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Abstract 

We recently introduced an animal model to study incubation of drug craving after prolonged 

voluntary abstinence, mimicking the human condition of relapse after successful contingency 

management treatment. Here we studied the role of the nucleus accumbens (NAc) in this model. 

We trained rats to self-administer a palatable solution (sucrose+maltodextrin 1%, 6 h/day, 6 days) 

and methamphetamine (6 h/day, 12 days). We then evaluated relapse to methamphetamine seeking 

after 1 and 15 days of voluntary abstinence, achieved via a discrete choice procedure between the 

palatable solution and methamphetamine (14 days). We used RNAscope in-situ hybridization to quantify 

the co-labeling of the neuronal activity marker Fos, and dopamine Drd1- and Drd2-expressing medium 

spiny neurons (MSNs) in NAc core and shell during the incubation tests. Next, we determined the effect 

of pharmacological inactivation of NAc core and shell by either GABAA and GABAB agonists 

(muscimol+baclofen, 50+50 ng/side), Drd1-Drd2 antagonist (flupenthixol, 10 µg/side) or the selective 

Drd1 or Drd2 antagonists (SCH39166 1.0 µg/side or raclopride 1.0 µg/side) during the relapse tests.  

Incubated methamphetamine seeking after voluntary abstinence was associated with a selective 

increase of Fos expression in the NAc core, but not shell, and Fos was co-labeled with both Drd1- and 

Drd2-MSNs. NAc core, but not shell, injections of muscimol+baclofen, flupenthixol, SCH39166, and 

raclopride reduced methamphetamine seeking after 15 days of abstinence.  

Together, our results suggest that dopamine transmission through Drd1 and Drd2 in NAc core is 

critical to the incubation of methamphetamine craving after voluntary abstinence. 
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Introduction 

Portenoy in 1996 defined addiction as “a psychological and behavioral syndrome characterized by 

evidence of psychological dependence, and evidence of compulsive drug use, and/or evidence of other 

aberrant drug-related behaviors” (Portenoy 1996). Indeed, one of the most cunning characteristic of drug 

addiction is the persistent desire to take drugs even after many years of abstinence, or to inhibit drug urges, 

ultimately promoting drug seeking and taking, even when face up to serious adverse consequences.  

The enduring vulnerability to relapse is a primary feature of the addiction disorder and it has been 

identified as a point where pharmacotherapeutic intervention may be most effectively employed to improve 

addiction relapse outcomes (O'Brien 2008). For this reason, it is necessary to understand the neurobiological 

bases of drug craving-states (a proximal factor to relapse) and its varying temporal dynamic. Indeed, the 

vulnerability to relapse in addicts can persist after years of abstinence, suggesting that the propensity to 

relapse is caused by dynamically complex long-lasting changes in brain function. 

In 1986, on the basis of clinical observations, Gawin and Kleber (1986) proposed that cue-induced 

cocaine craving progressively increases during early abstinence and remains elevated for extended drug-

free periods. More than a decade later, Grimm and colleagues (2001) described in rodents, pre-trained to 

self-administer cocaine, a phenomenon strikingly similar to that proposed by Gawin and Kleber. At present, 

the concept of incubation of craving has been substantiated by many clinical and preclinical evidences both 

for drug and food rewards. The demonstration of incubation in human studies provides support for the 

translational potential of therapeutic targets for relapse uncovered through basic research with rodents. 

This dissertation begins with an overview of the clinical problem and then outlines the neural circuitry 

and the brain areas involved, with a focus on the anatomy of the nucleus accumbens. Then, I pinpoint the 

mechanisms of neuroplasticity that underlie the dysregulation of cellular and circuitry functions produced by 

drugs of abuse. In chapter 2, a brief description of the animal model of drug addiction will introduce our 

animal model of incubation of drug craving after voluntary abstinence. In conclusion of this second chapter I 

will illustrate the experimental design of the experiments at the base of this dissertation then will be 

presented in chapter 3.  
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The clinical problem 

Illicit drugs, such as cocaine, methamphetamine and heroin are misused for various reasons, 

including for pleasurable effects, to improve performance and, in certain instances, for self-medication 

(Volkow and Li 2004). Repeated drug use can result in addiction, which is manifested as an intense desire 

for the drug with an impaired ability to control the urges to take that drug, even at the expense of serious 

adverse consequences (Graham, Schultz et al. 1998) such social isolation (from family and friends) or being 

involved with the criminal justice system. This is because the behavioral repertoire of drug addicts is 

crystallized over drug seeking and taking, at the expenses of alternative non-drug incentives (Piazza and 

Deroche-Gamonet 2013). Even, when drug addict try to abstain from the drug, physical and psychological 

withdrawal symptoms arise that puts a person at risk of relapse (Friedman and Rusche 1999).  

Most theories share the assumption that urges and cravings are subjective states that are manifest 

behaviorally as concordant changes in overt behavior (e.g., drug pursuit and consumption), verbal reports of 

urges, and particular constellations of somatovisceral responses. Recently introduced in the Diagnostic and 

Statistical Manual of Mental Disorders 5 (DSM-5) (Murphy, Stojek et al. 2014), craving is considered a key 

feature of addiction because it often predict treatment outcomes (Higley, Crane et al. 2011, Tsui, Anderson 

et al. 2014). In the DSM-5 craving is defined as a “strong desire or urge to use the substance”. The manual 

further underlies that the craving “makes it difficult to think of anything else” and “often results in the onset” of 

use). Imaging studies in humans employing positron emission tomography (PET) and/or functional magnetic 

resonance imaging (fMRI) have shown that images associated with the drug (paraphernalia, or 

environmental cues associated with drug use) positively correlate with the activation of the mesolimbic 

system (Childress, Mozley et al. 1999) and therefore amenable of quantitative assessment.  

Gawin and Kleber in 1986 (Gawin and Kleber 1986) postulated that a cue-induced cocaine craving in 

humans increase in the first period of abstinence and remains high for long period of time. However, few 

years later a study reported opposite findings, unprovoked craving for the cocaine decreases with an equal 

time-course (Weddington, Brown et al. 1990). Because of this state of the art, for more than a decade this 

relevant hypothesis did not receive further attention (Li, Venniro et al. 2016, Venniro, Caprioli et al. 2016). 

Years later, in 2001, a seminal preclinical study in rats revived the Gawin and Kleber hypothesis. In this 

study, Grimm and colleagues (Grimm, Hope et al. 2001) defined and characterized the “incubation of drug 

craving” phenomenon: this cocaine “craving” was significantly higher after 1–2 months than after 1–7 days of 

abstinence from cocaine. This term is now part of the clinical and preclinical literature and describe the 

intensification over time of cue-induced drug seeking after forced abstinence. 
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At present, the concept of incubation of craving has been substantiated by many clinical and preclinical 

evidences for both drug and food rewards. Incubation of cue-induced drug craving has been observed in 

rodents with a self-administration history of heroin (Shalev, Grimm et al. 2002), nicotine (Abdolahi, Acosta et 

al. 2010), alcohol (Bienkowski, Rogowski et al. 2004), methamphetamine (Shepard, Bossert et al. 2004). 

Incubation of craving has also been observed in humans with a drug taking history of nicotine (cigarette 

smoking) (Bedi, Preston et al. 2011), methamphetamine (Wang, Shi et al. 2013), alcohol (Bienkowski, 

Rogowski et al. 2004) cocaine (Parvaz, Moeller et al. 2016) and to some extent heroin (Nava, Caldiroli et al. 

2006, Wang, Zhang et al. 2012); (in some other reports heroin craving does not increase over time, but 

rather is there immediately and is sustained over months, see (Xue, Luo et al. 2012)). 

Since early 2000s significant progresses were made in the study of the brains’ mechanisms of 

incubation of drug craving (the neurobiological approach to addiction is rooted in understanding the 

molecular, cellular and circuit mechanisms involved (Pickens, Airavaara et al. 2011)). Despite this advance 

in knowledge, effective clinical treatments to prevent drug relapse remain largely unchanged. Before 

addressing this inconsistency, it should be noted that: 1) all the pharmacological treatments proved to be 

effective in animal models of drug relapse failed to translate in human clinical trials (Yahyavi-Firouz-Abadi 

and See 2009) and 2) the pharmaco-therapy currently in use in human addicts was proved effective in 

animal models. This is the case of the opioid antagonist nalmefene for alcoholism, the mu-opioid agonist 

methadone for opioid addiction and the nicotinic acetylcholine receptor partial agonist varenicline for tobacco 

dependence (Cahill, Stead et al. 2012, Mann, Bladstrom et al. 2013, Bell 2014).  

What may account for this dissociation? One potential reason is that animal models of addiction 

rarely incorporate voluntary aspects of human abstinence, which often occurs because of the availability of 

alternative nondrug rewards (e.g., employment and supportive social environment). 

This is exemplified in contingency management where nondrug rewards (monetary vouchers), given 

in exchange for being drug-free, can maintain abstinence for many months. However, when contingency 

management discontinues, most drug users relapse. 

Relapse to drug use can be provoked by drug-associated cues or environment (O'Brien, Childress et 

al. 1990, O'Brien, Childress et al. 1992), stress (Sinha 2001) (Sinha, Shaham et al. 2011), or the drug itself 

(Jaffe, Cascella et al. 1989). All these factors can precipitate drug craving (Preston, Kowalczyk et al. 2018). 

Currently, as mentioned above, none of the pharmacological therapies for methamphetamine addiction 

results in an approved medication technology for neuroscience research (Vocci and Appel 2007). Because of 

this impasse, preclinical drug addiction research is now shifting is focus on the neurobiological underpinnings 
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of decision-making processes. Indeed, drug addiction can be also qualified as a “decision making gone 

awry” (Redish 2004). 

This investigation is rooted on the ground that any motivated behavior is sensitive to the presence (in 

the environment) of alternative reinforcers or punishers. The general idea is that alternative incentives or 

contexts can displace the “crystallized” drug preference. This aspect was incorporated in what is now 

recognized as the most effective behavioral treatment to promote long lasting abstinence, Contingency 

Management (Meyers and Miller 2001, Dutra, Stathopoulou et al. 2008). Originally developed in 1990’s by 

Higgins (Higgins, Delaney et al. 1991, Higgins, Bickel et al. 1994), this approach involves the provision of 

monetary-based reinforcers, like vouchers or prizes, in exchange of a proof of abstinence. Subsequently, 

empirical literature on contingency management demonstrated that behavioral principles valid for preclinical 

model can be effective even in humans. The first principle is that a proper tangible reinforcer is more 

effective than a smaller one. The second principle is that the reinforcement has to be given every time the 

behavior targeted for change is accomplished.   
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Basic Neuroanatomy 

The reward system is a group of neural structures responsible for the expression of motivated 

behaviors (desire, or craving for a reward), associative learning, and positively-valanced emotions, 

particularly ones which involve pleasure as a core component (e.g., joy, euphoria and ecstasy) (Berridge and 

Kringelbach 2015). In operant conditioning, rewarding stimuli function as positive reinforcers (any stimulus, 

object, event, activity, or situation that has the potential to make us approach and consume it). The brain 

structures that compose the reward system are located primarily within the cortico-basal ganglia-thalamic-

cortical loop (Figure 1) (Yager, Garcia et al. 2015). Most drugs of abuse by impinging on the VTA and the 

nucleus accumbens promote compulsive drug seeking and taking. 

 

 

 

Figure 1. Limbic system and reward circuit in human and rat brains. Both the systems are 
maintained throughout the evolution. Top. Schematic diagram of limbic system in color. These regions of the 
brain control innate behaviors and, parallel with inputs from the ventral tegmental area, nucleus accumbens 
and cortex, learned and intentional behaviors the reward circuit involves the ventral tegmental area, 
amygdala, nucleus accumbens and cortex. Bottom. Schematic diagram of the reward circuit that involves 
prefrontal cortex (PFC), nucleus accumbens (NAc) and ventral tegmental area (VTA). Adapted from 
Sokolowski and Corbin, 2012 

 
 

The cortical-basal ganglia-thalamic circuit sustain and modulate the intensity of addictive behaviors, 

with the striatum putatively acting as the hub of the basal ganglia where neuroadaptations occur during 

addictive behaviors (Lobo and Nestler 2011, Luscher and Malenka 2011, Lee, Ma et al. 2013). Reward 

related behaviors starts like goal directed actions controlled by the anticipation of the outcome and then 

translate into a stimulus-related habits, where the outcome is not controlled by its anticipation (Kelley 2004, 
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Yin and Knowlton 2006). This change is controlled by physiological mechanisms that occur in cortical 

glutamatergic projections as well as mesencephalic-dopaminergic projections aiming the ventral striatum. 

Anatomically, the striatum could be divided in dorsal and ventral subregions: dorsal striatum (DS – caudate 

putamen; receives primarily sensorimotor information) and the ventral striatum (VS, nucleus accumbens; 

process limbic information). The striatum is composed of few neuronal phenotypes: four different classes of 

interneurons and ~ 95% of medium spiny neurons (MSNs) (Kemp and Powell 1971). MSNs can be divided in 

dopamine receptor 1 expressing MSNs and dopamine receptor 2 expressing MSNs (D1-MSNs and D2-

MSNs, respectively) further distinguished by neuropeptide expressions and projections (Le Moine and Bloch 

1995, Lobo, Karsten et al. 2006, Lobo and Nestler 2011). The general idea is that the D1 receptors are more 

involved in the primary rewarding properties of the drug whereas D2 receptors are more involved in drug 

seeking (Lobo and Nestler 2011). 

The dopamine receptors are both G protein-coupled receptors but with different properties. The D1 

receptors are coupled with Gs/olf proteins and the D2 receptors are coupled with Gi proteins. The activation of 

D1 receptors stimulate Gs/olf proteins that stimulate adenylyl cyclase, elevates intracellular levels of protein 

kinase A (PKA) (Graybiel, Moratalla et al. 1990, Nestler 2001). This signal transduction enhances the 

glutamate transmission in D1-expressing neurons via an alteration of Ca2+ an K+ conductance: the D1 

receptors, indeed, modulate glutamate transmission in a positive manner, activating the neurons. The D2 

receptors, instead, are coupled with Gi proteins that inhibit adenylyl cyclase, decrease the activity of PKA, 

and altered the conductance of Ca2+ and K+; in this way the glutamate transmission is diminished, and the 

MSNs return to a rest mode, inhibiting the transmission (Gerfen and Surmeier 2011). In dorsal striatum D1-

MSNs have direct projections to the output nuclei of basal ganglia whereas D2-MSNs projections arrive at 

the basal ganglia via ventral pallidum projections (Gerfen and Surmeier 2011). D1-MSNs are part of the 

“direct pathway” that project to the ventral mesencephalon, inhibiting the dopaminergic neurons (Refer to 

Figure 2). As a consequence, the thalamus is disinhibited and the motivated behavior is promoted. The 

“indirect pathway”, instead, involved D2-MSNs that prevent the activation of the ventral mesencephalon 

through the ventral pallidum and, as result, the thalamus is inhibited as well as the motivated behavior 

(Gerfen, Staines et al. 1982, Albin, Young et al. 1989, Calabresi, Picconi et al. 2014). 

The release of dopamine in the striatum modulate the glutamate input that arrive on the medium 

spiny neurons. These dopamine’s regulations increase the response of some input while suppress others, 

and, in turn, modify and adapt the behavioral patterns involved. However, the dopamine signal is slower than 

the glutamate input that impinge on the striatum: the function of the dopamine, so, is to integrate and amplify 
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the signals from cortices support one pathway of activation from a subset of neurons and instead diminish 

the activity of others (Pennartz, Groenewegen et al. 1994, Floresco 2007). 

 

 

 

Figure 2. Schematic representation of direct and indirect pathways of the striatum. Canonical 
concept: D1- and D2-MSNs completely segregated in the direct and indirect pathway. In the direct pathway 
projections reach the nuclei at the interface between basal ganglia and the rest of the brain; indirect pathway 
projects indirectly to the interface nuclei. Adapted from Kupchik 2017. 
 
 

What are the differences between dorsal and ventral striatum? The distinction between the two 

subregions is not evident at a neuroanatomic or projection level. Indeed, the same neurons are widely 

spread throughout the striatum with no boundary between and all the afferents do not distinguish between 

dorsal and ventral striatum, however, the two structures differ for their functions. Dorsomedial striatum is 

involved in goal-directed behaviors, the dorsolateral part is more involved in habits, instead the ventral 

striatum regulates motivational and emotional process. 

Here I will focus on the physiology of ventral striatum, the nucleus accumbens, as this brain region is 

central in this dissertation. 
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Generally speaking, nucleus accumbens receives dopaminergic inputs from the ventral 

mesencephalon and glutamatergic inputs from cortical, allocortical and thalamic brain regions. 

Structurally, the nucleus accumbens consists of two major subregions named core and shell 

(Jongen-Relo, Groenewegen et al. 1993, Jongen-Relo, Voorn et al. 1994), distinguished on the basis of the 

morphology, histochemical markers and projections (Zahm 2000, Meredith, Baldo et al. 2008, Kourrich, Calu 

et al. 2015). Studies in rats, confirmed also in primates, demonstrated a regional distribution of 

neuropeptides in the nucleus accumbens [(Zaborszky, Alheid et al. 1985, Groenewegen, Vermeulen-Van der 

Zee et al. 1987, Zahm and Heimer 1990) for humans and primates (Voorn, Brady et al. 1994, Meredith, 

Pattiselanno et al. 1996)]. The shell region is more medial instead the core is more lateral (Zahm and Brog 

1992); of course, a similar structure is conserved in humans (Baliki, Mansour et al. 2013). Based on this 

division there is a topographical organization of the cortical inputs (Kelley, Domesick et al. 1982, 

Groenewegen, Vermeulen-Van der Zee et al. 1987, Brog, Salyapongse et al. 1993). This different 

connectivity had suggested a different role in the behavior, and it was demonstrated by lesions and 

pharmacological treatments in preclinical model. 

Long projections from the pyramidal neurons of the cortices use the fast-acting excitatory 

neurotransmitter glutamate to impinge on other brain regions like nucleus accumbens and they are also 

connected with the nearby cells in the same brain area. The nucleus accumbens projection cells, instead, 

are less excitable and are not able to generate spontaneous firing. In addition, the neurotransmitter GABA, 

release from nucleus accumbens projection’s cells can not generate recurrent pattern of activity (Uchimura, 

Cherubini et al. 1989, Pennartz, Groenewegen et al. 1994) (Figure 3). 

As said before, the activation of D1-MSNs and the direct pathway excite the thalamus that, by 

consequence, result in positive cortical feedback loop in a GO signal to activate the behavior. The activation 

of the indirect pathway instead, send negative cortical feedback loop to NO GO signal (van der Kooy, 

McGinty et al. 1982, Albin, Young et al. 1989, Calabresi, Picconi et al. 2014). 

