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Abstract 

Previous studies in our laboratory have highlighted the importance of the setting in 

which drug is taken. We used an in vivo animal model in which one group of rats is 

transferred to the self-administration (SA) chambers during the 3 hour test sessions (Non 

Resident rats) and a second group literally lives in the SA chambers (Resident rats).  Using 

this model we have seen that the setting modulates heroin self-administration (Caprioli et al. 

2008), the choice between heroin and cocaine (Caprioli et al., 2009), the relapse (Montanari 

et al., 2015), as well as the internal state of the rats (Avvisati et al., 2016). Also the 

neurobiological effects of heroin are a function of the setting as previously demonstrated 

(Paolone et al. 2007; Celentano et al. 2009) using in situ hybridization and 

immunohistochemistry experiments. 

Thus, in the present study we have hypothesized the setting may influence also the 

synaptic plasticity in the cortico-accumbens circuit, areas involved in the impaired ability of 

addicts to regulate drug seeking, taking and relapse (Jentsch and Taylor, 1999; Luscher and 

Malenka, 2011; Nestler 2001; Kalivas and Volkow, 2011; Kalivas and O’Brien, 2008; 

Kalivas et al., 2004; Self et al., 2004). We trained independent groups of rats self 

administering heroin (25μg/kg/infusion) and saline for 10 sessions (3 hour each). After 14 

days of abstinence rats underwent a cue induced reinstatement test. We also exposed single 

housed rats (IH) to Residence and Non Residence condition and we compared these rats with 

grouped house rats (GH). Using ex vivo field recordings on parasagittal slice we found that 

Heroin SA Resident rats showed an impairment in the capability to induce LTP (fEPSP 

amplitude 140% of baseline) when compared to Heroin SA Non Resident rats (fEPSP 

amplitude about 160% of baseline). Moreover saline SA, as well, single housed rats showed 



an impairment in the capability to induce LTP (fEPSP amplitude about 120% of baseline) 

when compared with grouped house rats (fEPS amplitude about 160%).  

This suggests that 1) cortico-accumbens synaptic plasticity is impaired in isolated rats 

and 2) heroin produces a recovering in the LTP response in both Non Resident and Resident 

rats even if Resident rats showed a non complete LTP recovering maybe due to the more 

rewarding effect of the drug in this environment.  

Further elucidations on how drugs of abuse alter cortico-accumbens plasticity will be 

necessary for the development of new therapies especially studies based on the use of heroin 

administration since most of the articles in literature have used cocaine.  
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1 DRUG ADDICTION 

“Drug addiction” or “Substance use disorder” is defined as a chronic, relapsing brain 

disease characterized by compulsive drug seeking and use, despite harmful consequences 

(APA, 2000). In the 5
th

 edition of the Diagnostic and Statistical Manual of Mental Disorders 

(APA, 2013) the categories of “Substance abuse” and “Substance dependence” (used in the 

DSM-4) were replaced with “Substance use disorder”. The pathology is measured on a 

continuum from “mild” to “severe” clinically significant impairment or distress, as reported 

by the presence of at least two of the following criteria, occurring within a 12-month period: 

1. The substance is often taken in larger amounts or over a longer period than it was 

intended. 

2. There is a persistent desire or unsuccessful effort to cut down or control the use of the 

substance. 

3. A great deal of time is spent in activities necessary to obtain the substance, use the 

substance, or recover from its effects. 

4. Craving, or a strong desire or urge to use the substance. 

5. Recurrent use of the substance resulting in a failure to fulfil major role obligations at 

work, school, or home. 

6. Continued use of the substance despite having persistent or recurrent social or 

interpersonal problems caused or exacerbated by the effects of its use. 

7. Important social, occupational, or recreational activities are given up or reduced 

because of the use of the substance. 

8. Recurrent use of the substance in situations in which it is physically hazardous. 



9. Use of the substance is continued despite knowledge of having a persistent or 

recurrent physical or psychological problem that is likely to have been caused or 

exacerbated by the substance. 

10. Tolerance, as defined by either of the following:  

 A need for markedly increased amounts of the substance to achieve 

intoxication or desired effect. 

 A markedly diminished effect with continued use of the same amount of the 

substance. 

11. Withdrawal, as manifested by either of the following:  

 The characteristic withdrawal syndrome for that substance (as specified in the 

DSM- 5 for each substance). 

 The substance (or a closely related substance) is taken to relieve or avoid 

withdrawal symptoms. 

1.1 FROM THE RECREATIONAL DRUG USE TO THE PATHOLOGY  

It is useful to compartmentalize the drug taking behaviours into different stages during 

the progression of the pathology. During these stages different regions of the brain are taken 

into account. Before getting inside the deep consideration of each stages of the pathology it is 

extremely important to consider that the majority of the populations that have tried at list one 

potential drug of abuse once in their lifetime do not develop the pathology and they continue 

to have a controlled use of the substance. The pathology pops out in 17% of the population 

(Piazza and Deroche-Gamonet, 2013). In these subjects the genetic and environmental 

factors, plus obviously the drug, combine (Kreek et al., 2002) modulating the individual 

propensity to use drugs, passing from a controlled to a compulsive taking. Therefore, the use 



of the substance alone is a necessary but not sufficient condition for the diagnosis of the 

pathology.  

1.2 FIRST EXPERIENCES AND THE ACUTE EFFECT OF THE DRUGS ON THE REWARD SYSTEM 

The key component of the reward system is the mesolimbic pathway, originating with 

dopaminergic cell bodies in the ventral tegmental area (VTA), located in the ventral portion 

(tegmentum) of the midbrain. These dopaminergic axons project to the nucleus accumbens 

(NAc), the ventral compartment of the striatum, and extend also into the amygdala, bed 

nucleus of stria terminalis (BNST), lateral septal area, and lateral hypothalamus. The VTA is 

close to another dopamine rich area: the substantia nigra. Whereas the substantia nigra 

projects primarily to the dorsal striatum (via the mesostriatal pathway) and mediates motor 

activity, the mesolimbic pathway mediates reward (Gardner, 2000). 

The acute effect of all addictive drugs (despite their own behavioural effect and 

pharmacological profile), as well as the natural reward (food, sex, etc.), is the enhancing of 

extracellular dopamine levels in the reward system and in particular from neuron in the VTA 

to NAc (Di Chiara and Imperato, 1988) with direct (psychostimulants) or indirect 

mechanisms (see Heroin).  

1.3 FROM INTERMITTENT TO THE REGULAR DRUG USE 

Chronic and extended expositions to the addicted drugs could cause an alteration in 

the mesocorticolimbic circuit altering the capability to respond to the natural rewarding and 

bringing in some subjects to the pathology. As we have told before this alteration is present in 

a small amount of subjects. Is there something in the brain of these subjects different from the 

subjects that continue to have a regular use of the drugs? 



The progression from initial drug use to addiction may evolve as repeated activation of the 

mesolimbic pathway associated with persistent drug use heightens the incentive value, or 

salience, of the drug. As contextual cues become associated and strengthened with repetitive 

drug administration, a process initially under the purview of the mesolimbic dopaminergic 

(DA) system progressively incorporates the neurocircuitry involved in emotional memory, 

obsessive thoughts, stress response, decision making, and behavioural inhibition into the drug 

experience. These neuroadaptive responses remain engaged even in the absence of ongoing 

drug use and are thought to be a primary factor in drug relapse 

1.4 REPETITIVE DRUG USE AND THE ONSET OF THE PATHOLOGY  

Repetitive drug assumptions bring changes in particular brain structures involved in 

learning and adaptation to important environmental stimuli, whether how to approach 

rewards, or to avoid dangerous situations (Kelley, 2004; Everitt and Robbins, 2005). These 

neuroadaptations are long lasting and they persist for a long period and also when the drug is 

not present in the body anymore. This concept is well summarized in one of the best known 

slogan of Alcoholic Anonymous: “Once an alcoholic, always an alcoholic”. This slogan 

could sound extremely negative but simplifies the concept that even if people haven’t used 

drugs for many years, particular brain regions have changed and are no longer reversible. 

One network in which this long lasting neuroadaptations may develop is the Prelimbic 

(PL)-NAc core. Changes in NAc glutamatergic transmission are thought to encode the 

transition from occasional use of drugs to the pathological inability to control drug-seeking 

behaviour (Kalivas and Volkow, 2011; Kasanetz et al., 2010; Peters et al., 2009; Wolf and 

Ferrario, 2010). 



2 “ENVIRONMENT VARIABLES” IN DRUG ADDICTION 

Drug addiction is a multifactorial psychiatric disorder in which genetic and 

environmental factors combine each other modulating the individual propensity to use drugs 

(Anthony and Chen, 2004). 

Environment is a variegate concept including life experiences (both negative and 

positive) such as social/family interaction, child care or abuse, conditioned stimuli and the 

psychological value of the setting in which drugs are administered (for a review see Caprioli 

et al., 2007a). All these variables can affect the propensity to take drug addiction.  

