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ABSTRACT 
 

Relapse into drug use is a major problem faced by recovering addicts. In humans, 
an intensification of the desire for the drug induced by environmental cues  -incu-
bation of drug craving- has been observed. In rodents, this phenomenon has been 
modelled by studying drug seeking under extinction after different times of drug 
withdrawal (or using a natural reinforcer). Although much progress has been 
made, an integrated approach, simultaneously studying different drug classes and 
natural reward and examining different brain regions is lacking. 

Lewis male rats were used to study the effects of cocaine, heroin and sucrose seek-
ing incubation on 6 key brain regions: the nucleus accumbens shell and core, the 
central nucleus of amygdala and basolateral amygdala, and dorsomedial and ven-
tromedial prefrontal cortex. There were three main goals: first, to find behavioural 
parameters during the self-administration sessions that correlated with the 
strength of incubation; second, to look for common changes in parameters related 
to regional activity; third, to study stress-related parameters in these areas. 

For the first objective, we extracted behavioural parameters and calculated new 
ones from the self-administration data, but no one correlated with the incubation 
degree. For the second objective, we analysed PSD95 and gephyrin scaffolding 
protein levels and the relationships between the areas were examined by Struc-
tural Equation Modelling. Also, gene expression of glutamatergic, GABAergic and 
endocannabinoid elements were analysed as well as amino acid transmitters lev-
els and prefrontal perineuronal net densities. For the third objective, we analysed 
peripheral parameters (body weight, hepatic and splenic indices, adrenal gland 
size and plasmatic corticosterone) as well as the gene expression of adrenoceptors 
in the brain areas. 

Pathways from medial prefrontal cortex and basolateral complex of the amygdala 
to central nucleus of  the amygdala, but not to the nucleus accumbens, were iden-
tified as common elements involved in the incubation phenomenon for different 
substances. Furthermore, we found alterations in the central nucleus of amygdala 
and the glutamatergic regions mentioned above related with their activity under 
high arousal states. These results suggest a key role for the central nucleus of 
amygdala and its cortical and amygdalar afferences in the incubation phenomenon 
and for their endocannabinoid and noradrenergic systems. 
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1.1. THE PROBLEM OF DRUGS OF ABUSE AND RELAPSE 

“The critical point of withdrawal is not the early phase of acute sickness, but the final step 
free from the medium of junk… There is a nightmare interlude of cellular panic, life sus-
pended between two ways of being… At this point the longing for junk concentrates in a 
last, all-out yen, and seems to gain a dream power: circumstances put junk in your way… 
You meet an old-time Schmecker, a larcenous hospital attendant, a writing croaker…” 
(William S. Burroughs, Naked Lunch, 1959) 

1.1.1. The problem of relapse 

Addiction is considered a chronic psychopathology due to its high relapse rate. In 
recent years, only in Europe, around 25 000 people have started cocaine detoxifi-
cation treatment every year, and it rises to 30 000 in the case of heroin. The vast 
majority of them are 34 year-old men. For more than half of them it was not the 
first time (Figure 1).  

When contemplating a survival curve in which the length of abstinence is repre-
sented in the axis of ordinates and the percentage of abstainers in the abscissa axis, 
we can observe how certain patterns are followed independently of the substance 
to which people are addicted. After six months half of the individuals have already 
relapsed, and during the following year of abstinence the number rises steadily. 
The shape of the curves varies little between substances and have remained simi-
lar over decades (Brecht and Herbeck, 2014; Hunt et al., 1971; Sinha, 2011). In less 
than two years four out of five individuals have suffered a relapse (Figure 2).  

This shows us that therapies against addiction have hardly improved over time. In 
the end, the individual is immersed, in most cases, in a cycle of abstinence-relapse-
treatment, which reflects the chronicity of this psychopathology. Since relapse is 
a central milestone in drug addiction, understanding its causes and dynamics 
throughout withdrawal is crucial for therapeutic intervention. 
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Figure 1. Profile of people 
who initiate treatment in 
Europe. From left to right: 
frequency of weekly 
consumption (0-7 days per 
week); distribution of 
patients according to 
whether it is their first 
treatment (first-time) or not 
(retry); routes of 
administration of the drug; 
distribution of sexes (each 
circle equals 1%). Above: 
cocaine; down: heroin 
Approximate total equals 
to: cocaine, 25 000 people; 
heroin, 30 000 people. 
Source: European report on 
drugs 2017 (2015 data). 

Hunt et al., 1971 Sinha, 2011 Brecht and Herbeck, 2014 

Figure 2. Survival curves. From at least the study of Hunt et al. (1971) in which they studied the relapse in addicts to heroin, 
tobacco or alcohol, the curves have followed the same pattern. 