However recent finding showed that the differences between the direct and indirect pathways are not so 

obvious in the nucleus accumbens D1- and D2-MSNs. As predicted, the activation of D1-MSNs in nucleus 

accumbens promote drug seeking while the activation of D2-MSNs inhibits the behavior; but there are 

evidences that both the subtypes of MSNs in the nucleus accumbens are also involved in both direct and 

indirect pathway (Kupchik and Kalivas 2017). Studies in transgenic mice from Kalivas’ lab showed that D1-

MSNs project on ventral pallidum and, on the contrary, D2-MSNs have direct connections with the ventral 

mesencephalon to disinhibit the thalamus (Kupchik, Brown et al. 2015) (Figure 4). 
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Figure 3. A scheme of the cell types in the nucleus accumbens. MSNs (light blue) interacts with 
astrocytes (yellow) and the interneurons (purple). Moreover, the nucleus accumbens receives inputs from 
several brain regions: examples of neurons that synapse in the accumbens are glutamatergic projection 
neurons (green) as well as dopaminergic projections neurons (red). Scofield 2016. 

 
 

In the incubation of cocaine craving there is a similar plasticity of D1- and D2-MSNs in nucleus 

accumbens, in concordance with the finding described above, and other electrophysiological studies that did 

not find differences in the two subpopulations (Conrad, Tseng et al. 2008, Conrad, Ford et al. 2010, Kupchik, 

Brown et al. 2015, Scheyer, Loweth et al. 2016, Kupchik and Kalivas 2017). 

The activated state in MSNs is reached only by a tonic glutamatergic release in combination with a causal 

dopaminergic release. In rats, glutamate inputs to MSNs of the nucleus accumbens guide the behavioral 

response to rewards and the cues that predict them. MSNs receive convergent inputs from multiple brain 

regions, and these inputs interact synaptically (Finch 1996). Inputs from the medial prefrontal cortex (mPFC) 

contribute on executive control (important for behavioral flexibility, response inhibition and salience 

attribution). Conditioned associations and affective drive are guided by inputs from basolateral amygdala 

(BLA) and inputs from the hippocampus provide spatial and contextual information and finally thalamic inputs 

presumably convey information about arousal and direct attention to behaviorally significant events. In 

addition, the central nucleus of the amygdala (CeA) does not project directly to the nucleus accumbens, but 

both the amygdaloid nuclei (CeA, and BLA) can influence the nucleus accumbens and other regions 

indirectly through connections with the midbrain, as well as through other routes (VTA). Is important to note 

that differences exist between the neuronal pathways implicated in incubation of craving for different drugs of 
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abuse (Pickens, Airavaara et al. 2011, Li, Caprioli et al. 2015). However, due to its central role as a hub of 

motivated behavior where many pathways converge on this structure, nucleus accumbens is one of the most 

notable area implicated in the incubation of drug craving.   

 

 

 
Figure 4. Schematic representation of direct and indirect pathways of the nucleus accumbens. 

Updated concept: both D1- and D2-MSNs subpopulations participate in both the pathways. Adapted from 
Kupchik 2017. 

 

Methamphetamine acts by both facilitating the release of catecholamines, particularly noradrenaline, 

dopamine and serotonin, from nerve terminals in the brain and by inhibiting their uptake. Due to the 

structural similarity to dopamine, methamphetamine can enter in the neurons throughout the surface and be 

transported at the synapse terminal by the transporters that usually serves for dopamine or noradrenaline, 

entering in the neurotransmitters-containing vesicles and facilitating the release of neurotransmitters in the 

synaptic cleft. In the same neuron, methamphetamine can also block the reuptake of dopamine by reversing 

the dopamine transporter of presynaptic neurons and thus permits an accumulation of dopamine in the 

synaptic cleft stimulating the dopamine receptors expressed on the postsynaptic neurons’ surface (Kish 

2008) (Figure 5). 
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Figure 5. A striatal dopamine neuron ending. In naïve condition, dopamine released into the 
synaptic cleft is reuptake by the dopamine transporter in the presynaptic neuron and it is transported into the 
synaptic vesicle. Methamphetamine causes the release of dopamine in the synaptic cleft due to the 
translocation of the dopamine in the cytoplasm and reverse transportation of dopamine by dopamine 
transporters from the cytoplasm to the synaptic cleft. Courtesy of NIH Science Education. 
 
Here we used methamphetamine because previous studies highlighted a critical role of the nucleus 

accumbens in incubation of methamphetamine craving after forced abstinence (Scheyer, Loweth et al. 

2016).   
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Structural and synaptic plasticity 

The propensity to relapse even after long period of abstinence is associated with alteration of 

neuronal activity and remodeling of limbic and frontal cortical circuitry (Wolf 2016).  

Animal model of drug addiction have been pivotal to identify molecular-, synaptic or neural circuit-alterations 

that promote drug relapse. In this section, I will discuss rodent studies of cocaine craving during abstinence, 

many of which have focused on the progressive intensification (incubation) of cue-induced cocaine craving 

that occurs as the duration of abstinence increases. The focus will be on the nucleus accumbens. 

The MSNs of nucleus accumbens are hyperpolarized and have low spontaneous activity: their 

activation depends on excitatory glutamatergic transmission (O'Donnell and Grace 1993, Peoples and West 

1996). The glutamate release in MSNs synapses results in activation of ionotropic receptors: α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPAR) and N-methyl-D-aspartate (NMDAR). MSNs sensitivity 

to glutamate depends on type and number of these postsynaptic receptors because higher receptor density 

allowed larger amplitude currents. Changes in the type of channels or their subunits are important factors 

that underlie neuroadaptation due to drug use. 

The propensity to relapse is hypostasize to be promoted by synaptic changes in the glutamatergic 

system in the nucleus accumbens, indeed abstinence period from cocaine induce a potentiation of excitatory 

inputs after different regiment of cocaine exposure (Kourrich, Rothwell et al. 2007, Conrad, Tseng et al. 

2008, Pascoli, Turiault et al. 2011, Pascoli, Terrier et al. 2014). 

In incubation model of cocaine addiction there is an alteration of nucleus accumbens core MSNs 

firing caused by the drug or the presentation of drug-associated cues. At late abstinence day, more than 30 

days, there is an increased number of neurons, associated with the drug, that respond during the relapse 

test in the nucleus accumbens core, but not shell, relative to abstinence day 1. These increased number of 

neurons have also augmented the strength of the synaptic response (Hollander and Carelli 2007). 

What are the cellular mechanisms that promote an MSNs-altered firing during cue-induced drug-

seeking? It is reasonable thinking that one cellular component is the AMPA receptors that are composed of 

different subunits and have different properties depending on subunit composition. The calcium permeable 

AMPA receptors (CP-AMPAR) differs from the calcium impermeable AMPA receptors (CI-AMPAR) because 

they are lacking Glu2 subunit: this results in a permeability of Ca2+ ions from the extracellular matrix. The 

CP-AMPAR are made by homomeric GluA1 subunits and they have larger single-channel conductance, 

faster kinetics and inward rectification owing to voltage-dependent block by intracellular polyamines (Figure 

6, top panel). 
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Figure 6. Top panel. AMPA receptors populations. AMPAR that lacking the GluA2 subunit are CP-
AMPAR (left). RNA editing of the GluA2 subunit determined the Ca2+ permeability. AMPAR containing an 
edited GluA2 subunit do not gate calcium. Bottom panel. In the nucleus accumbens core of rats that undergo 
extended-access cocaine self-administration and incubation of cocaine craving, CP-AMPAR levels increase 
and activation of these receptors is required for the expression of incubated cocaine seeking. Adapted from 
Henley 2013 and Wolf 2016. 
 

The incorporation of CP-AMPAR in place of CI-AMPAR have a role in many types of synaptic plasticity and 

strength the excitatory synapses that imping on the nucleus accumbens (Cull-Candy, Kelly et al. 2006, Isaac, 

Ashby et al. 2007, Liu and Zukin 2007). Electrophysiological identification of CP-AMPAR are made by (i) 

application of receptors antagonist 1-naphthylacetyl spermine trihydrochloride (naspm) and (ii) measure of 

excitatory post synaptic current (EPSC) mediated by AMPAR at hyperpolarization (-70 mV) and 

depolarization (+40 mV). The ratio between the latter measurements makes the rectification index, an 

indirect measure of changes in AMPAR subunits. 
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AMPAR upregulation at different abstinence days has been demonstrated in sensitization model via 

biochemical (Boudreau and Wolf 2005, Boudreau, Reimers et al. 2007, Boudreau, Ferrario et al. 2009, 

Ferrario, Li et al. 2010), electrophysiological (Kourrich, Rothwell et al. 2007) and behavioral approach 

(Bachtell and Self 2008). Additionally, is demonstrated that in drug naïve rats CI-AMPAR are the most 

expressed AMPA receptors (Kourrich, Rothwell et al. 2007, Mameli, Halbout et al. 2009). However, after a 

prolong period of abstinence from extended access of self-administration, CP-AMPAR accumulate in the 

nucleus accumbens (Conrad, Tseng et al. 2008, McCutcheon, Wang et al. 2011) (Figure 6, bottom panel). 

In naïve condition 90-95% of the evoked EPSC (eEPSC) in the nucleus accumbens core are liable to CI-

AMPAR. The same current, after at least 35 abstinence days are caused by CP-AMPARs express on MSNs 

surface: given these modifications, the responsiveness of MSNs to glutamate is strengthen (Purgianto, 

Scheyer et al. 2013). Moreover, blocking the CP-AMPARs, via intracranial applications of naspm, results in a 

reduction of the cue-induced drug seeking for both cocaine and methamphetamine (Conrad, Tseng et al. 

2008, Scheyer, Loweth et al. 2016). Enhanced drug craving, then, is a consequence of the integration of CP-

AMPARs that make MSNs more reactive to glutamate release in the nucleus accumbens and help MSNs to 

respond more robustly when a drug-associated cue is presented, as indicated by increased rectification 

index and increased inhibition by naspm in electrophysiological recordings (Conrad, Tseng et al. 2008, 

Purgianto, Scheyer et al. 2013, Loweth, Tseng et al. 2014, Scheyer, Loweth et al. 2016).  

As already descripted in the previous chapter (§ Neuroanatomy), the differences between D1- and D2 

expressing MSNs are blurred in the nucleus accumbens (Kupchik and Kalivas 2017). This is true also in the 

accumulation of CP-AMPA receptors that is not distinct between the two subpopulations of MSNs: 

electrophysiological recording from D1- and D2-MSNs did not find differences for the distinct subpopulations 

in the incubation of cocaine and methamphetamine craving after forced abstinence (Conrad, Ford et al. 

2010, Scheyer, Loweth et al. 2016). 
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Chapter 2: Animal model of incubation of drug craving and experimental design 
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Animal model of drug craving 

The most used preclinical model of drug addiction is the self-administration-based animal model 

because of its validity (§ Experimental design – Validity of the model). Even if reasons and modality of drug 

self-administration can differ between laboratory animals and humans, neuroanatomical circuitry and 

molecular cascades involved in generating, selecting and starting the behavior are similar in both situations.  

The self-administration procedures can be classified as operant behaviors. The operant paradigms 

are based on instrumental learning (Thorndike 1898) and developed by B. F. Skinner in 1930s: he 

established the operant conditioning where the behavior is controlled by its consequences. The 

reinforcement schedules are procedures that allow the delivery of reinforcer under operant and well-establish 

rules of behavior. The operant procedures allow contingency learning of the positive reinforcer, in our case 

the intravenous drug self-administration, with the operant behavior actions (i.e. nose poke or lever press). In 

the self-administration (of drugs) procedure the most commonly used ratio is the fixed ratio (FR). FR 

schedule allows the possibility of receiving drug delivery every time a given number of responses is 

completed. 

The reinstatement model of drug seeking behavior is useful to study the neurobiological and 

molecular bases of drug craving and the response to previously associated drug cues, because both the 

actions can be the equivalent of drug craving and cue reactivity in human addicts (Bossert, Marchant et al. 

2013). However, despite these useful points, the reinstatement model does not reproduce perfectly the 

human condition of drug relapse. Humans never experiencing the extinction phase and, moreover, when an 

addict relapses, resumes drug consumption. 

In humans’ abstinence can be forced, due to incarceration, or, more often, voluntary as a 

consequence of the availability of alternative non-drugs rewards. 

Here I will discuss animal model of drug relapse where the craving is assessed after forced or voluntary 

abstinence. 

 

Forced abstinence and incubation of drug craving 

The typical experimental design to assess drug relapse in rats starts with the training phase. The 

laboratory animals are trained to press a lever or nose poke a hole to self-administer the drug. Each infusion 

is paired with a contingent presentation of a discrete cue, that eventually will result in an association with the 

drug and act as conditioned reinforcer. Upon completion of the training (typically 10-12 days) start the 
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abstinence phase. Throughout the animals are housed in the animal facility. At the end of the abstinence 

periods, there is a test phase: the animals are placed in the same context of the drug self-administration 

training and lever presses or nose pokes result in the presentation of the discrete cues previously associated 

with the drug, but not the drug’s infusion itself. 

The magnitude of drug seeking as revealed by the number of lever presses in extinction session is a 

readout of craving. 

Incubation of drug craving 

In these studies, the self-administration training is the same but then different groups of animals are 

tested under extinction conditions after different abstinence periods, in a between-subject design. The 

seminal study from Grimm et al. in 2001 (Grimm, Hope et al. 2001) defined incubation of drug craving as a 

time dependent increase in cue-induced drug seeking after a long period of forced abstinence. Incubation of 

drug craving was observed in rats that self-administer alcohol (Bienkowski, Rogowski et al. 2004), nicotine 

(Abdolahi, Acosta et al. 2010, Funk, Coen et al. 2016), methamphetamine (Shepard, Bossert et al. 2004, Li, 

Zeric et al. 2015), cocaine (Grimm, Hope et al. 2001, Lu, Grimm et al. 2004) , heroin (Shalev, Morales et al. 

2001, Airavaara, Pickens et al. 2011, Fanous, Goldart et al. 2012) and even oral sucrose (Grimm, Shaham 

et al. 2002). The incubation model has been used to study the neurobiological aspect of drug craving. At 

mechanistic level animal model studies underlie the central role of striatum, prefrontal cortex and amygdala 

in the incubation of drug craving (Pickens, Airavaara et al. 2011, Li, Caprioli et al. 2015). 

 

Voluntary abstinence induced by aversive consequences of drug intake 

To mimic the human condition of self-imposed abstinence that ends in drug relapse and its aversive 

consequences (i.e. inability to take care of children or loss of employment and family affects), since 1920s 

experimenter use punishment- or conflict-based procedure to manipulate motivation to seek rewards (Olds 

and Olds 1958). More recently the punishment procedure resurges by Panlilio et al. (Panlilio, Thorndike et al. 

2003): animals are trained to self-administer a drug and each infusion is paired with a discrete cue. Then the 

self-administration is extinguished by a delivery of a shock after the operant behavior. For the conflict 

procedure, instead, the abstinence is achieved by the introduction of an electric barrier between the animal 

and the lever associated with the drug (Cooper, Barnea-Ygael et al. 2007). During the test, drug seeking is 

triggered by a drug priming or the exposure to cues and it is in extinction conditions.  
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Voluntary abstinence induced by food reward in a choice procedure 

The voluntary abstinence procedure includes four phases: (i) Alternative reward (i.e. palatable 

pellets/solution) self-administration training, during which the reward is associated with discriminative stimuli 

and discrete cues. (ii) Drug reward self-administration training, during which the reward is associated with 

discriminative stimuli and discrete cues that differ from the alternative reward ones. (iii) Voluntary abstinence, 

during which animals have to choose between the two mutually exclusive rewards drug infusion or the 

pleasant alternative. (iv) Test for cue induced drug seeking in extinction condition at early or late abstinence. 

The voluntary abstinence phase is obtained by introducing daily choice sessions where the rats have to 

choose between two mutually exclusive rewards: a drug infusion or the alternative reward. This procedure is 

based on choice studies with methamphetamine, heroin and cocaine (Lenoir, Serre et al. 2007, Ahmed, 

Lenoir et al. 2013, Caprioli, Zeric et al. 2015).  

The voluntary abstinence induced by a non-drug reward model is the model used in this dissertation, 

because this animal model resembles better the human condition. Voluntary abstinence in human addicts 

can be the result of the availability of alternative rewards that promote abstinence. This approach is 

exemplified in the contingency management where non-drug reward given in exchange of abstention from 

the drug can maintain abstinence for many months. However, when alternative rewards discontinue most 

addicts relapse to drug use (Roll 2007) (§ Clinical problem). 

In the initial studies of incubation of methamphetamine craving after voluntary abstinence Shaham’s group 

trained rats in the two models of addiction: escalation of drug intake (Ahmed and Koob 1998, Ahmed, Walker 

et al. 2000) and the one based on DSM-4 criteria (Deroche-Gamonet, Belin et al. 2004, Piazza and Deroche-

Gamonet 2013). Both the procedures showed that methamphetamine seeking is higher after 21 days of 

voluntary abstinence relative to one day of abstinence. Moreover, the incubation model after voluntary 

abstinence has been used to study the neurobiological aspect of drug craving. An initial mechanistic 

characterization of the choice-based rat model of relapse, Shaham’s lab identified a critical role of 

dorsomedial striatum neuronal ensembles abstinence and a critical role of dopamine receptor 1-expressing 

(Drd1) neurons in the central amygdala and the glutamatergic projection from anterior insular cortex to 

central amygdala in relapse to methamphetamine seeking after voluntary abstinence (Caprioli, Venniro et al. 

2017, Venniro, Caprioli et al. 2017). 

In this dissertation, I assessed the role of nucleus accumbens subregions (core and shell) in 

incubation of methamphetamine craving after food choice-induced voluntary abstinence. 
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Voluntary abstinence induced by social reward in a choice procedure 

However, the food choice-induced voluntary abstinence does not adequately mimic the clinical 

approach because in humans the alternative rewards that compete with the drug is often social (family, 

friends). Moreover, social isolation in humans increase the possibility to drug use and the possibility of 

relapse (Havassy, Hall et al. 1991); at the same time positive social interaction is protective. Given that, it 

has been recently introduced by Venniro and colleagues (Venniro, Zhang et al. 2018) a new model of 

voluntary abstinence where the animals can choose between drug or social interaction with a peer. It has 

been already demonstrated that the social interaction outside the self-administration chambers, in an 

enriched environment, decrease drug reward infusions, reinstatement and relapse (Solinas, Chauvet et al. 

2008, Smith 2012, Bardo, Neisewander et al. 2013, Zernig, Kummer et al. 2013, Strickland and Smith 2014). 

In the new model of voluntary abstinence methamphetamine and heroin self-administration are suppressed 

by the choice of a voluntary interaction with the peer even if the housing is in an enriched environment with 

other rats. Furthermore, the social interaction prevents incubation of methamphetamine craving (Venniro, 

Zhang et al. 2018). 
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Experimental design 

Validity of the model 

One of the bigger difficulties of the drug addiction treatment is the limited availability of validated 

preclinical models to determine the biological mechanisms rooted in the incubation of drug craving (Pickens, 

Airavaara et al. 2011). Animal model based on the DSM-5 criteria of drug use disorder are useful tools to 

identify neuronal mechanisms, neurochemical and neuroanatomical substrates of drug taking behavior and 

drug relapse while maintains the three important forms of a model’s validity. 

Construct validity: refers to the methods used to reproduce the disease state. 