2.1 THE SETTING OF DRUG TAKING 

To understand the influence of the environment immediately surrounding drug taking, in 

Professor Badiani’s laboratory we have developed an animal model (Caprioli et al., 2007a) in 

which one group of rats are transferred to the self-administration (SA) chambers during the 3 

hour test sessions (Non Resident rats) and a second group literally lives in the SA chambers 

(Resident rats) (for a further description see Material and Method). Thus, the physical 

characteristics of the environment for the two groups of rats are the same, meanwhile the 

psychological value is completely different. The drug SA will take place in a known setting 

for the Resident Rats; whereas it will be an arousing environment for the Non Resident rats 

considering the natural arousal peculiar of the rats to examine a non-home environment.  

In our opinion, by conducting this banal differentiation between the two settings, we can 

replicate the human propensity to use different kinds of drugs in different situations. From a 

translational point of view, retrospective studies in human addicts have shown that certain 

settings are associated with specific drugs. When heroin and cocaine co-abusers were asked 

about the circumstances of drug taking, they indicated distinct settings for the two drugs: 



heroin being used preferentially at home and cocaine preferentially outside the home 

(Caprioli et al, 2009; Badiani and Spagnolo, 2013), despite the administration route. 

In this way the setting of drug taking acts as an ecological background against which the 

effects of drugs are appraised (Badiani, 2013): if there is an incompatibility between the drug 

effects and the central processes required from the environment, the rewarding effects of the 

drug would be reduced. According to this hypothesis, for example the central and peripheral 

arousal produced by cocaine would be considered as appropriate to arousing non-home 

settings but not to the home environment. In contrast, the central and peripheral sedation 

produced by heroin would be consistent with the safety of the home environment but not to 

potentially challenging non-home settings (Badiani, 2013). 

Specifically, using this model we found that cocaine SA was greater in Non Resident rats 

than in Resident rats (Caprioli et al., 2007b) whereas the opposite was true for heroin 

(Caprioli et al., 2008). Also the motivation to self administer drug measured with a 

progressive ratio procedure is grater in Non Resident for cocaine and in Resident for heroin 

(Caprioli et al., 2008). During a choice paradigm most Non Resident rats preferred cocaine, 

whereas Resident rats tended to prefer heroin (Caprioli et al., 2009). Heroin and cocaine also 

differ in a context dependent manner in their ability to reinstate drug seeking. Heroin priming 

reinstates the heroin seeking behaviour more in Resident than in Non Resident rats whereas 

cocaine priming was much more effective in Non Resident than in the Resident rats 

(Montanari et al., 2015). Finally using ultrasonic vocalizations (USVs) we found that Non-

Resident rats emitted more 50-kHz USVs (positive affective states marker) when they self 

administered cocaine than when self-administered heroin whereas Resident rats emitted more 

50-kHz USVs when self-administering heroin than when self-administering cocaine (Avvisati 

et al., 2016). 



Also administering alcohol, we have found a dissociation depending on the setting 

between Resident and Non Resident (Testa et al., 2011) (considering that at certain dose 

alcohol is more rewarding at home than outside home for its sedative effect). Finally 

ketamine shares with psychostimulant drugs the ability to produce (at low doses) tachycardia, 

increased blood pressure, hyperexcitability and agitation. Coherently with our model we 

found greater intake of ketamine in Resident than Non Resident rats (DeLuca and Badiani, 

2011) and recently in human (DeLuca et al., 2012).  

2.2 SOCIAL ISOLATION 

The social isolation (SI) perpetuated during the post weaning (also called rearing 

deprivation) promotes the “isolation syndrome” (Fone and Porkess, 2008): animals start 

showing symptoms resembling depression and anxiety disorders. Post weaning SI induces 

changing in the hippocampal synaptic plasticity (Das et al., 2016), in the hippocampal 

neurogenesis (Cinini et al., 2015) in the VTA synaptic plasticity (Whitaker et al., 2013), in 

the structure and functioning of prefrontal cortex (PFC) (Biro et al., 2016; DayWilson et al., 

2006) and in locomotor activity. It also altered monoamine levels in the brain (Heidbreder et 

al. 2000; Fone and Porkess 2008; Koike et al. 2009; Dalley et al., 2002). The effect of the 

isolation is highly dependent on the age of the exposure (Hall, 1998) and few studies exist 

investigating the cognitive function and no studies have been found on the neurobiological 

alterations of the adulthood SI a condition called Isolated Housing (IH) (Lu et al., 2003).This 

is a condition different from the most popular SI after weaning since the PFC maturation is 

almost completed. Using adult SI it was found that spatial learning (Arranz et al., 2009) 

working memory (Huang et al., 2011) and fear conditioning (Pibiri et al., 2008) are altered.  

SI rats after weaning showed evidences of a higher propensity to self administering 

different addicted drugs or are more sensitivity to the reinforcing effects of drugs such as 

http://topics.sciencedirect.com/topics/page/Spatial_memory
http://www.sciencedirect.com.gate2.inist.fr/science/article/pii/S1074742713001172#b0015
http://www.sciencedirect.com.gate2.inist.fr/science/article/pii/S1074742713001172#b0190
http://topics.sciencedirect.com/topics/page/Fear_conditioning
http://www.sciencedirect.com.gate2.inist.fr/science/article/pii/S1074742713001172#b0350


amphetamine (Bardo et al., 2001), cocaine (Hofford et al., 2016) ethanol (Butler et al., 2016; 

Deehan et al., 2007; Whitaker et al., 2013) and morphine (Alexander et al., 1978) for an 

extended review see Lu et al., 2003. 

Apparently there is just one study investigating the effect of SI after adolescence on 

cocaine and heroin SA (Bozarth et al., 1989). These authors found an effect of isolation on 

the rate of initiation of heroin (0.1 mg/ kg/infusion) SA. In the case of heroin SA, the higher 

intake in the isolated rats may reflect a decrease, rather than an increase, in the reinforcing 

effects of the drug (Lu et al., 2003).  

 

 

 

 

 

 

 

 

 

 

 



3 HEROIN 

Opioids comprise endogenous and synthetic molecules that bind and activate one of the 

opioid receptors. Opiates, a subclass of opioids, are derived from the Papaver somniferum 

plant. This subclass includes morphine and codeine, two major metabolites of heroin. Heroin 

(diacetylmorphine) was first synthesized in 1874 by two English chemists Beckett and Alder 

Wright. Nevertheless, real interest in the drug began after its subsequent analysis at the Bayer 

laboratories in Germany. The drug was commercialized in 1898 as an alternative to 

morphine. Incredibly, the addictive properties of heroin were not recognized until 1910.  

At physiological level heroin reduces the brain's responsiveness to changes in carbon 

dioxide levels and hypoxia, resulting in respiratory depression. It also reduces peripheral 

vascular resistance (mild hypotension), causing mild vasodilation of the cutaneous blood 

vessels (flushing), and stimulates histamine release (pruritus). Heroin decreases gastric 

motility, inhibits the effect of acetylcholine on the small intestine, with consequent 

constipation. The first experience with opiate can be unpleasant presenting vomiting and 

nausea but repeated injections produces a warm flushing of the skin and sensations described 

by users as a “rush” or a sensation of intense pleasure, that begins within 1 minute of the 

injection and lasts from 1 minute to a few minutes. This rush is followed by a period of 

sedation that lasts about an hour. The initial rush is likely due to heroin's high lipid solubility 

and rapid penetration to the brain. The half-life of heroin is 15-30 minutes. Heroin is rapidly 

converted to 6-monoacetylmorphine and then converted to morphine. Morphine is 

metabolized by the liver and excreted as a glucuronide product or in its free form by the 

kidneys.  



3.1 NEUROBIOLOGY OF HEROIN  

Heroin acts on the endogenous opioid system, a system involved in pain and mood 

regulation. There are three main families of opioid receptors: µ (MOR), δ and κ receptors. 

They were discovered in the early 70s by different research groups (Simon et al., 1973; Pert 

1973). The endogenous ligands that bind to these receptors are: enkephalins, dynorphins and 

endorphins. In general, stimulation of the µ receptors results in analgesia, euphoria, central 

nervous system depression, respiratory depression. Although none of the endogenous opioids 

is highly selective for a particular opioid receptor subtype, β-endorphin, enkephalins, and 

dynorphins have the highest affinity for µ-, δ-, and κ opioid receptors, respectively (Goldstein 

and Naidu, 1989). The different classes of endogenous opioids have divergent functions, 

probably related to their differential affinity profiles for the various opioid receptors 

(Goldstein and Naidu, 1989). 