8 

 

 

  

Box 1. Coca and cocaine 

Cocaine (benzoylmethylecgonine, INN) is a tropane alkaloid (such as belladonna atropine or scopola-
mine and mandrake hiosciamine) found in the leaves of coca (Quechua kuka, Erythroxylum coca) that 
synthesizes it from of the amino acid L-phenylalanine. This plant is native to the Amazonian Andes, cur-
rent Colombia, Ecuador, Peru and Bolivia. Like opium, coca has been used by peoples before their main 
active compounds were isolated. The most common use of the leaves is to chew them, which prevents 
altitude sickness. It is also used as an anaesthetic. Its production is persecuted because of it cocaine is 
extracted, with whose contraband terrorist groups like the FARC are financed. The first to isolate and 
identify this alkaloid was Albert Niemann in 1859. It began to be used to treat addiction to morphine in 
1879 (also because it was believed to be less addictive) and as an anaesthetic by 1884. The desired ef-
fects of cocaine are happiness and extreme energy, state of mental alertness and hypersensitivity of 
sight, hearing and touch. In the mid-twentieth century cocaine addicts were already hundreds of thou-
sands and today it is the second most consumed illegal drug in the world behind cannabis (although far 
behind the legal ones: alcohol, tobacco and hypnosedatives). Acute side effects are irritability, paranoia, 
restricted blood vessels, dilated pupils, nausea, elevation of body temperature, blood pressure and heart 
rate, tremors, muscle contractions and restlessness. The long-term effects are malnutrition (since it de-
creases appetite), Parkinson's type movement disorders (after many years of use), irritability, restless-
ness, paranoia and those derived from the route of administration: loss of smell, nosebleed , problems 
with ingestion, deterioration of the intestines, or HIV and hepatitis C (NIDA). 

Box 2. Opium, morphine and heroin 

Heroin (diacetylmorphine, INN) is synthesized in the laboratory from the acetylation of morphine 
hydrochloride, an alkaloid present in opium. This is a resin that is extracted from incisions made in 
the green capsules without petals of the opium poppy (Papaver somniferum), of the same genre as 
the common poppy (P. rhoeas). Morphine is a benzylisoquinoline alkaloid (such as papaverine, the-
baine, codeine or noscapine, all present in the opium poppy and therefore called opiates) that the 
plant synthesizes from the amino acid L-tyrosine. The opium poppy is native to the Mediterranean 
basin and Fertile Crescent. There is evidence that opium has been used for millennia by different 
cultures. One of its effects, shared with THC, the active ingredient of hemp (Cannabis sativa), is the 
analgesic, as well as pleasant sensation. The opium trade led to serious conflicts such as the Opium 
Wars, in which the British Empire, the United States, and France fought against China, which suffered 
an epidemic of opium addiction and tried unsuccessfully to stop its contraband. The first to isolate 
and identify morphine (Morpheus, Greek god of sleep and dreams) was the German Friedrich WA 
Sertürner, who marketed it from 1817. After the invention of the hypodermic syringe in 1853 began 
to be used as an analgesic, especially in the war, it left hundreds of thousands of morphine addicts 
(soldier's disease). In 1878 Charles RA Wright synthesized and isolated heroin, which began to be 
marketed by Bayer in 1898 as a cough suppressant and to treat morphine addiction. Shortly after 
the first cases of heroin addicts began to be known, experiencing a worldwide boom in the decades 
of the 1970s and 1980s, which caused the death of thousands of young people especially in the West. 
As of the 1990s, heroin abuse fell due, among other factors, to the appearance of AIDS and the in-
creasing use of cocaine. Although its use is marginal today it has grown during the Great Recession 
(2008-present) and in the USA there is talk of an epidemic. Acute side effects are slowing of heart 
rate and breathing, dry mouth, redness and overheating of the skin, feeling of heaviness in arms and 
legs, nausea and vomiting, intense itching, clouding of the mental faculties and repeated alternation 
between waking states and numbness. Long-term side effects are insomnia, infection of the pericar-
dium or heart valves, abscesses, constipation, stomach pain, liver and kidney diseases, pulmonary 
complications such as pneumonia, mental disorders such as depression or antisocial personality dis-
order, sexual dysfunction in men and irregular menstrual cycles in women, in addition to those de-
rived from the route of administration: HIV and hepatitis C, collapse of veins in which it is injected, 
or damage to the tissues of the nose (NIDA). 