Face validity: evaluates how the model is an accurate reproduction of behavioral phenotypes observed in the 

human condition. 

Predictive validity: considers the strength of treatment in a similar manner observed in human. 

Laboratory animals, like humans, are able to voluntarily self-administer different drug of abuse 

intravenously (§ animal model of drug addiction; good face validity). Moreover, the neurochemical and 

neuroanatomical substrates required for drug taking behavior are the same in humans and laboratory 

animals (good construct validity) (David, Munafo et al. 2005). Finally, the predictive validity is complying with 

strategies for the intervention in human addicts (Meyers and Miller 2001, Roll 2007, Dutra, Stathopoulou et 

al. 2008). 

Timing and organization of the experiment 

Experiments were run in 24 rats at the same time and took six hours every day for the self-

administration training and 200 minutes for the choice sessions during the food-induced voluntary abstinence 

periods (§ Self-administration in Material and methods, chapter 3). 

Use of Sprague Dawley rats 

We used Sprague Dawley rats because they can more readily learn complex operant training 

schedules and this strain is the most used in incubation of drug craving studies (Krasnova, Marchant et al. 

2014, Caprioli, Venniro et al. 2015, Li, Rubio et al. 2015, Li, Zeric et al. 2015, Scheyer, Loweth et al. 2016, 

Caprioli, Venniro et al. 2017, Venniro, Caprioli et al. 2017, Venniro, Zhang et al. 2017, Li, Witonsky et al. 

2018, Venniro, Zhang et al. 2018) 

Self-administration and voluntary abstinence 

We started the self-administration after the insertion of the catheters made of a modified 22-

gauge cannula inserted in a silastic tubing and assured to the cannula with a shrink tubing. The silastic 

tubing is 13.3 centimeters long, with a small ball of medical silicone glue at 3.3 centimeters from the 



 22 

distal end. Everything is then mounted by dental cement to round mash of 5 centimeters of diameter with 

smooth edges. 

We anesthetized the rats with isoflurane (5% induction phase, 2% maintenance phase) and inject 

Carprofen (2 mg/Kg, subcutaneous injection) after the surgery and the following days to relieve pain and 

decrease inflammation. We allowed the rats to recover for 6-7 days before initiating the training. 

We first train rats to self-administer the alternative rewards [palatable solution (sucrose 1% + maltodextrin 

1%; SM 1%, 0.4 ml/reward delivery)] and then methamphetamine (6 hour/day, 10-12 days; 0.1 

mg/kg/infusion; 0.1 ml/infusion). 

The alternative rewards delivery and the methamphetamine infusions are paired with the presentation of 20-

second discrete light cues (triple-light or white-light, respectively).  

We determined SM1% versus methamphetamine choice after every three consecutive drug self-

administration sessions in all groups (three choice tests, during the training phase) and for 14 days 

(voluntary abstinence) preceding the abstinence day 15 relapse test. 

 

 

 

Figure 1. Timeline of the experiments. Top panel. Timeline of the experiments for the incubation of 
methamphetamine craving after food-induced voluntary abstinence.  
 

Controls 

Proper control group were included within the design of each repeated self-administration 

experiment. For the incubation of methamphetamine craving after food-induced voluntary abstinence at the 

onset of each experiment control rats were trained for the self-administration of palatable solution and 

methamphetamine as well as the other animals. The differences between control and experimental rats are 

on the abstinence day (1 vs. 15), test condition (no test vs. test) or intracranial drugs infusion (saline vs. 

pharmacological treatments). 
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Equipment setup 

We trained rats in self-administration chambers placed in sound attenuating cubicles connected with 

a PC and controlled by the program Skinner Cage System 4.0.16. 

We equipped each chamber with a stainless-steel grid floor and two operant panels on the right and left 

walls. 

We equipped the left panel of the chamber with the methamphetamine-paired active lever and a white-

light cue above the lever associated with the methamphetamine infusion (reward). Lever presses on the 

methamphetamine-paired lever activate the infusion pump and the cue associated with for 20 seconds. 

The methamphetamine was infused via a modified cannula connected to a liquid swivel via a 

polyethylene 50 tubing protected by a metal spring. 

We equipped the right panel of the chamber with a house light that signaled the insertion and 

subsequent availability of both levers (discriminative stimulus), the alternative reward-paired (palatable 

solution) active lever and the triple-light cue (green, red and yellow) associated with the alternative 

rewards. We further equip the right wall with an inactive (stationary) lever that had no reinforced 

consequences. 

In food-induced voluntary abstinence experiments the triple-light cue is placed over the receptacle for the 

palatable solution. Press on the palatable solution active lever activated a pump for the delivery of 0.4 ml 

of SM1% solution in the receptacle and the triple-light cue above it for 20 seconds.  

We used the software to count the lever presses on active and inactive levers and avoid the overdose 

when the rats reach the 120 infusions of methamphetamine. 

 

 

 

Figure 2. Equipment setup. Left. Equipment for the food-induced voluntary abstinence. Right. 
Equipment for social-induced voluntary abstinence. 
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Cleaning and sterilization 

Between each different self-administration experiments, after the relapse test, the cubicles are 

cleaned, the self-administration chambers hand washed with scentless cleaning solution and wiped dry. The 

stainless grid floor and the drawer for the bedding below it are cleaned twice a week during the experiments 

and then washed in the animal facility. All the surgery’s tools are sterilized via autoclave and the catheters 

are sterilized in a sterilizing solution to avoid any damage with the autoclave. 
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Chapter 3: Role of the Nucleus Accumbens in the incubation of methamphetamine craving after 

voluntary abstinence 

 

Article reproduced with permission from Neuropshychopharmacology1 
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Introduction 

Despite decades of research on the neurobiological mechanisms of psychostimulant addiction, 

the only effective treatments are based on behavioral intervention strategies which harnesses operant 

principles to promote voluntary abstinence (Preston, Umbricht et al. 2002, Stitzer, Jones et al. 2011). 

One of these methods is contingency management in which drug abstinence is reinforced and 

maintained via delivery of alternative incentives (e.g., monetary vouchers) (Higgins, Delaney et al. 1991). 

However, when contingency management is discontinued most addicts relapse to drug use (Roll 2007, 

Heilig, Epstein et al. 2016). 

At present, the brain mechanisms underlying relapse after cessation of contingency 

management are unknown. Based on the seminal studies of Lenoir et al., (2007) and Ahmed et al., 

(Ahmed, Lenoir et al.), showing that most rats prefer palatable food over cocaine in a discrete choice 

setting, we recently introduced a choice-based rat model of relapse after voluntary abstinence (Caprioli, 

Venniro et al. 2015). In this procedure, we first trained food-sated rats to self-administer palatable food 

(the alternative nondrug reward) and then methamphetamine for several weeks. We then assessed 

relapse to drug seeking at an early and late abstinence day. Between methamphetamine self-

administration and the test on late abstinence day, rats were exposed to daily mutually exclusive choice 

sessions between the drug and palatable food (Caprioli, Zeric et al. 2015). Under these ‘contingency 

management’ conditions, like human addicts, male and female rats choose to abstain from 

methamphetamine or heroin (Caprioli, Venniro et al. 2015, Caprioli, Venniro et al. 2017, Venniro, Zhang 

et al. 2017). However, after discontinuing the palatable food, the rats’ drug seeking response 

progressively increased during abstinence. This phenomenon, termed ‘incubation of drug craving’, was 

first observed after home cage forced abstinence conditions in rats trained to self-administer cocaine 

(Grimm, Hope et al. 2001), and subsequently with other abused drugs (Pickens, Airavaara et al. 2011, 

Venniro, Caprioli et al. 2016). Evidences of this phenomenon are also available in humans for nicotine 

(Bedi, Preston et al. 2011), methamphetamine (Wang, Shi et al. 2013), alcohol (Li, Wu et al. 2015, Bach, 

Bumb et al. 2019) and cocaine (Parvaz, Moeller et al. 2016). 

In our initial mechanistic characterization of the choice-based rat model of relapse, we identified: 

1) a critical role of dopamine receptor 1-expressing (Drd1) neurons in the central amygdala and the 

glutamatergic projection from anterior insular cortex to central amygdala (Venniro, Caprioli et al. 2017) in 

relapse to methamphetamine seeking after voluntary abstinence; 2) a critical role of dorsomedial 

striatum neuronal ensembles, in incubation of methamphetamine craving after voluntary abstinence 
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(Caprioli, Venniro et al. 2017). In the current study, we assessed the role of nucleus accumbens (NAc) 

subregions (core and shell) in incubation of methamphetamine craving after food choice-induced 

voluntary abstinence. Anatomically, the NAc core and shell are distinguished on the basis of the 

morphology and projections although both subregions are primarily constituted of two neuronal 

populations: dopamine receptors Drd1- and Drd2-expressing medium spiny neurons (MSNs) that further 

differ in the neuropeptide expression profile (Gerfen and Surmeier 2011).  

We studied the NAc core because previous studies showed that incubated cocaine craving after 

forced abstinence is associated with an altered firing in this area (Hollander and Carelli 2005, Guillem, 

Ahmed et al. 2014). Furthermore, incubated cocaine and methamphetamine craving after forced 

abstinence is reduced by inhibiting calcium-permeable AMPA receptor (CP-AMPARs) transmission in 

NAc core (Conrad, Tseng et al. 2008, Loweth, Scheyer et al. 2014, Scheyer, Loweth et al. 2016) or, for 

cocaine, via weakening the prelimbic cortex to NAc core pathway (Ma, Lee et al. 2014).  

We studied the role of the NAc shell because, similarly to the core subregion, increased CP-

AMPARs transmission is also evident after prolonged abstinence from cocaine self-administration 

(Mameli, Halbout et al. 2009, McCutcheon, Wang et al. 2011, Ma, Lee et al. 2014, Terrier, Luscher et al. 

2016). Furthermore, incubated cocaine craving is reduced by selectively weakening the basolateral 

amygdala to NAc shell pathway (Lee, Ma et al. 2013), or simultaneous weakening of the infralimbic to 

Drd1-MSNs shell and ventral hippocampus to Drd1-MSNs shell pathways (Pascoli, Terrier et al. 2014). 

In the current study, we first used an RNAscope in situ hybridization (ISH) method used in our previous 

studies (Caprioli, Venniro et al. 2017, Venniro, Caprioli et al. 2017, Venniro, Zhang et al. 2018) to 

determine whether incubation of methamphetamine craving is associated with activation of Drd1 and 

Drd2 in NAc core and shell, assessed by the activity marker Fos (Morgan and Curran 1991). Next, we 

used site-specific reversible inactivation with GABAA and GABAB agonists (muscimol + baclofen 

(McFarland and Kalivas 2001)), Drd1-Drd2 antagonist (flupenthixol (Delfs, Schreiber et al. 1990)) and 

selective Drd1 and Drd2 receptor blockade with SCH39166 (Chipkin, Iorio et al. 1988) and raclopride 

(Kohler, Hall et al. 1985) to determine the causal role of these receptors in NAc core and shell in 

incubation of methamphetamine craving after food choice-induced.  

  



 28 

Material and methods 

Subjects  

We used male Sprague-Dawley rats (Charles River, Lecco, total n=123), weighting 175-200 g at 

the beginning of the experiments. We kept the rats housed in pairs prior to the surgery and then housed 

them individually after surgery. We maintained the rats under a reverse 12-h light/dark cycle (light off at 7 

AM). The rats had free access to standard laboratory chow and water throughout the entire experiment. 

Our procedures followed the guidelines of the national law (DL 26/2014) on the use of animals for 

research based on the European Communities Council Directive (2010/63/UE), and approved by the 

ethics committee of the Italian Ministry of Health (license/approval ID #: 705/2018-PR) and by local 

Ethical Committee of the Santa Lucia Foundation. We excluded 13 Sprague-Dawley rats due to catheter 

problems or cannula misplacement: (Exp. 1: n=4; Exp. 2: n=5; Exp. 3 n=2; Exp. 4 n=2) 

Surgery 

We performed all the surgeries before the self-administration training of palatable solution 

(sucrose 1% + maltodextrin 1%; SM1%; Sigma Aldrich Inc.) and methamphetamine. We anesthetized 

the rats with isoflurane (5% induction phase, 2% maintenance phase; Piramal Ltd.) and injected 

Carprofen (2 mg/Kg, subcutaneous injection; Zoetis Italia srl.) after the surgery and the following days to 

relieve pain and decrease inflammation. We allowed the rats to recover for 6-7 days before initiating the 

training. 

Intravenous surgery 

We inserted silastic catheters into the jugular vein as previously described (Caprioli, Venniro et al. 

2015). We placed the distal end of the catheters into the jugular vein and attached the proximal end to a 

modified 22-gauge cannula placed on the back in the mid-scapular region. We flushed the catheters daily 

with 0.2 ml sterile saline solution containing gentamicin (4.25 mg/ml; Fatro spa.) to prevent occlusion. 

Intracranial surgery  

In experiment 2 (Exp. 2), we performed the intracranial surgery at the same time of the 

intravenous surgery because we tested the rats after 14 days of abstinence. We implanted bilateral 

guide cannulas (23-gauge; Plastic One) 1 mm above the target areas. We set the nose bar at -3.3 mm 

and used the following coordinates from bregma: NAc core: antero-posterior (AP), +1.6 mm; medio-

lateral (ML), ± 2.5 mm; dorso-ventral (DV), - 6.0 mm; 6° angle; NAc shell: AP, +1.5 mm; ML, ± 3.5 mm; 

DV – 6.5 mm; 20° angle. We anchored the cannulas to the skull with jeweler’s screws and dental 

cement. We used the above coordinates based on previous studies for the core (Bossert, Poles et al. 
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2007), and for the shell (Bossert, Adhikary et al. 2016). In experiment 3 and 4 (Exp. 3, Exp. 4), we 

performed the intracranial surgery and we used the same coordinates for the NAc core region as 

described before. 

Drugs 

We received (+)-methamphetamine-HCl (methamphetamine) from the Drug Supply Program of 

the National Institute on Drug Abuse (NIDA) and dissolved it in sterile saline. We chose a unit dose of 

0.1 mg/Kg/infusion; 0.1 ml/infusion for the self-administration training based on previous studies 

(Caprioli, Venniro et al. 2015, Li, Zeric et al. 2015). In Exp. 2 (intracranial injections) we dissolved 

muscimol + baclofen (M+B) (Tocris Bioscience) in sterile saline and injected it bilaterally into the NAc 

core or shell at a dose of 50 ng + 50 ng in 0.5 µl/side, 15 minutes before the test session. We chose 

muscimol and baclofen based on previous studies (Kalivas and McFarland 2003, Fuchs, Ramirez et al. 

2008, Venniro, Caprioli et al. 2017). In Exp. 3 (intracranial injections) we dissolved the dopamine Drd1 

antagonist SCH39166 (Tocris Bioscience) or the Drd2 antagonist raclopride (Sigma-Aldrich Inc.) in 

sterile saline and injected the drugs bilaterally into the NAc core at doses of 1.0 µg/0.5 µl/side, 15 

minutes before the test session. The doses are based on previous studies (Bossert, Poles et al. 2007, 

Caprioli, Venniro et al. 2017, Venniro, Caprioli et al. 2017). In Exp. 4 (intracranial injections) we dissolved 

the Drd1-Drd2 antagonist cis-(Z)-Flupenthixol dihydrochloride (flupenthixol) (Sigma-Aldrich Inc.) in sterile 

saline and injected the drug bilaterally into the NAc core at a dose of 10 µg/0.5 µl/side, 15 minutes 

before the test session. The selected dose is based on a preliminary study where we determined the 

dose of flupenthixol (10, 20, 30, 40 µg/0.5 µl/side) that does not affect SM1% solution-reinforced 

responding. 

Intracranial injections 

In Exp. 2, 3 and 4, we habituated rats to the injection procedure three days before the 

intracranial injections (vehicle, M+B, SCH39166 or raclopride, flupenthixol). The habituation consisted of 

three phases (3 min each). We first exposed the rats to the injection context (an empty cage containing 

bedding). The day after, we gently removed the cannula blockers before exposing the rats to the 

injection context. During the last day of habituation, we gently lowered down the injectors and placed 

them in the injection context. On the test day, we connected the syringe pump (Harvard Apparatus) to 10 

µl Hamilton syringes and attached the Hamilton syringes to the 30-gauge injectors via polyethylene-50 

tubing. The injectors extended 1 mm below the tips of the guide cannulas. We made the intracranial 

injections over 1 minute and left the injectors in place for an additional minute to allow diffusion. 
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Immediately after the final tests we anesthetized the rats, removed their brains and stored the brains in 

10% neutral buffered formalin (Fisher Scientific). Using a microtome (Microm) we sectioned the brains 

(40 µm), stained the sections with cresyl violet and verified the cannula placements under a light 

microscope.  

RNAscope In Situ Hybridization Assay  

We performed RNAscope in situ hybridization (ISH) for Fos, Drd1, and Drd2 mRNAs as 

described previously (Rubio, Liu et al. 2015, Warren, Mendoza et al. 2016, Caprioli, Venniro et al. 2017, 

Venniro, Caprioli et al. 2017). At the end of the test session, we briefly anesthetized the rats with 

isoflurane and decapitated them. We rapidly extracted and froze their brains for 20 seconds in -40°C 

isopentane. We stored the brains at -80°C until use. We then collected NAc core and shell coronal 

sections (16 µm) directly onto Super Frost Plus slides (Fisher Scientific). We used RNAscope Multiplex 

Fluorescent Reagent Kit (Advanced Cell Diagnostics) and performed ISH assay according to the user 

manual for fresh frozen tissue and as described previously (Li, Rubio et al. 2015, Rubio, Liu et al. 2015, 

Warren, Mendoza et al. 2016, Caprioli, Venniro et al. 2017). On the first day, we fixed the brain sections 

in 10% neutral buffered formalin (Fisher Scientific) for 20 minutes at +4°C. We rinsed the slides three 

times in PBS and dehydrated the slides in 50, 70, 100 and again 100% ethanol. We stored the slides in 

fresh 100% ethanol overnight at -20°C. On the second day, we first dried the slides at room temperature 

for 10 minutes. To limit the spreading of the solutions, we drew a hydrophobic barrier on slides around 

brain sections. We then treated the slides with protease solution (pretreatment 4) at room temperature 

for 20 minutes and then washed it off. We then applied target probes for Fos, Drd1, and Drd2 to the 

slides and incubated them at +40°C for 2 hours in a HybEZ oven. Each RNAscope target probe contains 

a mixture of 20 ZZ oligonucleotide probes that are bound to the target RNA: Fos-C3 probe (GenBank 

accession number NM_022197.2; target nt region, 473–1497); Drd1-C1 probe (GenBank accession 

number NM_012546.2; target nt region, 104 – 1053), and Drd2-C2 probe (GenBank accession number 

NM_012547.1; target nt region, 445–1531). Next, we incubated the slides with preamplifier and amplifier 

probes (AMP1, 40°C for 30 minutes; AMP2, 40°C for 15 minutes; AMP3, 40°C for 30 minutes). We then 

incubated the slides with fluorescently labeled probes by selecting a specific combination of colors 

associated with each channel: green (Alexa 488 nm), orange (Alexa 550 nm), and far red (Alexa 647 

nm). We used AMP4 Alt4 to detect triplex Fos, Drd1, and Drd2 in far red, green, and red, respectively. 