Acute opiates administration indirectly activates DA neurons in the VTA increasing the 

DA release in the NAc (Di Chiara and Imperato, 1988) through inhibition of GABAergic 

interneurons (Johnson et al. 1992), activating MOR. MORs are essential for the opioid effect 

(Matthes et al. 1996). MORs belong to the superfamily of G-protein coupled receptors and in 

particular to inhibitory Gαi/Gαo. The most relevant neuroanatomical substrates for the opiate 

dependence and withdrawal are the reciprocal connections within the limbic subcircuit of 

cortico-striatal circuitry: GABAergic neurons of the NAc, DA neurons of the VTA, and 

glutamatergic neurons of the PFC (Wise, 1989). MORs are localized postsynaptically on 

dendrites and cell bodies where they regulate neuronal excitability and transduce receptor 

activation to down-stream signal transduction pathways, and they can also be localized 

presynaptically on axon terminals where they inhibit neurotransmitter release via activation 

of K+ conductance and/or inhibition of Ca2+ conductance (Williams et al., 2001). MORs are 



found on glutamatergic and GABAergic terminals and postsynaptically on D1 receptor 

expressing MSN. 

In the following paragraph I will describe how the activation of MOR modulates 

glutamatergic neurotransmission (for a review see Chartoff and Connery, 2014). 

 The acute administration of an opioid in a naïve subject activates MOR and increased 

extracellular DA in the NAc leading to the suppression of GABA and glutamate 

release (via inhibition of calcium (Ca
++

) and activation of potassium (K) conductance 

and inhibition of cyclic adenosine monophosphate (cAMP). Postsynaptic N-methyl-

D-aspartate receptor (NMDAR) currents are augmented via MOR-Protein kinase C 

(PKC) activation. There is no known data on the acute, immediate effects of opioids 

on α- amino-3-hydroxy-5-methyl-4-isoxazolepropionicacid (AMPAR) in naïve 

animals.  

 During chronic opioids use, the MOR activation leads to a compensatory increase in 

AC activity so cAMP levels return to normal. Moreover during chronic opioid 

treatment the inhibitory effect of presynaptic metabotropic glutamate receptor group 2 

and 3 (mGluR2/3) to inhibit glutamate release is increased. Surface expression of 

GluR1 subunits is decreased on medium spiny neurons (MSNs), with no change in 

total AMPAR subunit expression. Levels and/or function of the NR2A NMDAR 

subunit are increased, which may contribute to a decreased sensitivity to PKC-

mediated NMDAR activation.  

 During opioid withdrawal cAMP level increased, extracellular glutamate levels 

increased, but synaptic transmission may be reduced, enhancing mGluR2/3 

autoreceptor function. GABA release is potentiated via augmented cAMP and protein 

kinase A (PKA). NR2B surface expression is increased, increasing the silent synapses 

devoid of AMPAR.  



4 SYNAPTIC PLASTICITY  

Synaptic plasticity is the modification of the strength of the synaptic transmission to 

preexisting synapses. It has been proposed to play a central role in the brain capability to 

incorporate experiences into memory (Kauer and Malenka, 2007). Synaptic plasticity plays a 

key role in the development of neural circuitry in different neuropsychiatric disorders.  

Santiago Ramon Y Cajal proposed a theory according to which information would be 

stored as anatomical changes in the connections between the neurons (Yuste and Bonhoeffer, 

2001). Donald Hebb, 50 years later, proposed the “Hebbian learning” theory: associative 

memories are formed in the brain by a process of synaptic modification that strengthens 

connections when presynaptic activity correlates with postsynaptic firing (Hebb, 1949). 

Experimental support arrived when Bliss and Lomo (1973) described this phenomenon in the 

glutamatergic synapses of the hippocampus. Nowadays, it is clear that synaptic transmission 

can be enhanced or depressed by modifying the number of neurotransmitters released, the 

number of postsynaptic receptors and the reuptake of neurotransmitters. These changes could 

be sustained from milliseconds to hours, days and longer. It has been described an early and a 

late phase (Nguyen et al., 1994). 

Excitatory synapses express a number of different forms of synaptic plasticity, 

although it is now clear that it is present also on inhibitory synapses. This thesis will focus on 

glutamatergic synapses. Glutamate is the most important excitatory neurotransmitter in the 

brain. There are two main receptor categories: mGluR and ionotropic. The mGluR can be 

grouped in three main families (group I: mGluR1, mGluR5; group II: mGluR2, mGluR3; 

group III: mGluR4, mGluR6, mGluR7, mGluR8). They modify neuronal excitability through 

G protein subunits acting on membrane ion channels and second messengers such as cAMP. 

Three ionotropic receptor ligand gated channels named NMDA, AMPA and kainite have 

been discovered. These receptors are often colocalized on dendritic spines.  



AMPAR are ionotropic glutamate receptors permeable to Na
+
 and K

+
 cations, and its 

activation provides the inward current that generates the excitatory synaptic response when 

the cell is at its resting membrane potential. They are considered the primary postsynaptic 

mediators of glutamate transmission in the NAc (Cherubini et al., 1988). Trafficking of 

AMPAR into or out of the synapses determines the level of excitatory synaptic strength and 

is a major mechanism of plasticity (Malinow and Malenka, 2002). 

NMDAR exhibits a voltage dependence considering that it is blocked by extracellular 

magnesium at negative membrane potentials (Mayer et al, 1984). During depolarization 

magnesium is removed permitting the ions influx into the cell. It is established that long term 

potentiation (LTP) in the CA1 region requires activation of NMDARs during postsynaptic 

depolarization leading to the postsynaptic calcium influx, activating intracellular signalling 

cascades responsible for the changing in synaptic efficacy (Bliss and Lomo 1973; Luscher et 

al. 2000). 

4.1 SHORT TERM SYNAPTIC PLASTICITY 

Short-term synaptic plasticity was studied firstly in Aplysia (Kandel and Tauc, 1965). It 

is supposed to influence the information processing function of synapses, helping synapses to 

act as filters. For example, synapses with a low probability of release act as “high-pass 

filters” (they will facilitate during high-frequency action potential bursts while low-frequency 

bursts will not be transmitted or less transmitted). In contrast, synapses with a high initial 

probability of release act as “low-pass filters” (they will depress during high-frequency bursts 

but facilitate during low-frequency activity) (Abbott and Regehr, 2004).  

In electrophysiology short-term synaptic plasticity is induced by the delivering two 

stimuli with a short time inter stimulus interval as in the Paired Pulse Protocol. Short bursts 

of activity causes changes in the probability of neurotransmitter release modifying the 



biochemical processes of synaptic vesicles exocytosis. A main role in the regulation of this 

process is played by calcium. 

4.1.1 Paired-Pulse Facilitation and Depression 

Paired-pulse depression means a decrease in transmitter release and generally occurs in 

synapses that exhibit a high probability of release at the beginning. It can arise from different 

causes: 

 a transient depletion of the vesicles release from the presynaptic terminal. 

 the release of modulatory substances (from the activated presynaptic terminals, 

postsynaptic cells, or neighbouring cells) that leads to inhibition of the presynaptic 

release machinery.  

 desensitization of ligand-gated receptors, making the target neuron less sensitive to 

neurotransmitter.  

Whereas, paired-pulse facilitation is probably due to the residual calcium from the first 

action potential that contributes to the release during the second stimulation: Likely, 

additional mechanisms (activation of protein kinases that modulate the presynaptic 

phosphoproteins) are involved (Magleby and Zengel, 1982). 

Both paired-pulse facilitation and depression depends on the recent history of activation of 

the synapse: synapses that begin with a high probability of release tend to depress their 

response to the second pulse however, synapses with a low probability of release exhibit an 

increase in response to the second stimulus.  

4.2 LONG TERM SYNAPTIC PLASTICITY  

Another synaptic modification discovered to process and store information is the long 

term synaptic plasticity. It is well established that different forms of long-term synaptic 



plasticity exist and moreover the synaptic strength could be modified amplifying (Long Term 

Potentiation) or reducing (Long Term Depression) the strength between synapses. 

More recently other forms of synaptic plasticity have been identified including 

homeostatic plasticity (Turrigiano and Nelson, 2004) and metaplasticity (Abraham and Bear, 

1996) but they fall outside the topic of this thesis. 

LTP (the main topic of this thesis) consists of an increase in the synaptic strength 

elicited by brief high frequency stimulation of excitatory afferents. Using electrophysiology 

different forms of LTP have been identified. The most studied of these forms is LTP 

NMDAR dependent observed in the CA1 region of hippocampus. NMDARs dependent LTP 

is propagated following the rules of associativity (when a weak input is insufficient for the 

induction of LTP it can be activated in association with a simultaneous strong input), input 

specificity (once induced, LTP does not spread to other synapses), cooperativity(LTP can be 

induced either by strong tetanic stimulation of a single pathway, or cooperatively via the 

weaker stimulation of many pathways. When several weak stimuli are applied to many 

pathways that converge on a single patch of postsynaptic membrane, the postsynaptic 

depolarization collectively depolarizes the postsynaptic cell enough to induce LTP), 

persistence (lasting from several minutes to many months). 

