaine treatment (Dumitriu et al., 2012). In contrast, disruption of chronic morphine 

treatment was associated with an increase in dendritic spine density, mainly thin spines, in the 

mPFC in both WT and CB1-R KO mice. This increase was significantly less important in CB1-R 

KO than in WT mice (Fig. 2 and 3, Table 2). The mPFC glutamatergic projections to the NAc are 
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crucial for the expression of drug-induced behavioral sensitization (Steketee and Kalivas, 

2011). Thus, we hypothesize that the cessation of chronic morphine treatment induces 

alterations in structural plasticity in the mPFC that could be crucial for the expression of 

behavioral sensitization. In the mPFC, a return to the baseline levels in the total spine density 

was observed in WT and CB1-R KO animals after a challenge morphine injection. This effect 

was mainly due to a reduction in the number of thin spines in both genotypes, and suggests 

that neuroplasticity induced in this brain area is a highly dynamic and short lasting process. In 

agreement with these plasticity changes, morphine re-exposure produced hyperlocomotion in 

both genotypes, although the effects were attenuated in CB1-R KO animals (Fig. 1). The 

decrease in the magnitude of the changes in neuroplasticity in the mPFC combined with the 

absence of regulatory actions of the endocannabinoid system at the level of the NAc synapses 

in CB1-R KO mice (Robbe et al., 2001; Hungun et al., 2003; Sperlagh et al., 2009) might explain 

this attenuated response. Morphine challenge after the disruption of the chronic treatment 

increased the total dendritic spine densities in both NAc core and shell in WT, but not in CB1-R 

KO animals (Fig. 2). These neuronal rearrangements in WT mice were mainly due to an 

increase in stubby and branched type spines density in the NAc shell and an increase of thin 

spines in the NAc core. After this morphine challenge, CB1-R KO only showed an increase in 

mushroom-type spines in both sub-regions of the NAc and an increase in stubby-spines in the 

NAc core (Table 1). The increase in branched spines in the shell of the NAc in WT mice is of 

particular interest since this type of spines is considered an effective mechanism to enhance 

synaptic efficacy (Rusakov et al., 1996) and may provide an efficient way to increase the input 

efficacy into the NAc shell and to facilitate opioid-behavioural sensitization.  

Previous studies on chronic morphine-induced structural plasticity have reported conflicting 

results. Most studies have shown a decrease in spine densities in most brain areas after 

morphine chronic treatment (see Robinson and Kolb, 2004 for review). However, other studies 

have reported the opposite results, describing an increase in dendritic spine densities in the 

Page 18 of 38Addiction Biology



For Review
 O

nly

 18

cortex and NAc of mice after chronic morphine exposure (Pal and Das, 2013). Differences in 

sex, species, experimental procedure, doses regime and the methodology used to evaluate 

structural plasticity might explain these discrepancies after chronic opioid treatment.  

We can summarize that morphine-induced structural plasticity in the NAc and mPFC is a highly 

dynamic phenomenon that evolves during the time course of the sensitization process. Indeed, 

a single morphine administration already triggers spines morphology changes in the NAc core 

and shell, which can potentially participate in the development of behavioral sensitization. 

Structural plasticity changes were no longer observed in the NAc core after the disruption of 

chronic morphine treatment, whereas increased spines density was revealed in the mPFC at 

this time point mainly in WT mice, which could participate in the long-term maintenance of 

morphine sensitization. Finally, re-exposure to morphine one week after the cessation of the 

chronic treatment produced additional spine density changes in the NAc in WT, but not in CB1-

R KO mice, which parallels the development of morphine behavioral sensitization in these 

mice. The enhancement of morphine induced structural plasticity after chronic morphine 

treatment could represent a neuronal mechanism underlying behavioral sensitization. Finally, 

our results highlight the involvement of CB1-R in the structural plasticity changes induced by 

morphine in the NAc core and shell and in lesser extent in the mPFC, which can possibly 

account for the impaired morphine-induced locomotor sensitization observed in CB1-R KO 

mice. 
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FIGURE LEGENDS 

FIGURE 1: Genetic deletion of CB1-R alters basal locomotor activity, acute morphine 

hyperlocomotor effects and the development and expression of locomotor sensitization to 

morphine. (A) Basal locomotor activity of WT (white columns; n=60) and CB1-R KO (black 

columns; n=59) mice during the three days of habituation. (B) Hyperlocomotor effects of 

morphine (15 mg/kg, s.c.) in WT and CB1-R KO mice. Day 4 represents morphine acute effects 

morphine, day 19 represents the behavioral sensitization at the end of the chronic treatment 