Table 3. Sugar and sucrose 

Table sugar or sucrose (-D-glucopyranosyl-(1→2)--D-fructofuranoside) is the mole-
cule used by plants to move carbohydrate reserves between the different organs through 
the sap, of the same way animals use glucose through the blood. Animals do not synthe-
size it but are able to process it. Sugarcane (Saccharum officinarum), native to Southeast 
Asia, and sugar beet (Beta vulgaris ssp, vulgaris var. altissima), native to the European 
continent, are plants cultivated to produce it in large quantities. The first to extract and 
purify it were from India. From there the technology travelled to Persia and from there, 
with the Muslim expansion, to Europe. Then it crossed the ocean to America, the world's 
leading producer. The sugar beet began to be used from the eighteenth-nineteenth cen-
turies in order for metropolis to be independent from their colonies (IEDAR, Institute of 
Studies of Sugar and Beet). Another traditional sweetener is honey, which, being of ani-
mal origin, contains mostly fructose and glucose. At the end of the 19th century, synthetic 
and semi-synthetic sweeteners began to appear (saccharin: 1879). These molecules bind 
to membrane receptors on the tongue, palate and epiglottis, as do natural sweeteners. 
But unlike them they contain few (or none) calories. Increasingly, both natural and syn-
thetic sweeteners are added to processed foods for later consumption. At the same time, 
more and more studies are published in which one or the other is associated with health 
problems such as diabetes, cavities, different metabolic disorders or even cancer. The 
creation of a sugar tax has been raised (“Obesity: We need to move beyond sugar,” 2016). 
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1.1.2. Effects of timing on relapse 

“Con la sola excepción de los alimentos, no existen en la Tierra sustancias que estén tan 
íntimamente asociadas a la vida de los pueblos en todos los países y en todos los tiem-
pos” (Ludwig Lewin Jacobson in Jean Louis Brau’s Historia de las drogas).  

 

 

 

Substances of abuse have existed for millennia and have been consumed through-
out history for many reasons (Boxes 1-4). They are anchored to the culture of peo-
ples in the form of ointments, potions or catalysts that  accompany rites and other 
social interactions, such as drinking alcohol, smoking tobacco when leaving bars 
or consuming ayahuasca in certain rituals. Also in the form of (self)medications 
such as chewing coca leaves (chacchar) to prevent altitude sickness or to consume 
opium or marijuana to fight pain. 

When an individual with a problematic substance use ceases to consume, it is said 
that she/he enters a period of abstinence. This period can be interrupted momen-
tarily, what we call slip or lapse, or consumption behaviour can 
be restored, which is called relapse. More often, lapse follows a 
relapse. This lapse and subsequent relapse can be triggered by 
the reasons mentioned above (ritual, medication). If the inter-
ruption of the consumption causes a syndrome of abstinence, 
the relapse can be a way to avoid it. To these factors is added 
exposure to stimuli and contexts strongly associated with 
drugs (an ashtray, a bar) and stress situations (Dong et al., 
2017). It has been observed, for example, that periods of eco-
nomic recession are associated with an increase in drug use 
and that this association is due to the distress caused by the 
loss of employment or the fear of losing it (Nagelhout et al., 
2017). Drug abuse carries a series of negative consequences 
(Boxes 5-6). Therefore, the understanding of the causes of re-
lapse is crucial to combating them. 

The intensity of craving may vary at the individual level de-
pending on various timing factors, such as the time of day, the 
frequency of use and the duration of abstinence. 

Circadian effects on heroin craving. In their study, Ren et al. 
(2009) measured the ability of heroin associated cues to induce 
craving throughout the day, from 8:00 am to 8:00 pm They re-
cruited 80 heroin addicts, all men, aged between 20 and 45 
years old, retained in a rehabilitation centre in Beijing. They ob-
served a decrease in craving towards midday, which correlated 
with induced anxiety. None of these parameters correlated 
with changes in heart rate or diastolic or systolic pressures af-
ter being exposed to these cues. 

Effect of the frequency of cocaine and alcohol consumption 
on craving. In their study, conducted at the Connecticut Mental 
Health Centre, Fox et al. (2005) divided individuals (54 cocaine 
addicts of both sexes) into high and low frequency consumers. 
They observed that high frequency consumers, who also con-
sumed more alcohol, were more sensitive to stress and cues to 
craving and anxiety. A few years earlier, Ahmed et al. reported 
that rats that had escalated their use during cocaine (S H Ahmed and Koob, 1999) 
and heroin (Ahmed et al., 2000) self-administration protocols with extended ac-
cess (6 hours a day) were more sensitive to reacquire consumption behaviour af-
ter an episode of stress than rats that had acquired the habit with restricted access 
protocols (1 or 2 hours a day).  