Once Glutamate is presynaptically released, it binds NMDAR on the postsynaptic 

membrane and it causes the calcium influx. Calcium activates Ca
++

/calmodulin-dependent 

protein kinase II (CaMKII) and several other different signal transduction molecules (PKA, 

Erk/MAPK pathway, Src kinase, PKC) causing the translation of the calcium signal into the 

long-lasting increase in synaptic strength (Bliss and Lomo 1973; Luscher et al., 2000). There 

was a great debate concerning the mechanism of the expression of LTP in the past. The main 

problem was to understand if LTP was expressed postsynaptically as a change of AMPAR 

https://en.wikipedia.org/wiki/Tetanic_stimulation
https://www.google.fr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjVruv1oKbRAhXG2BoKHfTUD9EQFgggMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FCa2%252B%2Fcalmodulin-dependent_protein_kinase_II&usg=AFQjCNGUzkvy606vHGv3-YH-rfCuc7y0vA&sig2=6zdbMsJuRYm4AtRbq739Cg&bvm=bv.142059868,d.d2s
https://www.google.fr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjVruv1oKbRAhXG2BoKHfTUD9EQFgggMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FCa2%252B%2Fcalmodulin-dependent_protein_kinase_II&usg=AFQjCNGUzkvy606vHGv3-YH-rfCuc7y0vA&sig2=6zdbMsJuRYm4AtRbq739Cg&bvm=bv.142059868,d.d2s


properties or presynaptically, as a change in the probability of transmitter release. This 

controversy has been resolved, and there is a general consensus on the mechanism of 

expression of LTP at hippocampal CA1 synapses. It involves an increase in the numbers of 

AMPARs on the postsynaptic density, driven through changes in AMPAR trafficking (Bredt 

and Nicoll, 2003; Derkach et al, 2007; Malenka and Nicoll, 1999). To solve the controversy it 

was useful the discover of silent synapse (Durand et al, 1996; Isaac et al, 1995; Malenka and 

Nicoll, 1997). Silent synapses are synapses that contain only NMDAR with few or no 

AMPAR. These synapses do not have postsynaptic activity in response to glutamate. The 

“un-silencing” process during LTP occurs with the incorporation of AMPARs into the 

postsynaptic membrane.  

Moreover, recently AMPA trafficking has been studied. Recycling endosomes in the 

dendrites contain a reserve pool of AMPARs that are mobilized during LTP thanks to GTP-

binding protein, named Rab11a. AMPARs are not inserted directly into the postsynaptic 

density but are exocytosed at perisynaptic sites. They then can diffuse in the plasma 

membrane and be trapped in the perisynaptic sites thanks to MAGUK (membrane-associated 

guanylate kinases) proteins. PSD-95 (one of MAGUK slot proteins) appears to be particularly 

important to control the number of AMPAR. 

AMPARs do not directly bind to MAGUKs but do it with TARPs (transmembrane AMPAR 

regulatory proteins).  

Much of the work on NMDAR dependent LTP has focused on the mechanisms 

responsible for its induction and maintenance. The so-called “late phase of LTP” (more than 

1 hour after LTP induction) is commonly assumed to depend from the synthesis of different 

protein and by transcription in the nucleus (Zhou et al, 2006). The signalling to the nucleus 

required for long-lasting LTP depends on a number of protein kinases including PKA, 



CaMKIV, and Erk-MAPK, which activate key transcription factors that may include cAMP 

response element-binding protein and immediate-early genes (c-Fos and Zif268/Egr-1) 

(Thomas and Huganir, 2004). Several mRNAs can be found in dendrites, including those of 

the AMPARs, CaMKII, Arc, and proteins that regulate receptor trafficking (Grooms et al, 

2006).  

One possibility for a long-term maintenance mechanism of LTP is the structural 

remodelling of potentiated synapses (Luscher et al, 2000). Spines can undergo rapid shape 

changes that are influenced by activity (Yuste and Bonhoeffer, 2001). It has been 

demonstrated that during LTP there are morphological changes such as growth of new 

dendritic spines, enlargement of spines, and splitting of spines (Abraham and Williams, 2003; 

Matsuzaki et al, 2004; Yuste and Bonhoeffer, 2001).  

Although for over 30 years the spotlight was on NMDAR-dependent LTP, using 

electrophysiology, other forms of LTP and LTD have been identified in the brain. One of 

these is the presynaptic LTP. This LTP does not require neither NMDAR receptors activation 

nor postsynaptic factors, but seems to be due to high frequency tetanic stimulation, which 

causes a large, activity dependent increase in calcium concentration (Nicoll and Malenka, 

1995; Nicoll and Schmitz, 2005; Zalutsky and Nicoll, 1990) within the presynaptic terminals. 

The cascade is responsible to the increase in glutamate release (Malenka and Bear, 2004; 

Nicoll and Schimtz, 2005).  

Three different forms of long-term depression are identified in the mammalian brain: 

NMDAR-dependent LTD, metabotropic glutamate receptor-dependent LTD and 

endocannabinoid-mediated LTD but I will not discuss them in the thesis. 

 



5 THE CORTICO-ACCUMBENS CIRCUITRY 

The striatum can be divided in ventral and dorsal portions. The dorsal striatum is 

divided into the dorsomedial and the dorsolateral parts that regulate goal-directed and 

stimulus–response habitual movements, respectively (Redgrave et al., 2010; Yin and 

Knowlton, 2006). The majority of the neurons are MSNs, whose activity depends on 

excitatory inputs from cortical and limbic regions (Sesack and Grace, 2010). MSNs can be 

divided into two distinct populations: direct pathway expressing the D1 DA receptors and 

projects directly to the midbrain, and the indirect pathway which expresses the D2 DA 

receptors and projects to pallidal nuclei (Kreitzer and Malenka, 2008). These two main 

populations of MSNs are thought to exert opposing effects on behaviour (Stuber et al., 2011).  

The ventral portion of the striatum also known as NAc receives glutamatergic afferents 

from different cortical and subcortical regions, including PFC (Berendse et al.,1992; Fuller et 

al., 1987; Stefanik et al., 2012; Stefanik et al. 2016), the basolateral amygdala (BLA) (Kelley 

et al., 1982), the ventral hippocampus (Britt et al., 2012) the thalamic nuclei (Berendse and 

Groenewegen, 1990), and the VTA (Gorelova et al., 2012). The NAc can be subdivided in 

core and shell compartment (Zahm and Brog, 1992).While both nucleus accumbens 

subregions (NAcore and NAcshell) receive input from all cortical regions, there is strong 

topographic bias. The NAcore surrounds the anterior commissure and receives glutamatergic 

input mainly from the PL and the BLA. It has been shown to be implicated in drug induced 

reinstatement of drug seeking (McFarland and Kalivas, 2001), drug-induced behavioral 

sensitization (Ferrario et al., 2005; Li et al., 2004) and drug-seeking behavior (Kalivas and 

Volkow, 2005). NAcshell receives strong glutamatergic input from infralimbic cortex (IL), 

the ventral hippocampus, VTA, thalamus nuclei and the BLA. The NAcshell plays a critical 

role in the reinforcing effects of drugs (Di Chiara et al., 2004).  



The medial prefrontal cortex (mPFC) in the rat consists of four subdivisions which, from 

dorsal to ventral, are the medial agranular, the anterior cingulated, the PL, and the IL cortices 

(Ongur and Price, 2000). mPFC takes part in memory, attention, cognition and regulates 

behavioural inhibition. mPFC projections to NAc appear to primarily originate from PL 

(Beckstead et al.,1979). 

In this thesis I focused on PL-to-NAcore pathway. This pathway is involved in the 

execution of drug seeking (Capriles et al., 2003; Kalivas et al., 2005; McFarland et al., 2004; 

McFarland and Kalivas, 2001; McLaughlin and See, 2003; Millan et al., 2011; Peters et al., 

2009, 2008; Rocha and Kalivas, 2010; Stefanik et al., 2012; van den Oever et al., 2008); 

whereas, IL to NAcshell pathway is responsible for the extinction of drug-seeking behaviour 

(Peters et al., 2009), appearing to be involved in the learning of extinction rather than simply 

in the suppression of drug seeking behaviour (LaLumiere et al., 2010). However, studies 

examining the role of IL inactivation on reinstated drug seeking show inconsistent results, 

depending on the protocol used (Willcocks and McNally, 2013). Moreover, inactivation of 

the PL prevents reinstated drug seeking in various animal models, while inactivation of the IL 

increases cocaine seeking. Interestingly, it has been shown that without a period of extinction 

training, inactivation of the IL can inhibit drug-seeking behaviour (Koya et al., 2009). 

Opposite roles for the PL and the IL, such as controlling drug seeking, have been reported for 

extinction (Peters et al., 2009) as well as cue-induced cocaine seeking (McLaughlin and See, 

2003). 