Finally, we incubated the sections for 20 seconds with DAPI. After air-drying the slides, we cover-slipped 

them with a Vectashield fluorescent mounting medium (H-1400; Vector Laboratories). 
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Self-administration apparatus 

We trained rats in self-administration chambers as described previously (Caprioli, Venniro et al. 

2015, Caprioli, Zeric et al. 2015, Caprioli, Venniro et al. 2017, Venniro, Zhang et al. 2017). Briefly, we 

equipped each chamber with a stainless-steel grid floor and two operant panels. We equipped the left 

panel of the chamber with the methamphetamine-paired active lever and a white-light cue associated 

with the methamphetamine infusion (reward). We equipped the right panel of the chamber with a house 

light that signaled the insertion and subsequent availability of both levers, the palatable solution-paired 

(sucrose 1% + maltodextrin 1%; SM1%) active lever and the triple-light cue (green, red and yellow) 

associated with the SM1% solution reward over the receptacle for the liquid. We further equipped the 

right wall with an inactive (stationary) lever that had no reinforced consequences. 

Procedures 
 
Sucrose 1% + maltodextrin 1% solution (SM1%) self-administration 

Our training procedure was similar to the one described in our previous studies except the fact 

that we substituted the palatable food pellets (TestDiet, Catalogue # 1811155) with a palatable solution 

(sucrose 1% + maltodextrin 1%; SM1%) made available on a receptacle (Caprioli, Venniro et al. 2015, 

Caprioli, Zeric et al. 2015, Caprioli, Venniro et al. 2017, Venniro, Caprioli et al. 2017, Venniro, Zhang et 

al. 2017). Our decision to switch to a liquid sweet reward solution is motivated by the fact that our boxes 

are not equipped with pellet dispensers. However, the solution contains sucrose and maltodextrin, two of 

the main ingredients of the palatable food pellets used in our previous studies (Caprioli, Venniro et al. 

2015, Caprioli, Zeric et al. 2015, Caprioli, Venniro et al. 2017, Venniro, Caprioli et al. 2017, Venniro, 

Zhang et al. 2017). This combination has been shown to be highly rewarding (Sclafani, Thompson et al. 

1998). 

We trained the rats to lever press for SM1% solution during 6-hour daily sessions under a fixed-

ratio 1 (FR1), 20 seconds timeout reinforcement schedule, which led to the delivery of 0.4 ml of SM1% 

solution; SM1% solution delivery was paired with the presentation of a 20 seconds discrete triple-light 

cue. The sessions began with the presentation of the house light followed 10 seconds later by the 

insertion of the SM1%-paired active lever; the house light was on for the entire duration of the session. 

At the end of the session, in order to match the total number of cue presentations to that of 

methamphetamine (see below), we limited the number of SM1% solution deliveries to 120 for each 

session. 
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Methamphetamine self-administration 

Our methamphetamine self-administration training procedure was like the one used for the SM1% 

solution. We trained the rats to self-administer methamphetamine during 6-hour daily sessions under a 

FR1, 20 seconds timeout reinforcement schedule; drug infusions (0.1 ml/infusion) were paired with the 

presentation of a 20 seconds discrete white-light cue. The sessions began with the presentation of the 

house light for 10 seconds followed by the insertion of the drug-paired active lever; the house light 

remained on for the duration of the session. At the end of each session, the house light was turned off, 

and the active lever was retracted. The rats self-administered methamphetamine at a dose of 0.1 

mg/kg/infusion over 3 seconds (0.1 ml/infusion). To prevent overdose, we limited the number of infusions 

to 120 in each session. 

Discrete choice procedure  

We conducted the discrete choice sessions using the same parameters (dose of 

methamphetamine, dose of SM1% solution per reward, stimuli associated with the two retractable 

levers) that we used during the training phase. We allowed the rats to choose between the 

methamphetamine-paired and the SM1%-paired levers in a discrete trial choice procedure. We divided 

each 160 minutes choice sessions into 20 discrete trials that were separated by 8 minutes as previously 

described (Caprioli, Venniro et al. 2015, Caprioli, Zeric et al. 2015, Caprioli, Venniro et al. 2017, Venniro, 

Caprioli et al. 2017, Venniro, Zhang et al. 2017). Briefly, each trial began with the presentation of the 

house light followed 10 seconds later by the insertion of both the SM1%-paired and methamphetamine-

paired levers. Rats then had to select one of two levers. If the rats responded within 2 minutes, they 

received the reward corresponding with the selected lever. Reward delivery was signaled by the 

methamphetamine-associated or SM1%-associated cue, the retraction of both levers, and the turning off 

the house light. If the rat failed to respond on either active lever within 2 minutes, both levers retracted, 

and the house light was turned off with no reward delivery. We introduced three choice sessions during 

the training phase to assess whether the choice behavior of the rats change over time during this phase. 

Voluntary abstinence 

After completing the training phase, we allowed the rats to choose between the 

methamphetamine-paired and SM1%-paired levers during 20 discrete choice trials for 14 daily sessions. 

Relapse test 

The relapse tests were performed under extinction conditions in the presence of the house light. 

They consisted of 60-minute sessions on abstinence day 1 or 15. The session began with the 
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presentation of the house light followed 10 seconds later by the insertion of the methamphetamine-

paired lever. The house light remained on for the duration of the session. Active lever presses during 

testing, the operational measure of drug seeking in incubation of drug craving studies resulted in 

contingent presentations of the white-light cue previously paired with methamphetamine, but not 

methamphetamine delivery (Pickens, Airavaara et al. 2011, Venniro, Caprioli et al. 2016). 

Dose-effect curve 

Following the establishment of SM1% responding under the FR1 reinforcement schedule (6--

h/day; 5 days), we assessed different doses of the Drd1-Drd2 antagonist flupenthixol (0, 10, 20, 30 and 

40 µg/0.5 µl/side), injected into the nucleus accumbens core, 15 min before the test sessions (SM1% 

solution-reinforced responding for 60 minutes). Each flupenthixol dose was tested only once in each rat 

and the order of administration was assigned according to a Latin-square design. After every infusion 

session we gave the rats one day off, and 24-h later we re-assessed the baseline performance.  

Specific experiments 
 
Experiment 1: Fos expression in NAc core and shell during relapse tests after voluntary abstinence 

In experiment 1 (Exp. 1), we determined whether incubation of methamphetamine craving is 

associated with increased neuronal activity, as assessed by the activity marker Fos (Curran and Morgan 

1995) in NAc core and shell. We also determined the cell type of the Fos-positive neurons in the two 

subregions by co-labeling Fos with Drd1 and Drd2 (Caprioli, Venniro et al. 2017, Venniro, Caprioli et al. 

2017, Venniro, Zhang et al. 2018, Golden, Jin et al. 2019). We used four groups of rats (n=3–5/group) in 

an experimental design that included the between-subject factors of Test condition (no-test, relapse test) 

and Abstinence day (days 1 and 15). The experiment consisted of three phases: training, discrete choice 

voluntary abstinence, and relapse tests. 

Training. We first trained rats to self-administer first the palatable solution (sucrose 1% + 

maltodextrin 1%; SM 1%, 0.4 ml/reward delivery; 6 h/d, 6 d) and then methamphetamine (6 h/d, 12 d; 0.1 

mg/kg/infusion; 0.1 ml/infusion). The SM1% solution delivery and the methamphetamine infusions were 

paired with the presentation of 20-second discrete light cues (triple-light or white-light, respectively). 

Discrete choice procedure. We determined SM1% versus methamphetamine choice after every 

three consecutive drug self-administration sessions in all groups (three choice tests, during the training 

phase) and for 14 days (voluntary abstinence) preceding the abstinence day 15 relapse test. 

Relapse tests. We tested the rats for methamphetamine seeking under extinction conditions on 

abstinence days 1 or 15. The relapse tests were performed under extinction conditions in the presence 
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of the house light. Active lever presses during testing, the operational measure of drug seeking in 

incubation of drug craving studies (Pickens, Airavaara et al. 2011, Venniro, Caprioli et al. 2016) resulted 

in contingent presentations of the white- light cue previously paired with methamphetamine, but not 

methamphetamine delivery. Immediately after the 60-minute relapse tests, we anesthetized the rats and 

processed their brains for the RNAscope in situ hybridization assay. For the no-test rats, we brought 

them to the perfusion room from their home cage and perfused them on the same day and time as the 

relapse test rats. We matched the rats in the different groups for methamphetamine intake during the 

training phase. 

Exp. 2: Effect of the NAc core or shell muscimol + baclofen (M+B) inactivation on incubation of 
 
methamphetamine craving after voluntary abstinence 
 
We performed intravenous surgeries on the rats and implanted them with bilateral guide cannulas 1 mm 

above the NAc core or shell. The experimental procedure is identical to the one reported in Exp. 1, with 

the exception that we microinjected M+B in NAc before the relapse tests. We also habituated the rats to 

the injection procedure for 3 days during the discrete choice procedure.  We used eight groups of rats 

(n=6–8/group) in an experimental design that included the between-subject factors of Brain region (core, 

shell), Abstinence day (1, 15) and Muscimol + Baclofen dose (M+B; 0, 50 ng+50 ng/ 0.5 µl/side). 

Relapse tests. We determined the effect of reversible inactivation of the NAc core and shell on 

extinction responding on abstinence days 1 or 15. We injected bilaterally either vehicle (saline) or M+B 

(50 ng+50 ng/0.5 µl/side) into NAc core or shell 15 minutes before the 60-minute extinction test. Finally, 

to ensure that the effect of core inactivation by M+B on extinction responding during the late withdrawal 

test was not due to motor deficits, we re-trained 12 rats from the NAc core group to self-administer the 

SM1% solution after they completed core injections and extinction tests on abstinence day 15. We re-

trained them for 6 days (6 h/d) for the SM1% solution and then injected them vehicle or M+B (50 ng+50 

ng/0.5 µl/side) into NAc core, 15 minutes before the 60-minute self-administration session. 

Exp. 3: Effect of NAc core SCH39166 or raclopride injections on incubation of methamphetamine craving 
 

In Exp. 1, we found selective time-dependent increases in Fos expression in NAc core, but not in 

shell, and that Fos was co-labeled with both Drd1 and Drd2. Moreover, in Exp. 2 we found a selective 

role of NAc core, but not shell. Based on these results, in Exp. 3 we determined the causal role of NAc 

core’s dopamine receptors in the incubation of methamphetamine craving after food choice-induced 

voluntary abstinence. We used three groups of rats (n=6–8/group) in an experimental design that 
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included the between-subject factors of Drug condition (vehicle, SCH39166, raclopride). We excluded 

n=2 due to cannula’s misplacement. The experiment procedure is identical to the one reported in Exp. 2.  

Relapse tests. We tested rats for methamphetamine seeking under extinction conditions on 

abstinence day 15. We injected either the Drd1 antagonist SCH39166 (1.0 µg/0.5 µl/side) or the Drd2 

antagonist raclopride (1.0 µg/0.5 µl/side) into the core 15-min before testing. The length of the test 

session was 60 minutes. We matched the rats in the different groups for methamphetamine intake during 

the training phase. Finally, to verify that SCH39166 and raclopride, at the dose used in the relapse tests, 

do not non-selectively decrease operant responding, we re-trained 21 rats after the day 15 testing to 

lever press for the SM1% for 6 h/d. After 6 days of training sessions, we injected the rats with vehicle 

(0.5 µl/side), SCH39166 (1.0 µg/0.5 µl/side) or raclopride (1.0 µg/0.5 µl/side) 10 minutes before the 60-

minute test session. 

Exp. 4: Effect of NAc core flupenthixol injections on incubation of methamphetamine craving 
 

In Exp. 3, we found that a reversible pharmacological inactivation of Drd1 or Drd2 MSNs in the 

NAc core decreased methamphetamine seeking during late (day 15) abstinence. In both cases we 

observed about 60% reduction of drug-seeking responding. Based on these results, in Exp. 4 we 

determined whether by inactivating both Drd1 and Drd2 MSNs with the Drd1-Drd2 antagonist cis-(Z)-

Flupenthixol dihydrochloride (flupenthixol) will cause total suppression of methamphetamine seeking on 

day 15. In a separate group of rats we first determined the dose of flupenthixol, injected in the NAc core, 

that did not affect SM1% solution-reinforced responding. 

We used two groups of rats (n=6–8/group) in an experimental design that included the between-subject 

factors of dopamine antagonist condition (vehicle, flupenthixol). We excluded two rats due to cannula’s 

misplacement. The experiment procedure is identical to the one reported in Exp. 2. 

Relapse tests. We tested rats for methamphetamine seeking under extinction conditions on 

abstinence day 15. We injected either the vehicle or flupenthixol (10 µg/0.5 µl/side) into the core 15-min 

before testing. The length of the test session was 60 minutes. We matched the rats in the different 

groups for methamphetamine intake during the training phase. 

Statistical analysis 

Behavioral data. We analyzed the data with the statistical program SPSS Statistics using GLM 

module (IBM, version 23). For the self-administration training, we analyzed the amount of SM1% solution 

rewards and methamphetamine infusions separately with a repeated-measures ANOVA, using the 

within-subjects factor of Session. For the choice sessions during the training phase and the food choice-
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induced voluntary abstinence we analyzed the data with a repeated-measures ANOVA, using the within-

subjects factors of Reward Type (SM1% solution or methamphetamine) and Choice Session.  

For the relapse test in Exp. 1 we analyzed active lever pressing using one-way ANCOVA with 

the between-subjects factor of Abstinence Day (1 or 15), and we included the inactive lever presses as 

covariate. For the relapse test in Exp. 2, we analyzed data using the between-subjects factors of 

Abstinence day (1 or 15) and M+B dose (0 or 50+50 ng). For the relapse tests in experiment 3-4, we 

used one-way ANCOVA with the between-subjects factors of dopamine antagonist condition (Exp. 3: 

vehicle, SCH39166, raclopride; Exp. 4: vehicle, flupenthixol) and the inactive lever presses were 

included as a covariate. For Exp. 2, 3 and 4, we also used a mixed ANOVA to analyze the 60-minute 

time course of active lever responding for day 15, using the between-subjects factor of Drug condition 

and the within-subjects factor of Session minutes (20, 40, 60). For the dose effect curve of flupenthixol, 

we analyzed the data using a repeated-measures ANOVA with the within-subject factor of flupenthixol 

Dose (0, 10, 20, 30 and 40 µg) and the Least Significant-Difference test for multiple comparisons. 

RNAscope and immunohistochemistry data. In Exp. 1 we analyzed the data with the between-

subjects factors of Abstinence Day (1 or 15) and Test Condition (test or no-test).  

In the Table 1 we offer a summary of the statistical analysis. In the figures we only report 

significant effects that are critical for data interpretation. We followed up on significant main and 

interaction effects (p<0.05) using Fisher PLSD post-hoc tests. 
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Results 

Exp. 1: Fos expression in NAc core and shell during relapse tests after voluntary abstinence 

The timeline of Exp. 1 is shown in Fig. 1A. 

SM1% and methamphetamine training: The rats increased the rewards intake over sessions (Fig. 

1B) and extended daily access (6 hours/day) to methamphetamine led to escalation of drug intake 

(Caprioli, Venniro et al. 2015, Caprioli, Venniro et al. 2017). The statistical analysis showed a significant 

effect of session for SM1% solution (F5,75=21.903, p<0.001) and methamphetamine (F11,165=20.5, 

p<0.001). During the three discrete choice sessions, the rats showed a strong preference for the SM1% 

solution (F1,15=164.2, p<0.001; Fig. 1C). 

Voluntary abstinence: During the 14 days of food choice-induced abstinence the rats showed a 

strong preference for the SM1% solution, with an almost complete suppression of the methamphetamine 

self-administration during the voluntary abstinence (Fig. 1D). The statistical analysis showed a significant 

effect of reward type (F1,7=259.1, p<0.001). 

Relapse test: Methamphetamine seeking in the extinction tests was higher at abstinence day 15 

than after 1 abstinence day, demonstrating incubation of methamphetamine craving after voluntary 

abstinence (Fig. 1E). The ANCOVA of active lever presses (inactive lever as covariate) showed a 

significant effect of Abstinence Day (F2,7=87.4, p<0.001). 

Fos and Fos + Drd1 or Drd2 RNAscope double-label data: Representative pictures of Fos/Drd1/Drd2 

triple labeling by RNAscope in situ hybridization are shown in Fig. 1F. Fos expression in the relapse test 

was higher at abstinence day 15 relative to abstinence day 1 in NAc core but not in NAc shell. (Fig. 1G). 

The statistical analysis, which included the between-subjects factors of Abstinence Day and Test 

condition showed a main effect of both factors and the interaction between them for NAc core 

[Abstinence Day (F1,12=21.1, p<0.001); Test (F1,12=25.2, p<0.001); Abstinence Day X Test interaction 

(F1,12=13.5, p<0.01)]. We found no evidence for cell-type specificity of the activated (Fos-positive) NAc 

core neurons on abstinence day 15 (Fig. 1H-1I upper panels; for statistics refer to Table 1).  

The statistical analysis for Fos-Drd1 in NAc core, which included the between-subjects factors of 

Abstinence Day and Test condition showed a main effect of both factors and the interaction between 

them [Abstinence Day (F1,12=15.7, p<0.01); Test (F1,12=21.0, p<0.001); Abstinence Day X Test 

interaction (F1,12=10.2, p<0.01)]. 

The statistical analysis for Fos-Drd2 in NAc core, which included the between-subjects factors of 

Abstinence Day and Test condition showed a main effect of both factors and the interaction between 



 38 

them [Abstinence Day (F1,12=15.5, p<0.01); Test (F1,12=14.3, p<0.01); Abstinence Day X Test interaction 

(F1,12=6.9, p<0.01)]. 
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Figure 1. Incubation of methamphetamine craving is associated with activation of NAc core but not 

shell: behavioral data and RNAscope data. (A) Timeline of the experiment (Exp.1). The self-

administration chamber is equipped with two active levers (SM1% and methamphetamine), one inactive 

lever, one discriminative stimulus (yellow house light), two conditioned stimuli (white light for 

methamphetamine, triple-light for SM1%), two pumps (one for SM1%, one for methamphetamine), a 

liquid receptacle (B) Self-Administration training. Mean ± SEM number of SM1% rewards (0.4 ml/reward) 

or methamphetamine infusions (0.1 mg/kg/infusion; 0.1 ml/infusion) during the 6-hour sessions, n=16. 