(development phase), and the maintenance or late expression of morphine sensitization is 

shown on day 26. From day 4 to 19, mice of each genotype were treated, twice daily, with 

morphine (black columns; WT, n=31; CB1-R KO, n=28) or saline (white columns; WT, n=29; 

CB1-R KO, n=31). At day 26, after 1 week without treatment, mice chronically treated with 

saline received either an injection of saline (white columns; WT, n=16; CB1-R KO, n=17), or 

morphine (upright stripped columns; WT, n=13; CB1-R KO, n=14). Similarly, mice chronically 

treated with morphine received, at day 26, either an injection of saline (downright stripped 

columns; WT, n=12; CB1-R KO, n=12) or morphine (black columns; WT, n=19; CB1-R KO, n=16). 

(C) Table showing the percentage of increase or decrease of locomotor activity in WT and CB1-

R KO mice, triggered by the habituation procedure (HAB: comparison of locomotor activity at 

day 3 vs. day 1), acute morphine injection (ACUTE: comparison of the locomotor activity of 

morphine-treated animal at day 4 vs. their basal activity at day 3), last injection of the 

morphine chronic treatment (DEVELOPMENT: comparison of morphine hyperlocomotor 

effects at day 19 vs. day 4), and challenge morphine injection one week after cessation of the 

chronic treatment (MAINTENANCE: comparison of morphine hyperlocomotor effects at day 26 

vs. day 4). Data are expressed as mean of the total number of photocells beam crossed during 

the 15 min session  ± s.e.m. P�PP<0.05, PPPP<0.01, PPPPPP<0.001 (WT vs. CB1-R KO, Fisher F-

test); ### P<0.001 (comparison vs. day1, Fisher F-test);P P  P<0.05,PPPPP<0.01,PPPPP P<0.001 
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(morphine-treated vs. saline-treated mice, Fisher F-test); @ P<0.05, @@ P<0.01, @@@ 

P<0.001 (comparison vs. day 4, Fisher F-test). 

FIGURE 2: Structural plasticity changes induced by morphine in the mesocorticolimbic circuit 

are dependent on CB1-R. Quantification of total dendritic spines density (number/10μm) in 

MSN from the NAc shell (A) and core (C) and basilar dendrites in pyramidal neurons of the 

mPFC (E) in WT and CB1-R KO mice chronically treated with saline and receiving at day 26 an 

injection of saline (white columns, Chronic Sal/Acute Sal) or morphine (upright stripped 

columns; Chronic Sal/Acute Mor); and of WT and CB1-R KO mice chronically treated with 

morphine and receiving at day 26 an injection of saline (downright stripped columns; Chronic 

Mor/Acute Sal) or morphine (black columns, Chronic Mor/Acute Mor and Mor/Mor). Data 

represent the average of 42-52 dendrites per experimental group; a total of 6-8 dendrites per 

animal (n=7-8 per experimental group) and brain area were analysed, and no more than 2 

dendrites were evaluated from the same neuron. Illustrations of DiI-labeled dendrites of MSN 

in the NAc shell (B), NAc core (D) and DiI-labeled basilar dendrites of pyramidal neurons in the 

mPFC (F) of the different experimental groups of WT and CB1-R KO mice (Sal/Sal represents 

mice exposed to Chronic Sal/Acute Sal; Sal/Mor represents mice exposed to Chronic Sal/Acute 

Mor; Mor/Sal represents mice exposed to Chronic Mor/Acute Sal and Mor/Mor represents 

mice exposed to Chronic Mor/Acute Mor). Data are expressed as mean ± s.e.m. 

PPP<0.05,PPPPP<0.01 (WT vs. CB1-R KO, Fisher F-test); # P<0.05, (WT vs. CB1-R KO, Fisher F-

test); $ P<0.05 (comparison vs. Sal/Sal, Fisher F-test); PPP<0.05,PPPPP<0.01 (comparison vs. 

Sal/Sal, Fisher F-test); & P<0.05 (comparison vs. Mor/Sal, Fisher F-test); @P<0.05 (comparison 

vs. Mor/Sal, Fisher F-test). 