5.1  CORTICO ACCUMBENS SYNAPTIC PLASTICITY AFTER HEROIN ADMINISTRATION 

Not a lot is known about the mechanisms of long-term plasticity in the accumbens 

synapses. Recently, NMDAR-dependent LTP and LTD and endocannabinoid-mediated LTD 



have been reported in this region (Thomas et al., 2003; Kombian and Malenka, 1994; Robbe 

et al., 2002).  

Using electrophysiological experiments an impairment in the capability to induce LTD 

and LTP in the cortico-accumbens (core) pathway of rats withdrawn from the SA of cocaine 

have been found (Martin et al., 2006; Moussawi et al., 2009; Knackstedt et al., 2010); 

moreover Kasanetz et al. (2010) showed that permanently impaired LTD was found in rats 

animals that progressively develop the behavioural hallmarks of addiction, whereas LTD is 

progressively recovered in non addicted rats maintaining a controlled drug intake (Kasanetz 

et al., 2010). 

If similar adaptations in glutamate transmission occur during heroin and cue induced 

reinstatement of heroin seeking is still unknown. Lalumier and Kalivas (2008) found that the 

recruitment of the glutamatergic projection from the PL to NAcore is necessary to initiate the 

reinstatement of heroin seeking. Moreover, it was showed that heroin relapse requires long-

term potentiation (LTP)-like increases in synaptic strength in the PFC projection to the NAc. 

The increased synaptic strength was paralleled by dendritic spine enlargement in accumbens 

spiny neurons and required up-regulated surface expression of NMDA2b-containingreceptors 

(NR2B). Blocking NR2B before reinstating heroin-seeking also prevented the induction of 

LTP-like changes in spine remodeling and synaptic strength, and inhibited heroin relapse 

(Shen et al., 2011). 

Recently, it was shown that LTP and LTD in the core of the NAc following in vivo 

stimulation of the PL PFC were impaired after heroin SA (Shen and Kalivas, 2013). 

Shen et al. (2014) also showed that heroin SA produced long-lasting down regulation 

of glutamate uptake and surface expression of the transporter GLT-1. This down regulation 

was associated with spillover of synaptic glutamate to extrasynaptic NMDA receptors within 



the NAcore. Ceftriaxone (increase expression of the GLT-1) restored glutamate uptake and 

prevented synaptic glutamate spillover and cue-induced heroin seeking. 

Even if there is a huge literature showing the difference between opiate and 

psychostimulant (for an extended review see Badiani et al., 2011).there may exist a shared 

mechanism related to addiction that underpins the deficit in LTP and LTD after chronic use 

of addictive drugs. Taken together these studies with heroin and cocaine indicate that 

impaired LTP and LTD in the PFC to accumbens synapses may be a common 

neuropathology between addictive drugs. The future challenge is to understand if cocaine and 

heroin deficit in LTP and LTD are due to the same damage in the structure of dendrites and in 

the dendritic spines of the cells. For instance Robinson and Kolb (2004) demonstrated that 

rats exposed to cocaine showed increased dendritic branching and increased spine density in 

both NAc MSN and mPFC pyramidal neurons; by contrast, rats exposed to morphine had 

both reduced dendritic branching and reduced spine density in these brain regions.  
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6 EFFECT OF SOCIAL ISOLATION AND ENVIRONMENTAL MODULATION ON 

THE GLUTAMATERGIC CORTICO-ACCUMBENS SYNAPTIC PLASTICITY 

6.1 INTRODUCTION  

The setting surrounding drug seeking and taking exerts a powerful modulatory influence 

on drug reward, seeking, taking and on the likelihood of relapse (priming induced). Using an 

animal model of environmental modulation in which Resident rats live in SA chamber for all 

the time and Non Resident rats were transferred in the SA chamber during the three-hour 

daily session we found that SA is facilitated in Resident than in Non Resident rats (Caprioli et 

al., 2008). Enhanced motivation (measured by progressive ratio) for heroin SA was exhibited 

by Resident rather than Non Resident rats (Caprioli et al., 2008). Furthermore, when rats have 

the possibility to choose between heroin and cocaine during the same session, Resident rats 

tend to prefer heroin to cocaine (Caprioli et al., 2009). Finally, Resident rats are more 

vulnerable to relapse into heroin seeking than Non Resident rats after they self-administered 

cocaine and heroin on alternate days (Montanari et al., 2015). These modulatory effects of the 

setting can be observed also in human co-abusers. Addicts prefer taking heroin at home and 

cocaine outside home, regardless the administration route (Caprioli et al., 2009; Badiani and 

Spagnolo 2013). 

Taking into account these data we suppose the setting of drug taking might provide an 

ecological background against which the central and peripheral effects of drugs are appraised 

(Badiani, 2013). In the presence of a “mismatch” between the setting and the internal state of 

the organism, the rewarding effects of the drug would be reduced. According to this 

hypothesis, the central and peripheral (parasympathomimetic) sedation produced by heroin 

would be consistent with the safety of the home environment (Resident, match condition) but 

not with the potentially challenging non-home setting (Non Resident, mismatch condition). 



In the present work we wondered if the “match” or “mismatch” conditions affect the 

capability to induce synaptic plasticity in the cortico-accumbens circuitry after heroin SA and 

an incubation period. Surprisingly, we found that also the condition of the housing (grouped 

vs isolated) and not only the psychological value of the drug taking setting (Residence vs Non 

Residence) has a powerful impact on the synaptic plasticity in the cortico-accumbens 

circuitry. 

The cortico-accumbens circuitry is known to be implicated in the impaired ability of 

addicts to regulate drug seeking, taking and relapse behaviours (Jentsch and Taylor, 1999; 

Luscher and Malenka, 2011; Nestler 2001; Kalivas and Volkow, 2011; Kalivas and O’Brien, 

2008; Kalivas et al., 2004; Self et al., 2004) and it is supposed to be the neurobiological 

substrate in which long lasting neuroadaptations occur, after a drug addiction story, 

enhancing the likelihood to relapse in the drug seeking behaviour after a period of abstinence 

(Kalivas, 2009; Luscher and Malenka, 2011). Starting from 1998 when the glutamate 

homeostasis hypothesis was formulated (for a review Kalivas, 2009) a wide amount of works 

were conducted studying the dynamics of glutamatergic transmissions in the circuitry from 

the PFC to the NAc.  

Human neuroimaging studies have shown a lower metabolic activity of the PFC in drug 

addicts compared with controls during the presentation of biologically relevant stimuli 

(Volkow et al., 2003; Garavan et al., 2000) but the exposition of addicts to environmental 

stimuli, previously associated with the drug experience, activates the PFC (Goldstein and 

Volkow, 2002). This activation is correlated with the intensity of reported desire to relapse 

(Childress et al., 1999; Kalivas and Volkow, 2005).  

Similarly, animal models of relapse show an activation of the PL PFC glutamatergic 

projections into the NAcore. This activation is associated with cue-, stress-, or drug induced 



reinstatement of drug seeking (Kalivas, 2009). Using measurements of extracellular 

glutamate in the NAcore, it was found that the reinstatement of drug seeking is associated 

with a marked increase in extracellular glutamate, largely deriving from PL PFC afferents 

(McFarland et al., 2003; LaLumiere and Kalivas, 2008; Gasset al., 2011; Gipson et al., 2013). 

Moreover Kasanetz et al. (2013) found that transition to addiction is specifically associated 

with an impairment of mGluR2/3-LTD in this circuitry and that there was a concomitant 

postsynaptic plasticity of basal synaptic strength.  

6.2 MATERIALS AND METHODS 

6.2.1 Animals 

99 male Sprague Dawley rats (Ebri, Italy), weighing 250–275g at the beginning of the 

experiment were used in this study. However, we excluded one rat from the SA and 

electrophysiology analyses because its catheter was clogged, and 3 rats from 

electrophysiological analyses due to problems with the equipment. 

Two months old rats were transferred from EBRI animal facility to a dedicated room with 

temperature and humidity controlled and 12h light/dark cycle (light of at 7:00 am). They 

were handled for one week. After one week of adaptation rats were randomly assigned to one 

of the following conditions:   

 the Grouped House (GH) rats (n=19) were stabulated in group of 4 rats in 

standard transparent plastic cages;  

 the Isolation Housing (IH) Resident group (n=8) were single housed in the SA 

chambers, where they remained for the entire duration of the experiment; 

 Isolation Housing (IH) Non Resident rats (n=11) were single housed too in 

standard transparent plastic cages  and transferred to the SA chambers for 



three hour daily sessions (note these groups have not been submitted to the 

drug SA procedures but they have been exposed to the SA cages); 

 The Saline SA Resident rats(n=10) were surgery implanted (see below) with a 

catheter and single housed in the SA chambers, where they remained for the 

entire duration of the experiment; 

 Saline SA Non Resident rats (n=14) were surgery implanted and single housed 

in standard transparent plastic cages. They were transferred to the SA 

chambers for three hour daily SA sessions   

 Heroin SA Resident rats (n=19) were surgery implanted with a catheter and 

single housed in the SA chambers, where they remained for the entire duration 

of the experiment; 

 Heroin SA Non Resident rats (n=17) were surgery implanted and single 

housed in standard transparent plastic cages. They were transferred to the SA 

chambers for three hour daily SA sessions. 