(C) Choice sessions during training. Mean ± SEM number of SM1% rewards and methamphetamine 

infusions earned during the three discrete choice sessions during training (20 trials every 10 minutes), 

n=16. (D) Voluntary abstinence. Mean ± SEM number of SM1% rewards and methamphetamine 

infusions earned during 14 discrete choice sessions, n=10. (E) Relapse tests. Mean ± SEM number of 

lever presses on active, non-reinforced, and inactive levers during the 60-minute test sessions. (F) 

Representative photomicrographs of the NAc core and NAc shell and Fos and Drd1 or Drd2 labeling in 

the relapse-test and no-test groups. (Fos, white; Drd1, green; Drd2, red; DAPI, blue). Arrows indicate 

representative cells. (G) Fos neurons quantification. Number of Fos-IR (immunoreactivity) nuclei per 

mm2 in NAc core (top panel) and shell (bottom panel). (H) Fos-IR co-expression with Drd1 cells in NAc 

core (top panel) and shell (bottom panel). (I) Fos-IR co-expression with Drd2 cells in NAc core (top 

panel) and shell (bottom panel). * p<0.05 different from day 1. Circles represent individual data, n=16, 3-

5/group. 
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Exp. 2: Effect of the NAc core or shell muscimol + baclofen (M+B) inactivation on incubation of 

methamphetamine craving 

The timeline of the experiment is shown in Fig.2A.  

SM1% solution and methamphetamine training: The rats increased the rewards intake over sessions 

(Fig. 2B). The statistical analysis showed a significant effect of session for SM1% solution (F11,250=52.6, 

p<0.001) and methamphetamine (F11,550=12.0, p<0.001). During the three discrete choice sessions the 

rats showed a strong preference for the SM1% solution over methamphetamine that increased over time 

[Session (F2,100=6.6, p=0.002): Reward (F1,50=76.5, p<0.001); Reward X Session (F2,100=9.3, p<0.001); 

Fig. 2C]. We did not observe differences between groups. 

Voluntary abstinence: During the 14 days of food choice-induced voluntary abstinence the rats 

showed a strong preference for the SM1% solution, with an almost complete suppression of 

methamphetamine self-administration during the voluntary abstinence that increased over time (Fig. 2D). 

The statistical analysis showed a significant effect of Reward type (F1,26=596.7, p<0.001) and Session 

(F13,338=3.7, p<0.001), and the interaction Reward X Session (F13,338=2.3, p<0.01).  

Relapse test: NAc core injections of M+B decreased methamphetamine seeking in the extinction 

tests on abstinence day 15 but not abstinence day 1 (Fig. 2E). The statistical analysis, which included 

the between-subjects factors of Abstinence Day and M+B dose, showed a main effect of the Abstinence 

Day (F1,22=27.2, p<0.001), M+B dose (F1,22=19.7, p<0.001) and interaction of Abstinence Day X M+B 

dose (F1,22=13.5, p<0.001). In contrast, shell injections of M+B had no effect on methamphetamine 

seeking in the extinction tests at abstinence day 15 and abstinence day 1 (Fig. 2F).  

We also analyzed the time course of extinction responding on abstinence day 15 using the between-

subject factors NAc Subregion and M+B dose, and the within-subject factor Session Time (20, 40 and 60 

minutes; Fig. 2G). The statistical analysis showed a main effect of M+B dose (F1,27=16.2, p<0.001), 

Session Time (F2,27=28.6, p<0.001), NAc Subregion (F1,27=9.3, p<0.01) and interaction between the M+B 

dose and NAc Subregion (F1,27=6.4, p<0.05). 

Finally, to rule out that the NAc core effect was due to a motor deficit, we trained all the NAc core 

abstinence day 15 group to self-administer SM1% solution (Fig. 2J). We than determined the effect of 

vehicle or M+B injections into the NAc core on ongoing SM1% solution-reinforced responding: we found 

that M+B injections into NAc core had no effect on SM1% solution self-administration (F1,9=0.2, p=0.644) 

(Fig. 2K).  
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Figure 2. Reversible inactivation of NAc core but not shell decreased incubated methamphetamine 

seeking after voluntary abstinence. (A) Timeline of the experiment (Exp.2). (B) Self-administration 

training. Mean ± SEM number of SM1% rewards or methamphetamine infusions during the 6-hour 

sessions in rats with implanted cannula in the NAc core (Core) or NAc shell (Shell), n=52. (C) Choice 

sessions during training. Mean ± SEM number of SM1% rewards and methamphetamine infusions 

earned during the three discrete choice sessions during training in Core and Shell rats, n=52. (D) 

Voluntary abstinence. Mean ± SEM number of SM1% rewards and methamphetamine infusions earned 

during 14 discrete choice sessions from the voluntary abstinence group tested on abstinence day 15, 

n=28. (E-F) Relapse tests for muscimol + baclofen (M+B) injections into NAc core and shell. Mean ± 

SEM number of lever presses on active, non-reinforced lever during the 60-minute test sessions on day 

1 (n=24) or day 15 (n=28) of voluntary abstinence. We injected vehicle or M+B (50 ng+50 ng/0.5 µl/side) 

into NAc core or shell 15 minutes before the 60-minute extinction tests. We added a representative 

photomicrograph of the cannula placement in the area (scale bar, 500 µm). * p<0.05 different from day 1. 

(G) Time course of lever presses during the relapse test on day 15. Mean ± SEM number of lever 

presses on active, non-reinforced lever during different time periods of the relapse test (0-20, 20-40, 40-

60 min) (n=28). (H-I) Cannula placement in NAc core or shell. Approximate placement (mm from 

bregma) of the injector tips (Paxinos and Watson 2008). Vehicle: open circles; M+B: closed circles). (J) 

SM1% self-administration. Mean ± SEM number of SM1% rewards during the 6-hour re-training sessions 

performed after the relapse test for muscimol + baclofen. (K) SM1% solution-reinforced responding test. 

Mean ± SEM number of SM1% rewards during the 60-minute SM1% solution-reinforced responding test. 

Muscimol + baclofen injections into NAc core were performed 15 minutes before the test. 
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Exp. 3: Effect of NAc core SCH39166 or raclopride injections on incubation of methamphetamine craving  

The timeline of the experiment is shown in Fig. 3A.  

SM1% solution and methamphetamine training: The rats increased the rewards intake over sessions 

(Fig. 3B). The statistical analysis showed a significant effect of session for SM1% solution (F5,100=31.9, 

p<0.001) and methamphetamine (F11,220=24.9, p<0.001). During the three discrete choice sessions, the 

rats showed a strong preference for the SM1% solution that increase over time [Reward (F1,20=40.8, 

p<0.001), Reward X Session (F1,40=6.4, p<0.01); Fig. 3C]. 

Voluntary abstinence: During the 14 days of food choice-induced abstinence the rats showed a 

strong preference for the SM1% solution (Fig. 3D). The statistical analysis showed a significant effect of 

reward type over time [Reward (F1,20=2611.2, p<0.001), Reward X Session (F13,260=2.9, p<0.001). 

Relapse test: NAc core injections of raclopride or SCH 39166 decreased methamphetamine seeking 

in the extinction tests at abstinence day 15 (F2,17=4.3, p<0.05; main effect of dopamine antagonist 

condition) (Fig. 3E). We also analyzed the time course of extinction responding using the between-

subjects factor of dopamine antagonist condition and the within-subjects factor of Session (20, 40 and 60 

minutes; Fig. 3F). The statistical analysis showed a main effect of the dopamine antagonist condition 

(F2,18=5.5, p<0.05), Session Time (F2,36=31.2, p<0.001) and an interaction between the dopamine 

antagonist condition and Session time (F4,36=6.6, p<0.001). 

Finally, to rule out that the effect was due to a motor deficit, we trained all the rats to self-administer 

SM1% solution (Fig. 3H) and determined the effect of injections into the NAc core on ongoing SM1% 

solution-reinforced responding. We found that raclopride or SCH 39166 injections into NAc core had no 

effect on SM1% solution self-administration (F2,17=0.2, p=0.8) (Fig. 3I).  
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Figure 3. Drd1 or Drd2 antagonists’ injection into NAc core decreased relapse after voluntary 

abstinence. (A) Timeline of the experiment. (B) Self-Administration training. Mean ± SEM number of 

SM1% rewards or methamphetamine infusions during the 6-hour sessions (C) Choice sessions during 

training. Mean ± SEM number of SM1% rewards and methamphetamine infusions earned during the 

three discrete choice sessions during training. (D) Voluntary abstinence. Mean ± SEM number of SM1% 

rewards and methamphetamine infusions earned during 14 discrete choice sessions. (E) Relapse test 

for raclopride or SCH 39166 injections into NAc core. Mean ± SEM number of lever presses on active, 

non-reinforced, and inactive levers during the 60-minute test sessions on day 15 of voluntary abstinence. 

We injected vehicle or raclopride (1.0 mg/0.5 ml/side) or SCH 39166 (1.0 mg/0.5 ml/side) into NAc core 

15 minutes before the 60-minute extinction tests. We added a representative photomicrograph of the 

cannula placement in the area (scale bar, 500 mm). (F) Time course of lever presses during the relapse 

test on day 15.  Mean ± SEM number of lever presses on active, non-reinforced lever during different 

time periods of the relapse test (0-20, 20-40, 40-60 min). (G) Cannula placement in NAc core. 

Approximate placement (mm from bregma) of the injector tips (Paxinos and Watson 2008). Vehicle: 

open circles; raclopride: closed squares; SCH 39166: open triangles). (H) SM1% self-administration. 

Mean ± SEM number of SM1% rewards during the 6-hour re-training sessions performed after the 

relapse test. (I) SM1% responding test. Mean ± SEM number of SM rewards after raclopride or SCH 

39166 injections into NAc core 15 minutes before the 60-minute SM1% seeking test. * p<0.05 different 

from vehicle. Circles represent individual data, n=21, 6-8/group. 
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Exp. 4: Effect of NAc core flupenthixol injections on incubation of methamphetamine craving  

The timeline of the experiment is shown in Fig. 4A.  

SM1% solution and methamphetamine training: The rats increased the rewards intake over sessions 

(Fig. 4B). The statistical analysis showed a significant effect of session for SM1% solution (F5,65=2.6, 

p<0.05) and methamphetamine (F11,143=3.4, p<0.05). During the three discrete choice sessions, the rats 

showed a strong preference for the SM1% solution over time [Reward (F1,13=10.3, p<0.01); Reward X 

Session (F2,26=7.7, p<0.01); Fig. 4C]. 

Voluntary abstinence: During the 14 days of food choice-induced abstinence, the rats showed a 

strong preference for the SM1% solution (Fig. 4D). The statistical analysis showed a significant effect of 

reward type (F1,13=82.9, p<0.001). 

Relapse test: NAc core injections of flupenthixol decreased methamphetamine seeking in the 

extinction test at abstinence day 15 (F1,12=7.3, p<0.05; main effect of dopamine antagonist condition) 

(Fig. 4E). We also analyzed the time course of extinction responding using the between-subjects factor 

of dopamine antagonist condition and the within-subjects factor of Time (20, 40 and 60 minutes; Fig. 4F). 

The statistical analysis showed a main effect of Time (F2,24=13.0, p<0.001). 

Dose effect curve of flupenthixol. 

SM1% solution training: The rats increased the rewards intake over sessions (Fig. 4H). The statistical 

analysis showed a significant effect of session for SM1% solution (F4,24=9.0, p<0.01). 

Dose effect curve: Flupenthixol dose dependently decreased SM1% solution reinforced responding (Fig. 4I). 

The statistical analysis showed a significant effect of Flupenthixol dose (F4,24=8.7, p<0.01). A post hoc 

analysis conducted with the Least Significant-Difference test revealed a significant difference between saline 

and the doses of flupenthixol of 30 and 40 µg/side and a nearly significant effect at the dose of 20 µg/side. 
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Figure 4. Non-specific dopamine receptors antagonist injection into NAc core decreased relapse 

after voluntary abstinence. (A) Timeline of the experiment. (B) Self-Administration training. Mean ± SEM 

number of SM1% rewards or methamphetamine infusions during the 6-hour sessions. (C) Choice 

sessions during training. Mean ± SEM number of SM1% rewards and methamphetamine infusions 

earned during the three discrete choice sessions during training. (D) Voluntary abstinence. Mean ± SEM 

number of SM1% rewards and methamphetamine infusions earned during 14 discrete choice sessions. 

(E) Relapse test for flupenthixol injections into NAc core. Mean ± SEM number of lever presses on 

active, non-reinforced, and inactive levers during the 60-minute test sessions on day 15 of voluntary 

abstinence. We injected vehicle or flupenthixol (10 µg/0.5 µl/side) into NAc core 15 minutes before the 

60-minute extinction tests. We added a representative photomicrograph of the cannula placement in the 

area (scale bar, 500 mm). (F) Time course of lever presses during the relapse test on day 15.  Mean ± 

SEM number of lever presses on active, non-reinforced lever during different time periods of the relapse 

test (0-20, 20-40, 40-60 min). (G) Cannula placement in NAc core. Approximate placement (mm from 

bregma) of the injector tips (Paxinos and Watson 2008). Vehicle: open circles; flupenthixol: closed 

circles). (H) SM1% Self-Administration training. Mean ± SEM number of SM1% rewards during the 60-

minute sessions. (I) Dose – Effect curve. Mean ± SEM number of SM1% rewards earned during the five 

60-minute sessions. We injected vehicle (0.5 µl/side) or flupenthixol (10, 20, 30 and 40 µg/0.5 µl/side) 

into NAc core 15 minutes before the 60-minute extinction tests. (J) Cannula placement in NAc core. 

Approximate placement (mm from bregma) of the injector tips (Paxinos and Watson 2008). Flupenthixol: 

closed circles). 
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Table 1. Statistical analysis (SPSS GLM repeated-measures module). Partial Eta2 = proportion of explained 

variance. Abbreviations: sucrose 1% + maltodextrin 1%= SM1%; methamphetamine = Meth; muscimol + 

baclofen = M+B; Raclopride = Rac; Injection = Inj; Dopamine = DA. 

 

Figure number Factor name F-value p-value Partial Eta 

Figure 1B.  

Self-administration 

Session (SM1%) (within) 

Session (Meth) (within) 

F5,75=21.9 

F11,165=20.5 

<0.001 

<0.001 

0.594 

0.578 

Figure 1C.  

Choice test  

Reward (within) 

Session (within) 

Reward X Session  

F1,15=164.2 

F2,30=1.9 

F2,30=2.5 

<0.001 

0.167 

0.099 

0.916 

0.113 

0.143 

Figure 1D.  

Voluntary abstinence 

Reward (within) 

Session (within) 

Reward X Session  

F1,7=259.0 

F13,91=1.08 

F13,91=1.03 

<0.001 

0.379 

0.433 

0.974 

0.135 

0.128 

Figure 1E.  

Relapse test 

Abstinence Day (between) F2,7=87.4 <0.001 0.926 

Figure 1G Top.  

NAc core Fos neuron 

counting 

Test (between) 

Abstinence Day (between) 

Abstinence Day X Test  

F1,12=25.2 

F1,12=21.1 

F1,12=13.5 

<0.001 

<0.001 

<0.01 

0.677 

0.637 

0.530 

Figure 1G Bottom.  

NAc shell Fos neuron 

counting 

Test (between) 

Abstinence Day (between) 

Abstinence Day X Test 

F1,12=6.9 

F1,12=0.2 

F1,12=0.2 

<0.05 

0.684 

0.684 

0.368 

0.114 

0.114 

Figure 1H Top.  

NAc core double labeled 

cells counting (Fos-Drd1) 

Test (between) 

Abstinence Day (between) 

Abstinence Day X Test  

F1,12=21.0 

F1,12=15.7 

F1,12=10.2 

<0.001 

<0.01 

<0.01 

0.637 

0.568 

0.460 

Figure 1H Bottom.  

NAc Shell double labeled 

cells counting (Fos-Drd1)  

Test (between) 

Abstinence Day (between) 

Abstinence Day X Test  

F1,12=3.6 

F1,12=1.3 

F1,12=0.2 

0.081 

0.276 

0.634 

0.232 

0.198 

0.120 

Figure 1I Top.  Test (between) 

Abstinence Day (between) 

F1,12=14.3 

F1,12=15.5 

<0.01 

<0.01 

0.544 

0.563 
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NAc Core double labeled 

cells counting (Fos-Drd2) 

Abstinence Day X Test  F1,12=6.9 <0.01 0.366 

Figure 1I Bottom.  

NAc Shell double labeled 

cells counting (Fos-Drd2) 

Test (between) 

Abstinence Day (between) 

Abstinence Day X Test  

F1,12=2.3 

F1,12=2.0 

F1,12=1.1 

0.148 

0.180 

0.314 

0.166 

0.144 

0.084 

Figure 2B.  

Self-administration  

Session (SM1%) (within) 

Session (Meth) (within) 

NAc subregion (between) 

SM1% X NAc subregion  

Meth X NAc subregion  

F11,250=52.6 

F11,550=12.0 

F1,50=0.2 

F5,250=1.5 

F11,550=0.8 

<0.001 

<0.001 

0.637 

0.171 

0.882 

0.512 

0.619 

0.111 

0.030 

0.078 

Figure 2C.  

Choice test 

 

Reward (within) 

Session (within)  

NAc subregion (between)  

Reward X Session  

Reward X NAc subregion  

Session X NAc subregion  

Session X NAc subregion X Reward 

F1,50=76.5 

F2,100=6.6 

F1,50=0.6 

F2,100=9.3 

F1,50=0.5 

F2,100=0.03 

F2,100=0.2 

<0.001 

<0.01 

0.440 

<0.001 

0.463 

0.973 

0.837 

0.605 

0.117 

0.012 

0.157 

0.011 

0.001 

0.004 

Figure 2D.  

Voluntary abstinence 

 

Reward (within) 

Session (within)  

NAc subregion (between) 

Reward X Session  

Reward X NAc subregion  

Session X NAc subregion 

Session X NAc subregion X Reward  

F1,26=596.7 

F13,338=3.7 

F1,26=1.3 

F13,338=2.3 

F1,26=0.3 

F13,338=1.3 

F13,338=0.7 

<0.001 

<0.001 

0.270 

<0.01 

0.582 

0.270 

0.747 

0.958 

0.124 

0.047 

0.082 

0.012 

0.075 

0.027 

Figure 2E.  

Relapse test for NAc 

core, M+B inj. 

M+B dose (between) 

Abstinence Day (between) 

M+B dose X Abstinence Day 

F1,22=19.7 

F1,22=27.2 

F1,22=13.5 

<0.001 

<0.001 

<0.001 

0.472 

0.553 

0.381 

Figure 2F.  

Relapse test for NAc 

shell, M+B inj.  

M+B dose (between) 

Abstinence Day (between) 

M+B dose X Abstinence Day 

F1,22=1.4 

F1,22=73.9 

F1,22=0.3 

0.247 

<0.001 

0.577 

0.060 

0.771 

0.014 
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Figure 2G.  

Time course  

 

Time (within) 

M+B dose (between) 

NAc subregion (between) 

M+B dose X NAc subregion 

Time X M+B dose 

Time X NAc subregion 

Time X NAc subregion X M+B dose  

F2,48=28.6 

F1,24=16.2 

F1,24=9.3 

F1,24=6.4 

F2,48=2.1 

F2,48=2.8 

F2,48=1.4 

<0.001 

<0.001 

<0.01 

<0.05 

0.127 

0.072 

0.254 

0.544 

0.403 

0.278 

0.211 

0.082 

0.104 

0.056 

Figure 2K.  

SM1% solution-reinforced 

responding test for NAc 

core,  

M+B inj. 

M+B dose (between) 

 

F1,9=0.2 0.644 

 

0.025 

 

Figure 3B.  