FIGURE 3: Spines subtypes analysis in the NAc shell in the different experimental groups of 

WT and CB1-R KO mice. Quantification of the density (number/10μm) of thin, stubby, 

mushroom, wide and branched spines in MSN of the NAc shell in the different experimental 
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groups of WT (A) and CB1-R KO mice (B). Data represent the average of 42-52 dendrites per 

experimental group; a total of 6-8 dendrites per animal (n=7-8 per experimental group) were 

analysed, and no more than 2 dendrites were evaluated from the same neuron. Data are 

expressed as mean ± s.e.m. PPP<0.05 (WT vs CB1-R KO, Fisher F-test);   PPPP<0.01 (comparison 

vs. Sal/Sal, Fisher F-test); $ P<0.05, $$ P<0.01 (comparison vs. Sal/Sal, Fisher F-test). 

FIGURE 4: Spines subtypes analysis in the NAc core in the different experimental groups of 

WT and CB1-R KO mice. Quantification of the density (number/10μm) of thin, stubby, 

mushroom, wide and branched spines in MSN of the NAc core in the different experimental 

groups of WT (A) and CB1-R KO mice (B). Data represents the average of 42-52 dendrites per 

experimental group; a total of 6-8 dendrites per animal (n=7-8 per experimental group) were 

analysed, and no more than 2 dendrites were evaluated from the same neuron. Data are 

expressed as mean ± s.e.m. PPP<0.05, PPP  P<0.01 (comparison vs. Sal/Sal, Fisher F-test); $ 

P<0.05 (comparison vs. Sal/Sal, Fisher F-test); && P<0.01 (comparison vs. Mor/Sal, Fisher F-

test). 

FIGURE 5: Spines subtypes analysis in the mPFC in the different experimental groups of WT 

and CB1-R KO mice. Quantification of the density (number/10μm) of thin, stubby, mushroom, 

wide and branched spines in pyramidal neurons of the mPFC in the different experimental 

groups of WT (A) and CB1-R KO mice (B). Data represents the average of 42-52 dendrites per 

experimental group; a total of 6-8 dendrites per animal (n=7-8 per experimental group) were 

analysed; and no more than 2 dendrites were evaluated from the same neuron. Data are 

expressed as mean ± s.e.m. PP   P<0.01, PPP      P<0.001 (comparison vs. Sal/Sal, Fisher F-test); 

& P<0.05 (comparison vs. Mor/Sal, Fisher F-test). 

TABLE 1: Statistical analysis of habituation and locomotor effects of morphine in WT and 

CB1-R KO mice. 
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TABLE 2: Statistical analysis of the effects of morphine on dendritic spines density in the NAc 

shell, core and mPFC in WT and CB1-R KO mice. 

TABLE 3: Summary of main results. Acute morphine treatment increases to a greater extent 

locomotor activity in CB1-R KO mice (++) than WT mice (+) (in comparison to their respective 

basal activity at day 3). This treatment induces spine morphology changes in the NAc shell and 

core of WT mice (higher proportion of stubby and mushroom-types spines in the NAc shell and 

core, respectively), while this acute injection leads to enhance total spine density in those two 

brain areas in CB1-R KO mice (through mainly an increment of mushroom and stubby-types in 

the NAc shell and core, respectively). During the chronic morphine treatment, the 

hyperlocomotor effects of morphine are further enhanced in WT mice, while these effects 

significantly diminish in CB1-R KO mice (in comparison to the acute effects at day 4). One week 

after cessation of the morphine chronic treatment, WT and CB1-R KO mice present both an 

increase of total spine density in the mPFC (through mainly an increment of thin-types spines, 

and also stubby ones for CB1-R KO mice). At this same time point, re-exposure to morphine 

leads to a greater enhancement of locomotor activity in WT mice than after the acute injection 

at day 4 or during the chronic treatment (day 7-10-13-16-19)). Similarly, this challenge 

injection of morphine produces higher hyperlocomotor effects than an acute injection (day 4) 

in CB1-R KO mice, although to a smaller extent than WT mice. Re-exposure to morphine 

reduces to a basal level the total spine density increment observed in the mPFC in WT and 

CB1-R KO mice one week after cessation of the chronic morphine treatment. Moreover, this 

challenge injection increases the total spine density in the NAc shell and core in WT mice, but 

not in CB1-R KO mice in which only spine morphology changes are observed in those brain 

areas (higher proportion of mushroom and stubby-types spines in the NAc shell and core, 

respectively). 
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