6.2.2 Surgery 

After one week of acclimatization rats were anesthetized with Xylazine (Rompun) 

and Zoletil100 (Virbac) and a catheter was inserted and secured to the right jugular vein of 

the rats using standard surgical procedures previously described in detail (Caprioli et al. 

2007b). The distal end of the catheter was externalized through a small incision at the nape of 

the neck and connected to a L shaped 22-gauge cannula that was secured to the rat’s skull 

using dental cement and stainless steel screws. Catheters were flushed daily with 0.1 ml of 

sterile saline solution containing 0.3 mg gentamycin and 12.5 IU heparin (Marvecs Services, 

Agrate Brianza, Italy). 



6.2.3 Self-administration chambers and experimental context 

The apparatus consisted of 8 SA chambers (28.5-cm length, 27-cm width, and 32-cm 

height) made of transparent plastic (front and rear walls), aluminium (side walls and ceiling), 

and stainless steel (grid floor). Plastic trays covered with pine wood shaving were placed 

under the cage floors. Each chamber was equipped with two retractable levers, positioned on 

the left-hand wall 12.5 cm apart and 9 cm above the floor, two sets of three cue lights (red, 

yellow, and green), positioned above each lever, and a counterbalanced arm holding a liquid 

swivel. 

The SA chambers were in a sound- and light attenuating cubicles. Each chamber was 

connected via an electronic interface to a motorized syringe pump (Razel Scientific 

Instruments, St. Albans, VT, USA) and to a programmable logic controller (PLC; Allen 

Bradley, Milwaukee, WI, USA). Finally, the PLCs were connected to PCs running control 

software. Chambers, accessories, and electronic interfaces were purchased from ESATEL 

(Rome, Italy) and the software from Aries Sistemi (Rome, Italy). The infusion line consisted 

of a length of Silastic® tubing protected by a stainless steel spring and connected(through the 

liquid swivel and another length of Silastic® tubing) to a syringe positioned on the pump 

(which was programmed to work at an infusion rate of 13.3μl/s). 

6.2.4 Self-administration and Reinstatement test procedures 

GH rats and IH Resident rats were daily handled twice for one minute each time for 

ten days and then left undisturbed for 14 days until the electrophysiological recordings. 

IH Non Resident rats were exposed for ten consecutively days to the SA chamber for three 

hours each day and then left for 14 days undisturbed in their home cages. 

Rats with catheter implantation underwent the following training schedule. 



Drug-training schedule: 10 days of 3-hour daily sessions, with FR (fixed ratio) progressively 

increased from 1 to 5 (days 1-4 FR1, days 5-6 FR2, days 7-10 FR5). During the test two 

levers were extracted, the active one triggered a heroin infusionof 25 μg/kg upon the 

completion of the task (counterbalanced right vs left) for Heroin Resident and Non Resident 

groups and a saline infusion for Saline Resident and Non Resident groups; while the pressing 

on the inactive lever reset the counter on the active lever. After the completion of the task a 

time-out of 40 sec began, during which both the levers were retracted and the cue light turned 

off. The infusion volume was 40 µl delivered over a period of 3 seconds. Rats which did not 

spontaneously self administered at least one infusion within 5, 65 and 125 minutes of the 

session were instructed by the experimenter to place their forepaws on the active lever. After 

training session a catheter patency test was performed consisting in the administration of 

Tiopental Sodium. Rats which did not become ataxic within 5 s after Tiopental Sodium 

administration were excluded from the statistic analysis. 

Incubation period: After the training phase rats were left in their home cages undisturbed for 

14 days. 

Cue induced reinstatement test: Rats underwent 3 or 4 one hour sessions of extinction during 

which the active lever was exposed without the cue light previously associated. The 

completion of the task didn’t cause any consequences. While the lever pressing behavior was 

extinguished one hour reinstatement session took place. The active lever was extracted and 

the cue light turned on. While the animal completed the task (FR5) the light turned off, the 

lever was retracted and a saline infusion was administered.  



6.2.5 Catheter patency test 

After the last SA session all rats underwent a catheter patency test in which a single 

intravenous bolus of Tiopental Sodium was administered. Rats did not became ataxic in 5 s 

after test were excluded from the statistics. 

6.2.6 Electrophysiology procedures: Slice preparation and recording techniques 

Slice collection: The day after the end of incubation period animals were anesthetized 

with halothane (Sigma-Aldrich) and decapitated. The brain was removed and 300 µm thick, 

parasagittal slices were collected using a Leica 1200 vibrating blame microtome. The cut 

chamber was filled with the cutting solution (in mM: KCl 2.5, NaH2PO4 1.25, MgSO4 10, 

CaCl2 0.5, Choline 120, NaHCO3 26, Glucose 10) continuously perfused with 95% O2 – 5% 

CO2at room temperature.  The slices were then kept in artificial cerebrospinal fluid (aCSF) in 

a holding chamber for 1 hour at 35°C, then transferred to room temperature for the rest of the 

experimental day. After being placed into a recording chamber, slices were constantly 

perfused with aCSF (NaCl 126, KCl 1.25, NaH2PO4 1.25, MgSO4 2, CaCl2 2, NaHCO3 26, 

Glucose 10mM saturated with a 95% O2 – 5% CO2 mixture) at 32°C (3 ml/min). 

Stimulation and recordings: Field excitatory post synaptic potentials (fEPSPs) were 

elicited placing a glass recording electrode filled with aCSF on the Nacore. PL cortical 

afferents were stimulated by a 25 µs current dispensed at 0.03 Hz (a sweep every 30 s) 

through a bipolar stainless steel microelectrode placed at the PL cortex-NAcore border. The 

GABAAR antagonist Picrotoxin (100 µM) was added to the perfusion aCSF. Signals were fed 

into a Multiclamp 700b amplifier (Axon Instruments), filtered at 1 kHz, converted by a 

Digidata 1322A (Axon Instruments) and analyzed with Clampex. 

The stimulus intensity that evoked a fEPSP of 50-60 % of the maximal response (based on 

the input-output response curve) was chosen to acquire the baseline response (15 minutes). 



After the baseline recording, 3(HFS) high frequency stimuli (100 Hz for 1 second each, with 

6 seconds intervals) at the stimulation intensity yielding a maximal response were 

administered. fEPSPs were recorded for the following hour, bringing back the intensity to the 

baseline value. 

Before the train administration and after the one hour recording a paired-pulse 

protocol was recorded. It consisted of two stimuli delivered within a 120 ms inter-stimulus 

interval for three times. The paired-pulse ratios (PPRs) were calculated as fEPSP2/fEPSP1 (3 

pairs of sweeps average). 

6.2.7 Data analysis and statistics 

Using IBM SPSS 22 the SA lever pressing behavior and the reinforce datas were 

analyzed using a mixed ANOVA, with Session as within factors (10 levels), while Drug (2 

levels: saline and heroin) and Setting (2 levels: Resident and Non Resident) as between 

factors. Bonferroni’s post hoc analysis was applied when needed. 

The Reinstatement test was analyzed taking into account the lever pressing behavior in the 

last hour of extinction and the one hour cue induced reinstatement test using a 3 way mixed 

ANOVA: Context (2 levels: Resident and Non Resident) and Substance (2 levels: heroin and 

saline) as between factors and Reinstatement test (2 levels: extinction and cue induced 

reinstatement test). 

Mixed ANOVA was used to analyze electrophysiological experiments with LTP Time as a 

within factor (3 levels: the averages of the first, middle and last ten minutes after HFS 

administration); Context (2 levels: Resident, Non Resident) and Substance (2 levels: heroin, 

saline) as between factors; Bonferroni’s post hoc analysis was applied when needed.  

To analyze the difference in the housing condition it has been performed a first mixed 

ANOVA with LTP Time (3 levels: the averages of the first, middle and last ten minutes after 



HFS administration) as within factor and the setting isolated Resident and isolated Non 

Resident Rats as between factor. 

Since there is no difference between IH Resident and Non Resident rats we putted together 

the data from the two groups and we conducted a mixed ANOVA with LTP Time (3 levels: 

the averages of the first, middle and last ten minutes after HFS administration) as within 

factor and the housing condition (2 levels: IH vs GH) as between factor. Bonferroni’s post 

hoc analysis was applied when needed.  

Paired pulse data were analyzed using paired samples t-test. 

A linear correlation analysis has been used to investigate the relation between the average of 

the amount of the heroin self administered during the training session and the average of the 

LTP. 