Self-administration 

Session (SM1%) (within) 

Session (Meth) (within) 

F5,100=31.9 

F11,220=24.9 

<0.001 

<0.001 

0.520 

0.555 

Figure 3C.  

Choice test 

 

Reward (within) 

Session (within) 

Reward X Session 

F1,20=40.8 

F2,40=2.1 

F2,40=6.4 

<0.001 

0.137 

<0.01 

0.671 

0.095 

0.243 

Figure 3D.  

Voluntary abstinence 

 

Reward (within) 

Session (within) 

Reward X Session 

F1,20=2611.2 

F13,260=1.6 

F13,260=2.9 

<0.001 

0.088 

<0.001 

0.992 

0.074 

0.125 

Figure 3E.  

Relapse test for NAc 

core, SCH39166/Rac inj. 

DA antagonist condition (between) 

 

F2,17=4.3 

 

<0.05 

 

0.286 

 

Figure 3F.  

Time course 

 

DA antagonist condition (between) 

Time (within) 

Time X Treatment 

F2,18=5.5 

F2,36=31.2 

F4,36=6.6 

<0.05 

<0.001 

<0.001 

0.378 

0.635 

0.423 

Figure 3I.  

SM1% solution-reinforced 

responding test for NAc 

core SCH39166/Rac inj. 

DA antagonist condition (between) F2,17=0.2 0.842 0.020 
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Figure 4B.  

Self-administration 

Session (SM1%) (within) 

Session (Meth) (within) 

F5,65=2.6 

F11,143=3.4 

<0.05 

<0.05 

0.168 

0.208 

Figure 4C.  

Choice test 

 

Reward (within) 

Session (within) 

Reward X Session 

F1,13=10.3 

F2,26=2.0 

F2,26=7.7 

<0.01 

0.153 

<0.01 

0.441 

0.134 

0.373 

Figure 4D.  

Voluntary abstinence 

 

Reward (within) 

Session (within) 

Reward X Session 

F1,13=82.9 

F13,169=1.7 

F13,169=2.2 

<0.001 

0.057 

0.101 

0.864 

0.118 

0.147 

Figure 4E.  

Relapse test for NAc 

core, Flupenthixol inj. 

DA antagonist condition (between) F1,12=7.3 <0.05 0.378 

Figure 4F.  

Time course 

DA antagonist condition (between) 

Time (within) 

Time X Treatment 

F1,12=7.3 

F2,24=13.0 

F2,24=0.9 

<0.05 

<0.001 

0.472 

0.378 

0.520 

0.061 

Figure 4H.  

SM1% self-administration 

Session (SM1%) (within) 

 

F4,24=9.0 <0.01 

 

0.601 

Figure 4I.  

Dose-effect curve 

Flupenthixol dose (within) 

 

F4,24=8.7 <0.01 

 

0.592 
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General Discussion 

There are three main findings in our study. First, incubation of methamphetamine craving was 

associated with increased Fos expression in NAc core Drd1- and Drd2-MSNs after 15 abstinence days; 

in contrast we did not found any increased Fos expression in the NAc shell subregion. Second, 

reversible inactivation of NAc core selectively decreased methamphetamine seeking during late (day 15) 

but not early (day 1) abstinence. This effect was selective to methamphetamine seeking, muscimol + 

baclofen injections had no effect on SM1% solution-reinforced responding test. Third, blockade of Drd1-, 

Drd2- or both Drd1-Drd2-family receptors in NAc core decreased incubated (day 15) methamphetamine 

craving after voluntary abstinence to a similar extent. Together, our results indicate that dopamine 

transmission through Drd1 and Drd2 in activated NAc core is critical to the incubation of 

methamphetamine craving after food choice-induced voluntary abstinence. 

Methodological considerations 

A number of methodological issues should be considered in the interpretation of the present data. The 

first issue is represented by the specificity of the inactivating effect of muscimol + baclofen on NAc core. It is 

unlikely that this effect was due to non-specific performance deficits, as muscimol + baclofen had no effect 

on lever presses during abstinence day 1 or high-rate operant responding for the palatable solution (sucrose 

1% + maltodextrin 1%) (see Results and Fig. 2K). Similarly, it is unlikely that the effect of SCH39166 and 

raclopride NAc core injections was due to non-specific performance deficits. This is because we used a dose 

that had no effect on operant responding for the palatable food (%) (see Results and Fig. 3I). In this context, 

it is important to emphasize that depletions of NAc dopamine do not substantially impair all aspects of 

primary food motivation and that NAc infusions of dopamine antagonists at doses that impair runway 

performance did not impair sucrose intake (for reviews (Ikemoto and Panksepp 1999, Salamone and Correa 

2002)).  

The second methodological issue is represented by the anatomical specificity of the intracranial 

injections. It is unlikely that the behavioral changes were due to drug diffusion from the injection site 

(Wise and Hoffman 1992), because injections into NAc shell had no effect on incubated 

methamphetamine craving after food choice-induced voluntary abstinence (see Results and Fig. 2F). A 

third methodological consideration is that we used only male rats in this study. In this regard, several 

studies demonstrated sex differences in psychostimulant self-administration and relapse, including 

incubation of cocaine craving after forced abstinence (Kerstetter, Aguilar et al. 2008, Nicolas, Russell et 

al. 2019), and reinstatement of methamphetamine seeking (Cox, Young et al. 2013). However, it is 
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unlikely that female rats would have responded differently to our manipulations. In our previous studies, 

we found no evidence for sex differences in methamphetamine self-administration, or in the strong 

preference for the palatable food over methamphetamine or the magnitude of incubated 

methamphetamine seeking after either forced or voluntary abstinence (Venniro, Zhang et al. 2017). The 

fourth methodological issue concerns the muscimol+baclofen effect on methamphetamine seeking. We 

only observed an effect of the two agonists on abstinence day 15 but not day 1, suggesting a selective 

effect on ‘incubated’ cue-induced drug seeking. However, this selective time-dependent effect should be 

interpreted with caution because of a potential floor effect due to low responding on day 1. 

Finally, from a brain mechanism perspective, we did not investigate the role of dopamine 

transmission in the NAc shell in the incubation of methamphetamine craving after voluntary abstinence 

because we did not observe neither a time-dependent increase in Fos expression after the relapse tests 

on abstinence days 1 and 15 (see Results and Fig. 1G) nor an attenuation of incubated craving after the 

reversible inactivation with muscimol + baclofen (see Results and Fig. 2F). However, these correlational 

and causal data do not definitively rule out a role of NAc shell dopamine transmission in the incubation of 

methamphetamine craving because previous studies have demonstrated dissociable effects of reversible 

inactivation relative to dopamine or glutamate receptors blockade (Bossert, Marchant et al. 2013). 

The role of nucleus accumbens core in incubation of methamphetamine craving after voluntary 

abstinence 

The NAc core and shell are heterogeneous structures distinguished on the basis of the morphology 

and projections (Voorn, Gerfen et al. 1989, Zahm and Brog 1992). These neuroanatomical evidences 

stimulated a large number of studies on the role of NAc core and shell in motivated behavior (Cardinal, 

Parkinson et al. 2002, Kelley 2004) and conditioned and unconditioned rewarding effects of drugs 

(Everitt and Wolf 2002, Ikemoto and Wise 2004). Our results from Exp. 1 and 2, supporting a role for the 

NAc core but not shell in incubation of methamphetamine craving after voluntary abstinence, are in 

agreement with the general notion that NAc core and shell mediate distinct aspects of drug-motivated 

behaviors (Everitt and Robbins 2005). In particular, they are in agreement with previous findings where 

permanent lesions or reversible inactivation (muscimol + baclofen) of core but not shell decrease 

discrete-cue-induced reinstatement of cocaine (Di Ciano, Cardinal et al. 2001, Fuchs, Evans et al. 2004) 

and methamphetamine seeking (Rocha and Kalivas 2010) and discrete-cue-induced cocaine seeking, as 

assessed in an acquisition of a new response procedure (Di Ciano, Robbins et al. 2008).  
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Our results provide further correlational evidences of altered firing in the NAc core during incubation 

of cocaine craving after forced abstinence (Hollander and Carelli 2005, Guillem, Ahmed et al. 2014). This 

altered firing is putatively associated with the higher conductance expressed by the CP-AMPARs 

(homomeric GluA1 receptors) that accumulate in the NAc core over time (Conrad, Tseng et al. 2008, 

Wolf 2016). Consistent with these findings, incubated cocaine and methamphetamine craving after 

forced abstinence was reduced by decreasing CP-AMPARs transmission in NAc core (Conrad, Tseng et 

al. 2008, Loweth, Scheyer et al. 2014, Scheyer, Loweth et al. 2016) or, for cocaine, via weakening the 

prelimbic cortex to NAc core pathway (Ma, Lee et al. 2014).  

Levels of CP-AMPARs are also elevated in the NAc shell after incubation of cocaine craving 

(McCutcheon, Wang et al. 2011, Lee, Ma et al. 2013, Ma, Lee et al. 2014) and CP-AMPARs 

transmission in the NAc shell play a causal role in incubation of cocaine craving. These latter evidences 

are at odds with our data. In Exp. 1 (RNAscope in situ hybridization for Fos) and Exp. 2 (muscimol + 

baclofen inactivation) we did not observe any appreciable increase in Fos expression (marker of 

neuronal activity) nor an appreciable reduction in incubated methamphetamine craving after voluntary 

abstinence. What may account for this discrepancy? The answer is not straightforward because a direct 

comparison of our study and Dong and colleagues’ studies (Lee, Ma et al. 2013, Ma, Lee et al. 2014) is 

not possible for two main reasons: 1) we used methamphetamine while Dong and colleagues used 

cocaine. In the case of NAc core, both incubation to cocaine and methamphetamine have been shown to 

result in CP-AMPARs in the core. However, we do not know if incubation to methamphetamine results in 

CP-AMPARs in the shell; 2) we used an extended drug-self administration procedure for 12 days (6 

h/day) and voluntary abstinence in adult rats, while Dong and colleagues used a single overnight training 

session plus short-access procedure for 5 days (2 h/day) and forced abstinence in juvenile rats. It is well 

established that the neural adaptions occurring during an extended-access relative to short-access self-

administration are distinct (Ahmed and Kenny 2011) and that juvenile onset and adult onset self-

administration are associated with different physiological and behavioral changes (Li and Frantz 2009, 

Counotte, Schiefer et al. 2014).  

Finally, the neuroanatomical substrates responsible for the expression of incubated 

methamphetamine craving, identified in this (NAc core but not shell) and previous studies (CeA but not 

BLA; (Li, Zeric et al. 2015, Venniro, Caprioli et al. 2017)), mirror the neuroanatomical substrates involved 

in the expression of the ‘general’ form of Pavlovian to Instrumental Transfer (PIT) (Hall, Parkinson et al. 

2001), which is thought to represent the general motivational or affective properties of the reward (Corbit 
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and Balleine 2005). First proposed by Li and colleagues (Li, Zeric et al. 2015), our findings support the 

hypothesis that incubation of drug craving may be due to time-dependent increases in the motivational 

potency of Pavlovian drug associated cues after abstinence that is mediated by increased activity of CeA 

and NAc core during the late abstinence relapse tests. The common role of CeA (Li, Zeric et al. 2015, 

Venniro, Caprioli et al. 2017) and NAc core in promoting incubation of methamphetamine craving 

suggests that these regions, with no direct anatomical connections (Price and Amaral 1981) interact 

functionally during the drug seeking test. As previously speculated for PIT (Hall, Parkinson et al. 2001), 

the CeA may indirectly recruit the NAc core via its projections to ventral tegmental area, which projects 

to NAc core (Price and Amaral 1981).  

Role of NAc Drd1- and Drd2-MSNs during incubation of methamphetamine-craving after voluntary 

abstinence 

The mesolimbic dopamine system innervating the NAc is critically involved in cue-elicited reinstatement 

of drug-seeking (Shalev, Grimm et al. 2002). However, relatively little is known on the role of NAc-dopamine 

transmission in incubation of cue-induced drug craving after prolonged forced and voluntary abstinence. Ito 

et al., (2000) first reported that cocaine-associated cues significantly increase extracellular dopamine in the 

NAc core (see Willuhn for a review and conflicting findings (2010)), suggesting that enhanced dopamine 

transmission may be involved in cue-induced craving and relapse to drug seeking. Subsequently, a seminal 

study by Ciccocioppo et al. (Ciccocioppo, Sanna et al. 2001), showed that systemic blockade of Drd1 

decreases both discriminative cue-induced reinstatement and discriminative cue-induced Fos and that the 

reinstatement effect of the discriminative cues persists for at least 4 months after cocaine exposure 

(Ciccocioppo, Sanna et al. 2001). These investigators also demonstrated that the response to the cocaine-

associated discriminative cues is remarkably persistent over repeated testing and that Drd2 play a role in this 

form of reinstatement (Weiss, Martin-Fardon et al. 2001). Since then, several studies employing Drd1 and 

Drd2 partial agonists and antagonists have been shown to reduce cue-induced drug seeking (reviewed in 

(Galaj, Ewing et al. 2018)).  

Overall, the effect of selective Drd1 and Drd2 (SCH39166 and raclopride) or both Drd1-Drd2 

(flupenthixol) antagonists reported here confirm earlier findings and suggest that the incubation of 

methamphetamine-seeking after voluntary abstinence is not dependent of a specific subtype of MSNs. 

Furthermore, our data do not support the hypothesis that Drd1 and Drd2 MSNs act in opposing manner 

(Lobo and Nestler 2011) but rather, suggests that a coincident and concerted MSNs activity is required for 

reward-related behaviors (Soares-Cunha, Coimbra et al. 2016, Cole, Robinson et al. 2018, Francis, Yano et 
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al. 2019). Indeed, regardless of the antagonist used in our experiments (SCH39166, Drd1-selective; 

raclopride, Drd2-selective; flupenthixol, Drd1-Drd2-selective), we observed reliable reduction of incubation of 

methamphetamine craving.  

Our data are also consistent with our previous results on incubation of methamphetamine seeking after 

forced and voluntary abstinence. Indeed, in these studies the incubation-sensitive Fos-positive neurons 

(activated after periods of forced or voluntary abstinence) in the dorsomedial and dorsolateral striatum co-

expressed both Drd1 and Drd2 (Li, Rubio et al. 2015, Caprioli, Venniro et al. 2017). Furthermore, studies 

employing extended-access cocaine regimens leading to incubation of cocaine craving support the idea that 

there is a similar plasticity in Drd1- and Drd2-expressing MSNs in NAc core (Wolf and Tseng 2012) or even 

in the dorsal striatum (Li, Witonsky et al. 2018). An important example is the elevation of CP-AMPAR levels 

that is observed in nearly all NAc core MSNs after extended-access cocaine self-administration and after a 

month of abstinence, albeit in a pathway-specific manner (Wolf and Tseng 2012, Wolf 2016). 
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Chapter 4: Future directions  



 60 

A schematic of future directions 

This dissertation presents data spread one the main preclinical model that mimic the behavioral 

approaches to treat the addiction in humans, focusing on one clear commonality of the nucleus accumbens 

functions as a critical integrator of reward-related behaviors. In this study, we observe that the activation of 

both subpopulation of MSNs in nucleus accumbens core have the capacity to modulate the incubation of 

methamphetamine craving after food-induced voluntary abstinence. 

In this section I will suggest potential future directions for further research. 

It will be important in the future work to characterize similarities and differences in the synaptic 

alterations that occur in incubation of methamphetamine craving after forced and voluntary abstinence. As I 

continually stressed throughout this dissertation, neural plasticity induced by incubation of methamphetamine 

craving reflects an enduring change in the brain. Though much progress has been made in understanding 

nucleus accumbens role here is far more work to be done. I will use an electrophysiological approach to 

describe the differences between the two abstinence conditions because despite the distinct approach, both 

conditions result in the incubation of craving at the same magnitude. Moreover, it will be important to map 

the activated glutamatergic projections that by impinging in the nucleus accumbens drive incubation of 

methamphetamine craving after voluntary abstinence.  
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ARTICLE

Role of nucleus accumbens core but not shell in incubation
of methamphetamine craving after voluntary abstinence
Ludovica Maddalena Rossi1,2, Ingrid Reverte1,2, Davide Ragozzino1, Aldo Badiani 1,3, Marco Venniro 4 and Daniele Caprioli 1,2

We recently introduced an animal model to study incubation of drug craving after prolonged voluntary abstinence, mimicking the
human condition of relapse after successful contingency management treatment. Here we studied the role of the nucleus
accumbens (NAc) in this model. We trained rats to self-administer a palatable solution (sucrose 1% +maltodextrin 1%, 6 h/day,
6 days) and methamphetamine (6 h/day, 12 days). We then evaluated relapse to methamphetamine seeking after 1 and 15 days of
voluntary abstinence, achieved via a discrete choice procedure between the palatable solution and methamphetamine (14 days).
We used RNAscope in-situ hybridization to quantify the colabeling of the neuronal activity marker Fos, and dopamine Drd1- and
Drd2-expressing medium spiny neurons (MSNs) in NAc core and shell during the incubation tests. Next, we determined the effect of
pharmacological inactivation of NAc core and shell by either GABAA and GABAB agonists (muscimol+ baclofen, 50+ 50 ng/side),
Drd1–Drd2 antagonist (flupenthixol, 10 µg/side), or the selective Drd1 or Drd2 antagonists (SCH39166, 1.0 µg/side or raclopride,
1.0 µg/side) during the relapse tests. Incubated methamphetamine seeking after voluntary abstinence was associated with a
selective increase of Fos expression in the NAc core, but not shell, and Fos was colabeled with both Drd1- and Drd2-MSNs. NAc
core, but not shell, injections of muscimol+ baclofen, flupenthixol, SCH39166, and raclopride reduced methamphetamine seeking
after 15 days of abstinence. Together, our results suggest that dopamine transmission through Drd1 and Drd2 in NAc core is critical
to the incubation of methamphetamine craving after voluntary abstinence.