 

 

 

 

 

 

 

 

 

 



6.3 RESULTS 

6.3.1 Self administration 

As shown in Fig.1 rats rapidly acquired heroin SA. The ANOVA conducted on Lever 

Pressing data (Fig. 1a) yielded significant main effects Substance [F(1;56)=7,280; p=0,009]; 

Sessions [F(9;504)=11,532; p=0.000]. There was also a significant effect of the interaction 

SubstanceXSessions [F(9;504)=6,704;p=0,000]. Post hoc analysis indicated significant 

differences between session number 1 and 10, 2 and 5,7,8,9,10; 3 and 5, 7,8,9,10; 4 and 

7,8,9,10; 5 and 10; 6and 7, 10. 

The ANOVA conducted on the Reinforce data (Fig. 1b), yielded significant main effects of 

Sessions [F(9;504)=2,495; p=0,009]; Substance [F(1;56)=5,818; p=0,019]. There were also a 

significant effects of the interactions: SessionsXSubstance [F(9;504)=3,924;p=0,000] and 

SessionsXSetting [F(9;504)=2,064; p=0,031]. A tendency was reported for the 

SubstanceXSetting interaction [F(1;56)=3,326;p=0,074]. The post hoc analysis revealed a 

significant differences between session number 1 and 5,7,8,9; 4 and 5,7,8,9; 5 and 1,4; 6 and 

7,8,9; 9 and 10. 

 

 

 

 

 

 



 

Figure 1 Mean (+SEM) number of lever presses (a) and infusions (b) for heroin (25 μg/kg) (full) and saline (empty) SA 
during the 10 3h sessions for Resident (dot) and Non Resident (square) independent groups. 
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6.3.2 Reinstatement 

As shown in Fig.2 the lever pressing behaviour during the reinstatement session was 

greater than during the last hour of the extinction session. The ANOVA conducted on the 

lever pressing behaviour yielded significant main effects of Substance [F(1;56)=5,271; 

p=0,025]; Reinstatement test [F(1;56)=21,598;p=0,000]. There was a significant effect of the 

interaction Reinstatement testXSubstance [F(1,56)=12,859;p=0,001]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 2 Mean (+SEM) number of lever presses during the first hour of the last extinction session (white bars) versus the 
cue induced reinstatement session (black bars) in the Resident and Non Resident groups. 
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6.3.3 Electrophysiology on heroin and saline SA rats 

The ANOVA indicated a significant main effect of Substance 

[F(1;53)=9,459;p=0,003]; LTP [F(2;106)=29,98; p<0.000]. Post hoc analysis yielded a 

significant difference between the average of the first and the middle (p=0,000) and the 

average of the first ten minutes and the average of the last ten minutes (p=0,000), while there 

is no significant difference between the middle and the last ten minutes.  

PPR 

The analysis of the short-term plasticity measured by PPR (Fig. 3d) has shown no differences 

between the second synaptic response recorded one hour after the HFS administration 

(fEPSP2) and the one (fEPSP1) recorded before the administration of the train.  

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 3 Resident (a) and Non Resident (b) LTP recorded in the NAcore after HFS applied on the PL PFC (c) in animals had 
previously self administered heroin (full) or saline (empty). No difference in the neurotransmitter release probability has 
been found using PPR (d).  
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6.3.4 Electrophysiology performed on GH and IH rats  

As reported in Fig. 4a the mixed ANOVA (within factor: 3 levels LTP and between 

factor: setting IH Resident vs Non Resident rats) has shown a significant main effect of LTP 

[F(2;40)=5,883;p=0,006]. The post hoc analysis has shown significant differences between 

the average of the first ten minutes of the LTP and the average of the middle ten minutes of 

the LTP (p=0,062); as well as a significant difference between the average of the first ten 

minutes of the LTP and the average of the last (p=0,004) ten minutes of the LTP. 

Since there is no difference between IH Resident and Non Resident rats, the 

electrophysiological data have been plotted together and we conducted a mixed ANOVA 

(within factor: 3 levels LTP and Housing condition as between factor: IH vs GH). The 

analysis showed a significant main effect of LTP [F(2,78)=12,603;p=0,000] and Housing 

[F(1;39)=29,240;p=0,000]. The post hoc analysis showed a significant difference between the 

average of the first ten minutes of LTP and the average of the 10 middle minutes (p=0,003); 

as well as between the average of the first ten minutes of LTP and the average of the last ten 

minutes (p=0,000). 

The analysis of the short-term plasticity measured by PPR has shown no differences between 

the second synaptic response recorded one hour after the HFS administration (fEPSP2) and 

the one (fEPSP1) recorded before the administration of the train.  

 



 

Figure 4 GH rats (black triangle) and IH (grey) Resident (dot) and Non Resident (square) LTP recorded in the NAcore after 
HFS applied on the PL PFC (Fig 3c).  
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6.3.5 Correlation analysis 

There is no significant correlation (p=0,335) between the average of the amount of the 

injections during the SA and the average of the LTP as shown in Fig. 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 5 Correlational analysis between the average of the amount of heroin injections and the LTP average in Resident 
(dot) and Non Resident Rats (square). 
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6.4 DISCUSSION 

The aim of the present study was to examine if the setting in which drugs are 

administered exerted a powerful influence on the capability to induce synaptic plasticity in 

the PL PFC-NAcore network (Fig. 3c) after heroin SA, 14 days of abstinence and a cue 

induced reinstatement test. 

Independent groups of rats underwent ten sessions self administering heroin or saline. 

As we have previously reported (Caprioli et al., 2008) Resident rats showed a tendency to SA 

more heroin than Non Resident rats (Fig. 1).  

After 14 days of incubation rats underwent a cue induced reinstatement test. Resident 

and Non Resident rats both reinstated the heroin seeking behaviour (Fig. 2). Non Resident 

rats self administering saline presented a spontaneous response in reinstatement session. 

Taking into account the difference between the rats that had previously administered saline 

and the ones which administered heroin, Resident rats presented a stronger response in the 

cue induced reinstatement test. Moreover, we previously reported (Montanari et al., 2015) 

Resident rats relapsed more than Non Resident rats in heroin drug seeking. In the present 

study we have not observed any differences in the Resident and Non Resident reinstatement 

test. This may be due to the different procedures used in the two studies. First of all in 

Montanari et al. 2015 we used a priming induced reinstatement test whereas in this study we 

used a cue induced reinstatement test; moreover in Montanari et al. 2015 rats self 

administered heroin and cocaine on alternate days while in this study rats only took heroin. 

Future studies will elucidate this difference. 

The day after the reinstatement test ex vivo electrophysiology was performed on 

cortico-accumbens network (Fig. 3c). The data showed that Saline SA Resident and Non 

Resident rats have a reduction in the synaptic plasticity of the cortico-accumbens network 



(fEPSP amplitude about 120% of baseline) if compared with heroin SA Resident (fEPSP 

amplitude about 140% of baseline) and Non Resident rats (fEPSP amplitude about 160% of 

baseline). We speculated that this reduction could be due to the housing condition so we 

performed cortico-accumbens ex vivo electrophysiology on naïve rats housed in group (GH) 

or isolated (IH). Isolated rats were also exposed to Resident or Non Resident conditions. We 

have found that there is no difference in the LTP induction in Resident and Non Resident IH 

(Fig. 4a) but there is a significant difference between IH (fEPSP amplitude about 120% of 

baseline) and GH (fEPSP amplitude about 160% of baseline) (Fig. 4).  

LTP impairment (showed by IH) is completely recovered in Heroin SA Non Resident 

rats (fEPSP amplitude about 160% of baseline as GH rats), but not in Resident rats (fEPSP 

amplitude about 140% of baseline). We hypothesized that this could be due to the “match 

condition” between the setting and the internal state produced by heroin SA. The central and 

peripheral (parasympathomimetic) sedation produced by heroin would be consistent with the 

safety of the home environment (Resident condition) but not with the potentially challenging 

non-home setting (Non Resident, mismatch condition). The incapability to recover LTP 

plasticity found in the Resident group after heroin SA could be used as a useful biomarker 

taking into account that the cortico-accumbens circuitry should be the neurobiological 

substrate in which long lasting neuroadaptations occur, after a drug story, enhancing the 

likelihood to favour addiction in the vulnerable subjects (Nestler 2001; Kalivas et al., 2004; 

Self et al., 2004).  

We also investigated the short term synaptic plasticity. The PPR analysis has shown 

no differences between the second synaptic response recorded one hour after the HFS 

administration (fEPSP2) and the one (fEPSP1) recorded before the administration of the train 

indicating that there is no difference in the neurotransmitter release probability (Fig. 3d and 

4b).  



Moreover, we have found no correlation between the average of the amount of heroin 

injections and the LTP average in Resident and Non Resident Rats (Fig. 5). Therefore the 

capability to induce LTP is not due to the mere amount of heroin self administered during the 

training.  