Neuropsychopharmacology (2019) 0:1–10; https://doi.org/10.1038/s41386-019-0479-4

INTRODUCTION
Despite decades of research on the neurobiological mechanisms
of psychostimulant addiction, the only effective treatments are
based on behavioral intervention strategies which harnesses
operant principles to promote voluntary abstinence [1, 2]. One of
these methods is contingency management, in which drug
abstinence is reinforced and maintained via delivery of alternative
incentives (e.g., monetary vouchers) [3]. However, when con-
tingency management is discontinued most addicts relapse to
drug use [4, 5].
At present, the brain mechanisms underlying relapse after

cessation of contingency management are unknown. Based on
the seminal studies of Lenoir et al., [6] and Ahmed et al., [7],
showing that most rats prefer palatable food over cocaine in a
discrete choice setting, we recently introduced a choice-based
rat model of relapse after voluntary abstinence [8]. In this
procedure, we first trained food-sated rats to self-administer
palatable food (the alternative nondrug reward) and then
methamphetamine for two weeks. We then assessed relapse
to drug seeking at an early and late abstinence day.
Between methamphetamine self-administration and the test
on late abstinence day, rats were exposed to daily mutually
exclusive choice sessions between the drug and palatable food
[9]. Under these ‘contingency management’’ conditions, like
human addicts, male and female rats choose to abstain from

methamphetamine or heroin [8, 10, 11]. However, after
discontinuing the palatable food, the rats’ drug seeking
response progressively increased during abstinence. This
phenomenon, termed ‘incubation of drug craving’’, was first
observed after home cage forced abstinence conditions in rats
trained to self-administer cocaine [12], and subsequently with
other abused drugs [13, 14]. Evidences of this phenomenon are
also available in humans for nicotine [15], methamphetamine
[16], alcohol [17, 18], and cocaine [19].
In our initial mechanistic characterization of the choice-based

rat model of relapse, we identified: (1) a critical role of dopamine
receptor 1-expressing (Drd1) neurons in the central amygdala
(CeA) and the glutamatergic projection from anterior insular
cortex to CeA [20] in relapse to methamphetamine seeking after
voluntary abstinence; (2) a critical role of dorsomedial striatum
neuronal ensembles, in incubation of methamphetamine craving
after voluntary abstinence [10]. In the current study, we assessed
the role of nucleus accumbens (NAc) subregions (core and shell) in
incubation of methamphetamine craving after food choice-
induced voluntary abstinence. Anatomically, the NAc core and
shell are distinguished on the basis of the morphology and
projections although both subregions are primarily constituted
of two neuronal populations: dopamine receptors Drd1- and Drd2-
expressing medium spiny neurons (MSNs) that further differ in the
neuropeptide expression profile [21].
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We studied the NAc core because previous studies showed
that incubated cocaine craving after forced abstinence is
associated with an altered firing in this area [22, 23]. Further-
more, incubated cocaine and methamphetamine craving after
forced abstinence is reduced by inhibiting calcium-permeable
AMPA receptor (CP-AMPARs) transmission in NAc core [24–26]
or, for cocaine, via weakening the prelimbic cortex to NAc core
pathway [27].
We studied the role of the NAc shell because, similarly to the

core subregion, increased CP-AMPARs transmission is also evident
after prolonged abstinence from cocaine self-administration
[27–30]. Furthermore, incubated cocaine craving is reduced by
selectively weakening the basolateral amygdala to NAc shell
pathway [31], or simultaneous weakening of the infralimbic to
Drd1-MSNs shell and ventral hippocampus to Drd1-MSNs shell
pathways [32].
In the current study, we first used an RNAscope in situ

hybridization (ISH) method used in our previous studies
[10, 20, 33] to determine whether incubation of methampheta-
mine craving is associated with activation of Drd1 and Drd2 in NAc
core and shell, assessed by the activity marker Fos [34]. Next,
we used site-specific reversible inactivation with GABAA and
GABAB agonists (muscimol+ baclofen [35]), Drd1-Drd2 antagonist
(flupenthixol [36]), and selective Drd1 and Drd2 receptor blockade
with SCH39166 [37] and raclopride [38] to determine the causal
role of these receptors in NAc core and shell in incubation of
methamphetamine craving after food choice-induced voluntary
abstinence.

MATERIALS AND METHODS
Subjects, surgery (intravenous and intracranial), drugs, intracranial
injections, RNAscope ISH assay, self-administration apparatus,
procedures, palatable solution self-administration, methampheta-
mine self-administration, discrete choice procedure, voluntary
abstinence, and relapse test: see Supplemental Online Material.
Our procedures followed the guidelines of the national law (DL

26/2014) on the use of animals for research based on the European
Communities Council Directive (2010/63/UE), and were approved
by the ethics committee of the Italian Ministry of Health (license/
approval ID #: 705/2018-PR) and by the local Ethical Committee of
the Santa Lucia Foundation.

Specific experiments
Experiment 1: Fos expression in NAc core and shell during relapse
tests after voluntary abstinence. In experiment 1 (Exp. 1), we
determined whether incubation of methamphetamine craving is
associated with increased neuronal activity, as assessed by the
activity marker Fos [39] in NAc core and shell. We also determined
the cell type of the Fos-positive neurons in the two subregions by
colabeling Fos with Drd1 and Drd2 [10, 20, 33, 40]. We used four
groups of rats (n= 3–5/group) in an experimental design that
included the between-subject factors of test condition (no-test,
relapse test) and abstinence day (days 1 and 15). The experiment
consisted of three phases: training, discrete choice voluntary
abstinence and relapse tests.

Training. We first trained rats to self-administer first the palatable
solution (sucrose 1%+maltodextrin 1%; SM 1%, 0.4 ml/reward
delivery; 6 h/d, 6 d) and then methamphetamine (0.1 mg/kg/
infusion; 0.1 ml/infusion; 6 h/d, 12 d). The SM1% solution delivery
and the methamphetamine infusions were paired with the
presentation of 20-s discrete light cues (triple light or white light,
respectively).

Discrete choice procedure. We determined SM1% versus metham-
phetamine choice after every three consecutive drug self-
administration sessions in all groups (three choice tests, during

the training phase) and for 14 days (voluntary abstinence)
preceding the abstinence day 15 relapse test.

Relapse tests. We tested the rats for methamphetamine seeking
under extinction conditions on abstinence days 1 or 15. The
relapse tests were performed under extinction conditions in the
presence of the house light. Active lever presses during testing,
the operational measure of drug seeking in incubation of drug
craving studies [13, 14], resulted in contingent presentations of
the white light cue previously paired with methamphetamine, but
not methamphetamine delivery. Immediately after the 60-min
relapse tests, we anesthetized the rats and processed their brains
for the RNAscope ISH assay. For the no-test rats, we brought them
to the perfusion room from their home cage and perfused them
on the same day and time as the relapse test rats. We matched the
rats in the different groups for methamphetamine intake during
the training phase.

Exp. 2: Effect of the NAc core or shell muscimol+ baclofen (M+ B)
inactivation on incubation of methamphetamine craving after
voluntary abstinence
We performed intravenous surgeries on the rats and implanted
them with bilateral guide cannulas 1 mm above the NAc core or
shell (see SOM). The experimental procedure is identical to the
one reported in Exp. 1, with the exception that we microinjected
M+ B in NAc before the relapse tests. We also habituated the rats
to the injection procedure for 3 days during the discrete choice
procedure. We used eight groups of rats (n= 6–8/group) in an
experimental design that included the between-subject factors of
brain region (core, shell), abstinence day (1, 15), and muscimol+
baclofen dose (M+ B; 0, 50 ng+ 50 ng/0.5 µl/side).

Relapse tests. We determined the effect of reversible inactivation
of the NAc core and shell on extinction responding on abstinence
days 1 or 15. We injected bilaterally either vehicle (saline) or M+ B
(50 ng+ 50 ng/0.5 µl/side) into NAc core or shell 15 min before the
60-min extinction test. Finally, to ensure that the effect of core
inactivation by M+ B on extinction responding during the late
withdrawal test was not due to motor deficits, we retrained 12 rats
from the NAc core group to self-administer the SM1% solution
after they completed core injections and extinction tests on
abstinence day 15. We retrained them for 6 days (6 h/d) for the
SM1% solution and then injected them vehicle or M+ B (50 ng+
50 ng/0.5 µl/side) into NAc core, 15min before the 60-min self-
administration session.

Exp. 3: Effect of NAc core SCH39166 or raclopride injections on
incubation of methamphetamine craving
In Exp. 1, we found selective time-dependent increases in Fos
expression in NAc core, but not in shell, and that Fos was
colabeled with both Drd1 and Drd2. Moreover, in Exp. 2 we found
a selective role of NAc core, but not shell. Based on these results,
in Exp. 3 we determined the causal role of NAc core’s dopamine
receptors in the incubation of methamphetamine craving after
food choice-induced voluntary abstinence. We used three groups
of rats (n= 6–8/group) in an experimental design that included
the between-subject factors of drug condition (vehicle, SCH39166,
raclopride). We excluded n= 2 due to cannula’s misplacement.
The experiment procedure is identical to the one reported in Exp.
2 (see SOM).

Relapse tests. We tested rats for methamphetamine seeking under
extinction conditions on abstinence day 15. We injected either the
Drd1 antagonist SCH39166 (1.0 µg/0.5 µl/side) or the Drd2 antago-
nist raclopride (1.0 µg/0.5 µl/side) into the core 15-min before
testing. The length of the test session was 60min. We matched the
rats in the different groups for methamphetamine intake during the
training phase. Finally, to verify that SCH39166 and raclopride, at
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the dose used in the relapse tests, do not non-selectively decrease
operant responding, we retrained 21 rats after the day 15 testing to
lever press for the SM1% for 6 h/d. After 6 days of training
sessions, we injected the rats with vehicle (0.5 µl/side), SCH39166
(1.0 µg/0.5 µl/side), or raclopride (1.0 µg/0.5 µl/side) 10min before
the 60-min self-administration session.

Exp. 4: Effect of NAc core flupenthixol injections on incubation of
methamphetamine craving
In Exp. 3, we found that a reversible pharmacological inactivation
of Drd1 or Drd2 MSNs in the NAc core decreased methamphe-
tamine seeking during late (day 15) abstinence. In both cases we
observed about 60% reduction of drug-seeking responding. Based
on these results, in Exp. 4 we determined whether by inactivating
both Drd1 and Drd2 MSNs with the Drd1–Drd2 antagonist cis-(Z)-
Flupenthixol dihydrochloride (flupenthixol) will cause total sup-
pression of methamphetamine seeking on day 15. In a separate
group of rats we first determined the dose of flupenthixol, injected
in the NAc core, that did not affect SM1% solution-reinforced
responding (see SOM).
We used two groups of rats (n= 6–8/group) in an experimental

design that included the between-subject factor of dopamine
antagonist condition (vehicle, flupenthixol). We excluded two rats
due to cannula’s misplacement. The experiment procedure is
identical to the one reported in Exp. 2 (see SOM).

Relapse tests. We tested rats for methamphetamine seeking
under extinction conditions on abstinence day 15. We injected
either vehicle or flupenthixol (10 µg/0.5 µl/side) into the core
15-min before testing. The length of the test session was 60 min.
We matched the rats in the different groups for methampheta-
mine intake during the training phase.

Statistical analysis
Behavioral data. We analyzed the data with the statistical
program SPSS Statistics using GLM module (IBM, version 23). For
the self-administration training, we analyzed the amount of SM1%
solution rewards and methamphetamine infusions separately with
a repeated-measures ANOVA, using the within-subjects factor of
session. For the choice sessions during the training phase and the
food choice-induced voluntary abstinence we analyzed the data
with a repeated-measures ANOVA, using the within-subjects
factors of reward type (SM1% solution or methamphetamine)
and choice session.
For the relapse test in Exp. 1 we analyzed active lever pressing

using one-way ANCOVA with the between-subjects factor of
abstinence day (1 or 15), and we included the inactive lever
presses as covariate. For the relapse test in Exp. 2, we analyzed
data using the between-subjects factors of abstinence day (1 or
15) and M+ B dose (0 or 50+ 50 ng). For the relapse tests in
experiment 3–4, we used one-way ANCOVA with the between-
subjects factors of dopamine antagonist condition (Exp. 3: vehicle,
SCH39166, raclopride; Exp. 4: vehicle, flupenthixol) and the
inactive lever presses were included as a covariate. For Exps. 2,
3, and 4, we also used a mixed ANOVA to analyze the 60-min time
course of active lever responding for day 15, using the between-
subjects factor of drug condition and the within-subjects factor of
session minutes (20, 40, and 60). For the dose effect curve of
flupenthixol, we analyzed the data using a repeated-measures
ANOVA with the within-subject factor of flupenthixol dose (0, 10,
20, 30, and 40 µg) and the least significant-difference test for
multiple comparisons.
RNAscope and immunohistochemistry data. In Exp. 1 we

analyzed the data with the between-subjects factors of abstinence
day (1 or 15) and test condition (test or no-test).
In the Supplementary Online Material (SOM) we offer a

summary of the statistical analysis. In the figures we only report
significant effects that are critical for data interpretation. We

followed up on significant main and interaction effects (p < 0.05)
using Fisher PLSD post hoc tests.

RESULTS
Exp. 1: Fos expression in NAc core and shell during relapse tests
after voluntary abstinence
The timeline of Exp. 1 is shown in Fig. 1a.

SM1% and methamphetamine training. The rats increased the
rewards intake over sessions (Fig.1b) and extended daily access
(6 h/day) to methamphetamine led to escalation of drug intake
[8, 10]. The statistical analysis showed a significant effect of
session for SM1% solution (F5,75= 21.903, p < 0.001) and metham-
phetamine (F11,165= 20.5, p < 0.001). During the three discrete
choice sessions, the rats showed a strong preference for the SM1%
solution (F1,15= 164.2, p < 0.001; Fig. 1c).

Voluntary abstinence. During the 14 days of food choice-induced
abstinence the rats showed a strong preference for the SM1%
solution, with an almost complete suppression of the metham-
phetamine self-administration during the voluntary abstinence
(Fig. 1d). The statistical analysis showed a significant effect of
reward type (F1,7= 259.1, p < 0.001).

Relapse test. Methamphetamine seeking in the extinction tests
was higher at abstinence day 15 than after 1 abstinence day,
demonstrating incubation of methamphetamine craving after
voluntary abstinence (Fig. 1e). The ANCOVA of active lever presses
(inactive lever as covariate) showed a significant effect of
abstinence day (F2,7= 87.4, p < 0.001).

Fos and Fos+ Drd1 or Drd2 RNAscope double-label data. Repre-
sentative pictures of Fos/Drd1/Drd2 triple labeling by RNAscope
ISH are shown in Fig. 1f. Fos expression in the relapse test was
higher at abstinence day 15 relative to abstinence day 1 in NAc
core but not in NAc shell (Fig. 1g). The statistical analysis, which
included the between-subjects factors of abstinence day and test
condition showed a main effect of both factors and the interaction
between them for NAc core [abstinence day (F1,12= 21.1, p=
0.001); test (F1,12= 25.2, p < 0.001); abstinence day X test
interaction (F1,12= 13.5, p= 0.003)]. We found no evidence for
cell-type specificity of the activated (Fos-positive) NAc core
neurons on abstinence day 15 (Fig. 1h, i upper and lower panels;
for statistics refer to Supplementary Table 1).

Exp. 2: Effect of the NAc core or shell muscimol+ baclofen (M+ B)
inactivation on incubation of methamphetamine craving
The timeline of the experiment is shown in Fig. 2a.

SM1% solution and methamphetamine training. The rats increased
the rewards intake over sessions (Fig. 2b). The statistical analysis
showed a significant effect of session for SM1% solution (F11,250=
52.6, p < 0.001) and methamphetamine (F11,550= 81.2, p < 0.001).
During the three discrete choice sessions the rats showed a
strong preference for the SM1% solution over methamphetamine
that increased over time [session (F2,100= 6.6, p < 0.01): reward
(F1,50= 76.5, p < 0.001); reward X session (F2,100= 9.3, p < 0.001;
Fig. 2c)]. We did not observe differences between groups.

Voluntary abstinence. During the 14 days of food choice-induced
voluntary abstinence the rats showed a strong preference for the
SM1% solution, with an almost complete suppression of metham-
phetamine self-administration during the voluntary abstinence that
increased over time (Fig. 2d). The statistical analysis showed a
significant effect of reward type (F1,26= 596.7, p < 0.001) and
session (F13,338= 3.7, p < 0.001), and the interaction reward X
session (F13,338= 2.3, p < 0.01).
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Relapse test. NAc core injections of M+ B decreased metham-
phetamine seeking in the extinction tests on abstinence day 15
but not abstinence day 1 (Fig. 2e). The statistical analysis, which
included the between-subjects factors of abstinence day and M+
B dose, showed a main effect of the abstinence day (F1,22= 27.2,
p < 0.001), M+ B dose (F1,22= 19.7, p < 0.001) and interaction of
abstinence day X M+ B dose (F1,22= 13.6, p= 0.001). In contrast,

shell injections of M+ B had no effect on methamphetamine
seeking in the extinction tests at abstinence day 15 and
abstinence day 1 (Fig. 2f).
We also analyzed the time course of extinction responding on

abstinence day 15 using the between-subject factors NAc
subregion and M+ B dose, and the within-subject factor session
time (20, 40, and 60min; Fig. 2g). The statistical analysis showed a
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main effect of M+ B dose (F1,27= 16.2, p < 0.001), session time
(F2,27= 28.6, p < 0.001), NAc subregion (F1,27= 9.3, p < 0.01), and
interaction between the M+ B dose and NAc subregion (F1,27=
6.4, p < 0.05).
Finally, to rule out that the NAc core effect was due to a motor

deficit, we trained all the NAc core abstinence day 15 group to
self-administer SM1% solution (Fig. S2B). We then determined the
effect of vehicle or M+ B injections into the NAc core on ongoing
SM1% solution-reinforced responding. We found that M+ B
injections into NAc core had no effect on SM1% solution self-
administration (F1,9= 0.2, p= 0.6) (Fig. S2C).

Exp. 3: Effect of NAc core SCH39166 or raclopride injections on
incubation of methamphetamine craving
The timeline of the experiment is shown in Fig. 3a.

SM1% solution and methamphetamine training. The rats
increased the rewards intake over sessions (Fig. S1B, left panel).
The statistical analysis showed a significant effect of session for
SM1% solution (F5,100= 31.9, p < 0.001) and methamphetamine
(F11,220= 25.0, p < 0.001). During the three discrete choice
sessions, the rats showed a strong preference for the SM1%
solution (F1,20= 40.8, p < 0.001) (Fig. S1B, right panel).

Voluntary abstinence. During the 14 days of food choice-induced
abstinence the rats showed a strong preference for the SM1%
solution (Fig. 3b). The statistical analysis showed a significant
effect of reward type (F1,20= 2611.2, p < 0.001).

Relapse test. NAc core injections of raclopride or SCH39166
decreased methamphetamine seeking in the extinction tests at
abstinence day 15 (F2,17= 4.3, p < 0.05; main effect of dopamine
antagonist condition) (Fig. 3c). We also analyzed the time course of
extinction responding using the between-subjects factor of
dopamine antagonist condition and the within-subjects factor of
session (20, 40, and 60min; Fig. 3d). The statistical analysis showed
a main effect of the dopamine antagonist condition (F2,18= 5.5, p <
0.05), session time (F2,36= 31.3, p < 0.001) and an interaction
between the dopamine antagonist condition and session time
(F4,36= 6.6, p < 0.001).
Finally, to rule out that the effect was due to a motor deficit, we

trained all the rats to self-administer SM1% solution (Fig. S2D) and
determined the effect of injections into the NAc core on ongoing
SM1% solution-reinforced responding. We found that raclopride or
SCH39166 injections into NAc core had no effect on SM1% solution
self-administration (F2,17= 0.2, p= 0.8) (Fig. S2E).

Exp. 4: Effect of NAc core flupenthixol injections on incubation of
methamphetamine craving
The timeline of the experiment is shown in Fig. 3a.

SM1% solution and methamphetamine training. The rats
increased the rewards intake over sessions (Fig. S1C, left panel).

The statistical analysis showed a significant effect of session for
SM1% solution (F5,65= 2.620, p < 0.05) and methamphetamine
(F11,143= 3.422, p < 0.05). During the three discrete choice
sessions, the rats showed a strong preference for the SM1%
solution (F1,13= 10.3, p < 0.01) (Fig. S1C, right panel).

Voluntary abstinence. During the 14 days of food choice-induced
abstinence, the rats showed a strong preference for the SM1%
solution (Fig. 3e). The statistical analysis showed a significant
effect of reward type (F1,13= 82.9, p < 0.001).

Relapse test. NAc core injections of flupenthixol decreased
methamphetamine seeking in the extinction test at abstinence
day 15 (F1,12= 7.3, p= p < 0.05; main effect of dopamine
antagonist condition) (Fig. 3f). We also analyzed the time course
of extinction responding using the between-subjects factor of
dopamine antagonist condition and the within-subjects factor of
time (20, 40, and 60min; Fig. 3g). The statistical analysis showed a
main effect of Time (F2,24= 13.0, p < 0.001).
The timeline of the dose effect curve of flupenthixol is shown in

Fig. S3A.

SM1% solution training. The rats increased the rewards intake
over sessions (Fig. S3B). The statistical analysis showed a significant
effect of session for SM1% solution (F4,24= 9.0, p < 0.01).

Dose effect curve. Flupenthixol dose dependently decreased
SM1% solution reinforced responding (Fig. S3C). The statistical
analysis showed a significant effect of dose (F4,24= 8.7, p < 0.01). A
post hoc analysis conducted with the least significant-difference
test revealed a significant difference between saline and the doses
of flupenthixol of 30 and 40 μg/side and a nearly significant effect
at the dose of 20 μg/side.

DISCUSSION
There are three main findings in our study. First, incubation
of methamphetamine craving was associated with increased
Fos expression in NAc core Drd1- and Drd2-MSNs after 15
abstinence days; in contrast we did not found any increased
Fos expression in the NAc shell subregion. Second, reversible
inactivation of NAc core selectively decreased methampheta-
mine seeking during late (day 15) but not early (day 1)
abstinence. This effect was selective to methamphetamine
seeking, muscimol+ baclofen injections had no effect
on SM1% solution-reinforced responding test. Third, blockade
of Drd1-, Drd2- or both Drd1–Drd2-family receptors in NAc
core decreased incubated (day 15) methamphetamine craving
after voluntary abstinence to a similar extent. Together, our
results indicate that dopamine transmission through Drd1 and
Drd2 in activated NAc core is critical to the incubation of
methamphetamine craving after food choice-induced voluntary
abstinence.

Fig. 1 Incubation of methamphetamine craving is associated with activation of NAc core but not shell: behavioral data and RNAscope data.
a Timeline of the experiment (Exp.1). The self-administration chamber is equipped with two active levers (SM1% and methamphetamine), one
inactive lever, one discriminative stimulus (yellow house light), two conditioned stimuli (white light for methamphetamine, triple light for
SM1%), two pumps (one for SM1%, one for methamphetamine), and a liquid receptacle. b Self-Administration training. Mean ± SEM number of
SM1% rewards (0.4 ml/reward) or methamphetamine infusions (0.1 mg/kg/infusion; 0.1 ml/infusion) during the 6-h sessions, n= 16. C1, C2
and C3 refer to the choice sessions performed during training (data shown in panel c). c Choice sessions during training. Mean ± SEM number
of SM1% rewards and methamphetamine infusions earned during the three discrete choice sessions during training (20 trials every 10min),
n= 16. d Voluntary abstinence. Mean ± SEM number of SM1% rewards and methamphetamine infusions earned during 14 discrete choice
sessions, n= 10. e Relapse tests. Mean ± SEM number of lever presses on active, non-reinforced, and inactive levers during the 60-min test
sessions. f Representative photomicrographs of the NAc core and NAc shell and Fos and Drd1 or Drd2 labeling in the relapse-test and no-test
groups. (Fos, white; Drd1, green; Drd2, red; DAPI, blue). Arrows indicate representative cells. g Fos neurons quantification. Number of Fos-IR
(immunoreactivity) nuclei per mm2 in NAc core (top panel) and shell (bottom panel). h Fos-IR coexpression with Drd1 cells in NAc core (top
panel) and shell (bottom panel). i Fos-IR coexpression with Drd2 cells in NAc core (top panel) and shell (bottom panel). *p < 0.05 different from
day 1. Circles represent individual data, n= 16, 3–5/group
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Methodological considerations
A number of methodological issues should be considered in the
interpretation of the present data. The first issue is represented
by the specificity of the inactivating effect of muscimol+
baclofen on NAc core. It is unlikely that this effect was due to
nonspecific performance deficits, as muscimol+ baclofen had no

effect on lever presses during abstinence day 1 or high-rate
operant responding for the palatable solution (sucrose 1%+
maltodextrin 1%) (see Results and Figs. 2e-S2C). Similarly, it is
unlikely that the effect of SCH39166 and raclopride NAc core
injections was due to nonspecific performance deficits. This is
because we used a dose that had no effect on operant

A. Timeline Exp. 2

C1
C2 C3

Methamphetamine SA SM1% SA Relapse test

6 days 12 days +
3 choice sessions

14 days Intracranial injection
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Shell

Shell

Core

Core

Shell

Core

500 µm

C. Choice testB. Self-administration D. Voluntary abstinence
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*
*

*

G. Time course – Day 15 

Fig. 2 Reversible inactivation of NAc core but not shell decreased incubated methamphetamine seeking after voluntary abstinence.
a Timeline of the experiment (Exp.2). b Self-administration training. Mean ± SEM number of SM1% rewards or methamphetamine infusions
during the 6-h sessions in rats with implanted cannula in the NAc core (Core) or NAc shell (Shell), n= 52. c Choice sessions during training.
Mean ± SEM number of SM1% rewards and methamphetamine infusions earned during the three discrete choice sessions during training in
core and shell rats, n= 52. d Voluntary abstinence. Mean ± SEM number of SM1% rewards and methamphetamine infusions earned during 14
discrete choice sessions from the voluntary abstinence group tested on abstinence day 15, n= 28. e, f Relapse tests for muscimol+ baclofen
(M+ B) injections into NAc core and shell. Mean ± SEM number of lever presses on active, nonreinforced lever during the 60-min test sessions
on day 1 (n= 24) or day 15 (n= 28) of voluntary abstinence. We injected vehicle or M+ B (50 ng+ 50 ng/0.5 μl/side) into NAc core or shell 15
min before the 60-min extinction tests. We added a representative photomicrograph of the cannula placement in the area (scale bar, 500 μm).
*p < 0.05 different from day 1. g Time course of lever presses during the relapse test on day 15. Mean ± SEM number of lever presses on active,
nonreinforced lever during different time periods of the relapse test (0–20, 20–40, and 40–60min) (n= 28). h, i Cannula placement in NAc core
or shell. Approximate placement (mm from bregma) of the injector tips [80]. Vehicle: open circles; M+ B: closed circles)
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responding for the palatable food (%) (see Results and Fig. S2E).
In this context, it is important to emphasize that depletions of
NAc dopamine do not substantially impair all aspects of primary
food motivation, and that NAc infusions of dopamine antago-
nists at doses that impair runway performance did not impair
sucrose intake (for reviews [41, 42]).
The second methodological issue is represented by the

anatomical specificity of the intracranial injections. It is unlikely
that the behavioral changes were due to drug diffusion from the
injection site [43], because injections into NAc shell had no effect
on incubated methamphetamine craving after food choice-
induced voluntary abstinence (see Results and Fig. 2f). A third
methodological consideration is that we used only male rats in
this study. In this regard, several studies demonstrated sex

differences in psychostimulant self-administration and relapse,
including incubation of cocaine craving after forced abstinence
[44, 45], and reinstatement of methamphetamine seeking [46].
However, it is unlikely that female rats would have responded
differently to our manipulations. In our previous studies, we found
no evidence for sex differences in methamphetamine self-
administration, or in the strong preference for the palatable food
over methamphetamine or the magnitude of incubated metham-
phetamine seeking after either forced or voluntary abstinence
[11]. The fourth methodological issue concerns the muscimol+
baclofen effect on methamphetamine seeking. We only observed
an effect of the two agonists on abstinence day 15 but not day 1,
suggesting a selective effect on ‘incubated’’ cue-induced drug
seeking. However, this selective time-dependent effect should be

A. Timeline Exp. 3 and 4

D. Time course

Methamphetamine SA SM1% SA Relapse test

6 days 12 days +
3 choice sessions

14 days Intracranial injection
Vehicle/Raclopride/SCH 

39166/Flupenthixol (Day 15)

Voluntary abstinence

B. Voluntary abstinence

H. Cannula placement – Core
(Saline, Raclopride, SCH39166)

Core

Shell

Core

500 µm

C. Relapse test NAc Core (Raclopride/SCH 39166) 

* * *
*

G. Time courseE. Voluntary abstinence

I. Cannula placement – Core
(Flupenthixol)  

Core

*
*

Shell

Core

500 µm

2.20 mm

1.70 mm

1.60 mm

1.20 mm

*

2.20 mm

1.70 mm

1.60 mm

1.20 mm

*

F. Relapse test NAc Core (Flupenthixol) 
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interpreted with caution because of a potential floor effect due to
low responding on day 1.
Finally, from a brain mechanism perspective, we did not

investigate the role of dopamine transmission in the NAc shell
in the incubation of methamphetamine craving after voluntary
abstinence because we did not observe neither a time-dependent
increase in Fos expression after the relapse tests on abstinence
days 1 and 15 (see Results and Fig. 1g, lower panel) nor an
attenuation of incubated craving after the reversible inactivation
with muscimol+ baclofen (see Results and Fig. 2f). However, these
correlational and causal data do not definitively rule out a role of
NAc shell dopamine transmission in the incubation of metham-
phetamine craving because previous studies have demonstrated
dissociable effects of reversible inactivation relative to dopamine
or glutamate receptors blockade [47].

The role of nucleus accumbens core in incubation of
methamphetamine craving after voluntary abstinence
The NAc core and shell are heterogeneous structures distin-
guished on the basis of the morphology and projections [48, 49].
These neuroanatomical evidences stimulated a large number of
studies on the role of NAc core and shell in motivated behavior
[50, 51] and conditioned and unconditioned rewarding effects of
drugs [52, 53]. Our results from Exp. 1 and 2, supporting a role for
the NAc core but not shell in incubation of methamphetamine
craving after voluntary abstinence, are in agreement with the
general notion that NAc core and shell mediate distinct aspects of
drug-motivated behaviors [54]. In particular, they are in agreement
with previous findings where permanent lesions or reversible
inactivation (muscimol+ baclofen) of core but not shell decrease
discrete-cue-induced reinstatement of cocaine [55, 56] and
methamphetamine seeking [57] and discrete-cue-induced cocaine
seeking, as assessed in an acquisition of a new response
procedure [58].
Our results provide further correlational evidences of altered

firing in the NAc core during incubation of cocaine craving after
forced abstinence [22, 23]. This altered firing is putatively
associated with the higher conductance expressed by the CP-
AMPARs (homomeric GluA1 receptors) that accumulate in the NAc
core over time [24, 59]. Consistent with these findings, incubated
cocaine and methamphetamine craving after forced abstinence
was reduced by decreasing CP-AMPARs transmission in NAc core
[24–26] or, for cocaine, via weakening the prelimbic cortex to NAc
core pathway [27].
Levels of CP-AMPARs are also elevated in the NAc shell after

incubation of cocaine craving [27, 29, 31] and CP-AMPARs
transmission in the NAc shell play a causal role in incubation of
cocaine craving. These latter evidences are at odds with our data.
In Exp. 1 (RNAscope ISH for Fos) and Exp. 2 (muscimol+ baclofen
inactivation) we did not observe any appreciable increase in Fos

expression (marker of neuronal activity) nor an appreciable
reduction in incubated methamphetamine craving after voluntary
abstinence. What may account for this discrepancy? The answer is
not straightforward because a direct comparison of our study and
Dong et al. studies [27, 31] is not possible for two main reasons:
(1) we used methamphetamine, while Dong et al. used cocaine. In
the case of NAc core, both incubation to cocaine and
methamphetamine have been shown to result in CP-AMPARs in
the core. However, we do not know if incubation to metham-
phetamine results in CP-AMPARs in the shell; (2) we used an
extended drug-self administration procedure for 12 days (6 h/
day) and voluntary abstinence in adult rats, while Dong et al. used
a single overnight training session plus short-access procedure
for 5 days (2 h/day) and forced abstinence in juvenile rats. It is
well established that the neural adaptions occurring during an
extended-access relative to short-access self-administration are
distinct [60] and that juvenile onset and adult onset self-
administration are associated with different physiological and
behavioral changes [61, 62].
Finally, the neuroanatomical substrates responsible for the

expression of incubated methamphetamine craving, identified in
this (NAc core but not shell) and previous studies (CeA but not
BLA; [20, 63]), mirror the neuroanatomical substrates involved in
the expression of the ‘general’ form of Pavlovian to Instrumental
Transfer (PIT) [64], which is thought to represent the general
motivational or affective properties of the reward [65]. First
proposed by Li et al. [63], our findings support the hypothesis that
incubation of drug craving may be due to time-dependent
increases in the motivational potency of Pavlovian drug associated
cues after abstinence that is mediated by increased activity of CeA
and NAc core during the late abstinence relapse tests. The
common role of CeA [20, 63] and NAc core in promoting
incubation of methamphetamine craving suggests that these
regions, with no direct anatomical connections [66] interact
functionally during the drug seeking test. As previously speculated
for PIT [64], the CeA may indirectly recruit the NAc core via
its projections to ventral tegmental area, which projects to NAc
core [66].

Role of NAc Drd1- and Drd2-MSNs during incubation of
methamphetamine-craving after voluntary abstinence
The mesolimbic dopamine system innervating the NAc is critically
involved in cue-elicited reinstatement of drug seeking [67].
However, relatively little is known on the role of NAc-dopamine
transmission in incubation of cue-induced drug craving after
prolonged forced and voluntary abstinence. Ito et al., [68] first
reported that cocaine-associated cues significantly increase extra-
cellular dopamine in the NAc core (see Willuhn for a review and
conflicting findings [69]), suggesting that enhanced dopamine
transmission may be involved in cue-induced craving and relapse

Fig. 3 Drd1, Drd2, or Drd1–Drd2 antagonists’ injection into NAc core decreased relapse after voluntary abstinence. a Timeline of the
experiments (Exp.3 and 4). b Voluntary abstinence Exp.3 (raclopride or SCH39166). Mean ± SEM number of SM1% rewards and
methamphetamine infusions earned during 14 discrete choice sessions. c Relapse test for raclopride or SCH39166 injections into NAc core
(Exp.3). Mean ± SEM number of lever presses on active, nonreinforced, and inactive levers during the 60-min test sessions on day 15 of
voluntary abstinence. We injected vehicle or raclopride (1.0 µg/0.5 μl/side) or SCH39166 (1.0 µg/0.5 μl/side) into NAc core 15min before the
60-min extinction tests. We added a representative photomicrograph of the cannula placement in the area (scale bar, 500mm). d Time course
of lever presses during the relapse test on day 15 (Exp.3). Mean ± SEM number of lever presses on active, nonreinforced lever during different
time periods of the relapse test (0–20, 20–40, and 40–60min). e Voluntary abstinence Exp.4 (flupenthixol). Mean ± SEM number of SM1%
rewards and methamphetamine infusions earned during 14 discrete choice sessions. f Relapse test for flupenthixol injections into NAc core
(Exp.4). Mean ± SEM number of lever presses on active, nonreinforced, and inactive levers during the 60-min test sessions on day 15 of
voluntary abstinence. We injected vehicle or flupenthixol (10 µg/0.5 µl/side) into NAc core 15min before the 60-min extinction test. We added
a representative photomicrograph of the cannula placement in the area (scale bar, 500 μm). g Time course of lever presses during the relapse
test on day 15 (Exp.4). Mean ± SEM number of lever presses on active, non-reinforced lever during different time periods of the relapse test
(0–20, 20–40, and 40–60-min). h Cannula placement in NAc core (Exp.3). Approximate placement (mm from bregma) of the injector tips [80].
Vehicle: open circles; raclopride: closed squares; SCH39166: open triangles). i Cannula placement in NAc core (Exp.4). Approximate placement
(mm from bregma) of the injector tips [80]. Vehicle: open circles; flupenthixol: closed circles). Exp.3 (n= 21, 6–8/group); Exp.4 (n= 14, 7/group).
*p < 0.05 different from saline
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to drug seeking. Subsequently, a seminal study by Ciccocioppo
et al. [70], showed that systemic blockade of Drd1 decreases both
discriminative cue-induced reinstatement and discriminative cue-
induced Fos, and that the reinstatement effect of the discriminative
cues persists for at least 4 months after cocaine exposure [70].
These investigators also demonstrated that the response to the
cocaine-associated discriminative cues is remarkably persistent over
repeated testing and that Drd2 play a role in this form of
reinstatement [71]. Since then, several studies employing Drd1 and
Drd2 partial agonists and antagonists have been shown to reduce
cue-induced drug seeking (reviewed in [72]).
Overall, the effect of selective Drd1 and Drd2 (SCH39166 and

raclopride) or both Drd1–Drd2 (flupenthixol) antagonists reported
here confirm earlier findings and suggest that the incubation of
methamphetamine seeking after voluntary abstinence is not
dependent of a specific subtype of MSNs. Furthermore, our data
do not support the hypothesis that Drd1 and Drd2 MSNs act in
opposing manner [73] but rather, suggests that a coincident and
concerted MSNs activity is required for reward-related behaviors
[74–76]. Indeed, regardless of the antagonist used in our
experiments (SCH39166, Drd1-selective; raclopride, Drd2-selective;
flupenthixol, Drd1–Drd2-selective), we observed reliable reduction
of incubation of methamphetamine craving.
Our data are also consistent with our previous results on

incubation of methamphetamine seeking after forced and volun-
tary abstinence. Indeed, in these studies the incubation-sensitive
Fos-positive neurons (activated after periods of forced or voluntary
abstinence) in the dorsomedial and dorsolateral striatum coex-
pressed both Drd1 and Drd2 [10, 77]. Furthermore, studies
employing extended-access cocaine regimens leading to incuba-
tion of cocaine craving support the idea that there is a similar
plasticity in Drd1- and Drd2-expressing MSNs in NAc core [78] or
even in the dorsal striatum [79]. An important example is the
elevation of CP-AMPAR levels that is observed in nearly all NAc core
MSNs after extended-access cocaine self-administration and after a
month of abstinence, albeit in a pathway-specific manner [59, 78].

CONCLUSIONS
We used our recently developed choice-based rat model of drug
relapse after voluntary abstinence that mimics the human
condition of relapse after successful contingency management.
Here we used RNAscope ISH and pharmacological approaches
to show a critical role of Drd1- and Drd2-mediated NAc
core neuronal activity in the expression of incubation of
methamphetamine craving after food choice-induced voluntary
abstinence.
To the degree that our choice-based model of drug relapse in

rats mimics the human condition of relapse after successful
contingency management, our findings suggest the NAc core as a
potential target for relapse prevention.
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