In conclusion the cortico-accumbens network is the neurobiological substrate 

responsible of the incapability of addicts to regulate drug taking, seeking and relapse 

(Luscher and Malenka, 2011; Nestler 2001; Kalivas and Volkow, 2011; Kalivas and O’Brien, 

2008). It has been hypotesized that this network is the neurobiological substrate in which 

long lasting neuroadaptations (carachterizing the drug addiction pathology) took place. These 

neuroadaptations could be the cause of the increased likelihood to relapse and the lost 

capability to control drug taking showed in addicts (Kalivas, 2009; Luscher and Malenka, 

2011). The aim of the present study was to examine how self administering heroin in 

different setting (Resident versus Non Resident conditions) caused differences in this 

network. In particular we have shown the setting in which drug is administered can influence 

the capability to induce LTP regardless the amount of heroin taking. We hypotesized that the 

difference in the cability to induce synaptic plasticity in the cortico-accumbens circuitry is 

due to a “match condition” present in the Resident group in which the central and peripheral 

(parasympathomimetic) sedation produced by heroin would be consistent with the safety of 

the home environment (Resident condition) but not with the potentially challenging non-

home setting (Non Resident, mismatch condition). In this way the presence of a “match” 

condition between the psychological value of the setting and the effects of the drugs 

enhanced the rewarding effects of the drug, the likelihood to favour the escalation through the 

addiction pathology in the vulnerable subjects and the premature presence of biomarker 

usually associated with the pathology  



Surprisingly, we also found that social isolation (GH vs IH) has a powerful impact on 

the synaptic plasticity in the cortico-accumbens circuitry. 

6.5 FUTURE DIRECTIONS 

Future studies are necessary to demonstrate if the crystallized synaptic plasticity in the 

cortico-accumbens circuitry in the Resident group might be a predictive marker which 

appears in a premature phase yielding a faster escalation towards the pathology. 

Further elucidations on how drugs of abuse alter PFC-NAcore plasticity will be 

necessary for the development of new therapies as well as to establish a causal role between 

this circuitry and the escalation through the pathology.  

It will be useful to increase the number of heroin studies (Kalivas, 2009; Luscher and 

Malenka, 2011; Kasanetz et al.; 2013) considering that the majority of the studies on drug 

addiction presented in literature have been done on cocaine. Moreover, the study of the 

differences among the classes of addictive substances is necessary to shed light on the most 

appropriate pharmacological and psychological therapies (Badiani et al., 2011). Unitary 

models of drug addiction must be formulated and validated on the basis of empirical results 

from studies that include several classes of addictive drugs.  
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administering heroin or cocaine. (Washington, SFN 2014). 
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9 FELLOWSHIP: 

 Since November 2016 I have been working at Neurocentre Magendie Bordeaux 

France. 

 From 1.11.2015 to 1.03.2016 I worked at University of Sussex, Brighton UK under 

Professor Hans Crombag supervision winning ERASMUS+ Student Mobility for 

Traineeship fellowship. In particular I was interested in studying the role of the BLA 

during cocaine and heroin choice using in vivo optogenetic technique in Non Resident 

rats. 

Protocol: Role of BLA in cocaine and heroin taking and choice 

Animals  

Male Sprague-Dawley rats, weighing 250–275 g at their arrival will be used in this 

study. The rats will be housed two per cage in a dedicated temperature and humidity 

controlled room with free access (except during self-administration sessions) to food 

and water under a 12 hours dark/light cycle (lights off at 7:00 AM). 

Surgery and BLA excitotoxic lesions 

After 1 week from arrival all rats will be anaesthetized with ketamine hydrochloride 

(120 mg/kg and xylazine (12 mg/kg) and implanted with a double lumen intravenous 

jugular catheter (15 cm) exited dorsally between the scapulae of the rats. 

Catheter implantation: After sterilization and shaving, a 2 cm incision will be made on 

the back of the rat in order to accommodate the base of the catheter with the two 

cannulas. Connective tissue will be forced to make space for the catheter base below 

the skin. A second incision will be made on the clavicle above the jugular vein. 

Tubing from the base of the catheter will be pulled through the incision on the back 

and be brought close to the jugular vein by passing the tubing under the skin just over 

the right shoulder. The end of the catheter tubing will be inserted into the right jugular 



vein. Catheters will be flushed daily with 0.1 ml of a sterile saline solution containing 

12.5 IU heparin 

BLA lesions will be performed on the same day of catheters implantation for one 

group of rats and after self-administration training (day 11) for a second group. Rats 

will be positioned in a stereotaxic frame. Lesions will be performed with2 injection of 

0.3 µl each of quinolinic acid (Sigma) dissolved in 0.1M phosphate buffer (PB; 

composition 0.07 M Na2HPO4, 0.028M NaH2PO4 in double-distilled water) to a 

concentration of 0.09M injected bilaterally using the following coordinates: 

anteroposterior (AP) -2.5; -2.8 mm, mediolateral (ML) ± 4.8 mm, dorsoventral (DV) -

8.3 mm. AP and ML coordinates will be measured from bregma, DV will be 

measured from dura. Toxin will be infused using a 28-gauge stainless steel cannula 

attached with a polyethylene tubing to a 1 μl syringe (Hamilton) mounted on a 

infusion pump. At each site the cannula will be left in place for 2 minutes following 3 

minutes infusion to allow diffusion away from the injection site. BLA sham lesion 

will be made similarly using vector for both groups. After surgery rats will be housed 

individually in standard Plexiglas cages. 

Training and choice self-administration  

Training will be done during the dark cycle in self-administration chambers enclosed 

in sound and light attenuating cubicles and equipped with two retractable levers and 

with cue lights positioned above each lever.  

Days 1-10 Training Phase: rats will be transferred to the self-administration 

chambers immediately before the start of each testing session. The rats will undergo 

10 consecutive daily 3-hour sessions to self-administer cocaine (400 µg/kg/infusion) 

and heroin (25 µg/kg/infusion) on alternate days (Caprioli et al., 2009). Cocaine and 

heroin will be each paired with one of the two retractable levers and a cue light (red or 



green); the assignment of levers and cues will be counterbalanced for heroin and 

cocaine. At the start of each session, only the lever associated with the drug to be self-

administered on that session will be extended and the appropriate cue light will turn 

on. The number of consecutive lever presses required to obtain a single infusion 

(Fixed Ratio) will be FR1 for sessions 1-4; FR2 for sessions 5 and 6; FR5 for sessions 

7–10. After each infusion, the cue light will be turned off and the lever retracted for 

40 second (time-out). Rats will not self-administer an average of 3 infusions of 

cocaine and 3 infusion of heroin on FR5 sessions will be excluded. 

Days 11-16: On day 11 rats without lesions will have surgery and 5 days recovery. 

Other rats will be left undisturbed for 6 days in their cages. 

Days 17-23 Choice Experiment: rats will undergo seven choice session (3 hour 

each). During the choice sessions, both levers will be extended and cue lights turned 

on. Rats will have the opportunity to self-administer either cocaine or heroin (at the 

same doses used during training) on an FR5 reinforcement schedule. Pressing on the 

left lever will reset the counter of the right lever, and vice versa. Once the animal will 

complete the FR5 on one of the levers, the drug will be administered and both levers 

will be retracted for a 10 min time out, after which the levers will be extended and the 

lights turned on for the next trial. Thus, the rats could self-administer a maximum of 

17 infusions/session. Heroin will be delivered through the anterior lumen on 1 day 

and through the posterior lumen on the following day; the reverse sequence will be 

used for cocaine (Caprioli et al., 2009). 

Perfusion and Histology  

After behavioural testing, rats will be anesthetized and perfused using 0.9% saline 

followed by 4% paraformaldehyde (40 g powdered PFA in 1 1 phosphate buffer). The 

brains will be removed and post-fixed in 4% PFA for 2 h following which they will be 



left overnight in 20% phosphate buffered sucrose solution. Sections will be cut at 60 

µm and mounted on gelatine-treated slides which will be then stained with Cresyl 

Violet. Finally, injection sites and lesion extent will be mapped using a rat brain atlas 

with standardized coordinates (Paxinos & Watson, 1998). 
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 From 18.05.2015 to 30.09.2015 I won the Unipharma-Graduates Project training 

fellowship and I worked at Sussex Neuroscience Building (University of Sussex, 

Brighton, UK) under Prof. Hans S. Crombag supervision. Specifically, the research 

involved training and development of in vivo optogenetics approaches in rodents. 

Practical training consisted of the following: 

 Construction of bilateral optical-fibers for centeal implanatation in rats 

and/or mouse 

 Brain-region specific expression of light-sensitive protein channels using 

AAV virus-mediated transfection 

 Implementation with behavioural (conditioning) preparations to 

optogenetically activate or inhibit brain circuitries. 
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 From 24.09.2014 to 31.10.2014 I was hosted at Molecular and Cellular Neurobiology 

(FALW) laboratory, Anatomy and Neurosciences Department (Vu Medical Center), 

University of Amsterdam (UvA) under Prof. Taco J. De Vries supervision to observe 

experiments concerning the optogenitc technique associated to drug SA. 