Box 4. Origin of drugs of abuse 

Where do the so-called drugs of abuse come from? 
There are natural, synthetic and semi-synthetic (from 
natural substances). Human beings have consumed 
them for millennia. The origin of many of the natural 
substances of abuse is closely linked to food: it is 
thought that to prevent being devoured by herbivorous 
animals, nature began to select the plants based on their 
ability to repel them. Although attractant molecules ap-
peared to promote zoochory and thus take advantage of 
their predators, a plethora of repellent, toxic, psycho-
tropic secondary metabolites also emerged, which the 
animals had to face. Toxics as the capsaicin, as well as 
neurotoxics acting on different neurotransmitter sys-
tems. Among them are morphine (from which heroin is 
synthesized), thebaine (from which buprenorphine is 
synthesized), cocaine, nicotine, caffeine, ephedrine 
(from which amphetamines are derived), cannabinoids, 
ergoline (from which LSD is obtained) and a long etcet-
era. But why did reinforcement mechanisms evolve in 
mammals that are easily triggered by toxic substances? 
Some researchers explain this paradox of drug reward 
appealing to a counter-exploitation of plants neurotox-
ins by animals to fight parasites (pharmacophagy), as 
analgesics or as cognitive enhancers; “Conversely, unex-
ploited toxins will not activate reward and reinforcement 
mechanisms” (Hagen et al., 2009). 

But not all drugs of abuse with a natural origin come 
from the secondary metabolism of the plants: both alco-
hol and GHB come from fermentations, and are also syn-
thesized to a lesser extent in animals. Among synthetic 
substances of abuse we can mention barbiturates, ben-
zodiazepines, methadone (opioid), ketamine and inhal-
ants (organic solvents, alkyl nitrites), although there are 
also of geological origin, such as the ethylene of the Or-
acle of Delphi (De Boer and Hale, 2000). In addition to 
the substances of abuse mentioned above, food in gen-
eral, and sugar in particular, can also generate compul-
sive behaviours. 
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Effect of the abstinence length on craving. There are five publications (three 
from China and two from the United States, Table 1, Figure 3) about the evolution 
of the basal craving and the cue-induced craving throughout the abstinence period 
of people addicted to cocaine (Parvaz et al., 2016), methamphetamine (Wang et 
al., 2013), heroin (Wang et al., 2012), alcohol (Li et al., 2015c) and tobacco (Bedi 
et al., 2011). Other parameters studied can be grouped into two main blocks: the 
withdrawal syndrome and related parameters, such as cortisol levels, heart rate, 
emotional state, anxiety and depression; and neuropsychological measures re-
lated to decision making, attention, impulsivity and work memory. 

Reference Drug of abuse Type of study Control of abstinence Regime Measurement of craving 

Parvaz et al., 2016 cocaine transversal questionary none questionary (liking, wanting),LPP 

Wang et al., 2013 metamphetamine transversal questionary prison questionary 

Wang et al., 2012 heroin transversal questionary prison questionary 

Bedi et al., 2011 tobacco longitudinal questionary + BAU none questionary 

Li et al., 2015c alcohol longitudinal questionary + BAU hospital questionary 

 

In general, it is observed that the basal craving decreases as the abstinence pro-
gresses, in parallel to the withdrawal syndrome and the errors in decision making. 
On the contrary, cue-induced craving increases during abstinence, to go back 
down after a few months,  a phenomenon called incubation of craving.  

  

Table 1. Studies about human craving incubation. BAU: biochemical analysis in urine; LPP: late positive potential. 

Box 5. Problems associated with drug use 

It is estimated that a total of 246 million people (or one in 20 people between the 
ages of 15 and 64) consumed illicit drugs in 2013. As indicated in the World Drug 
Report (UNODC, 2017), the magnitude of the problem becomes more evident if 
one takes into account that more than 1 in 10 drug users is a problematic con-
sumer suffering from disorders caused by drug use or drug dependence. That is, 
around 27 million people are problematic drug users worldwide. Practically half 
of them use injectable drugs, and an estimated 1.65 million of them were affected 
by HIV in 2013. To this virus must be added that of hepatitis C. The annual num-
ber of deaths related to drug use (187 100 in 2013) has hardly changed. Un-
doubtedly death by overdose is the worst consequence of substance use. 
Although in 2010 the numbers of overdose deaths in Europe began to fall (from 
8000 to less than 7000), there has been an upturn, exceeding the 8000 deaths in 
2015. Four out of every five deceased are men, and the vast majority with the 
presence of opioids. To this must be added the financing of organized crime 
groups derived from the consumption of illicit drugs, especially heroin and co-
caine. And although there is no direct relationship between risks and legislation, 
these two, heroin and cocaine, are without a doubt the most harmful in terms of 
dependence and physical deterioration (Nutt et al., 2007). 

Nutt et al., 2007 
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Box 6. DSM-5: Substance use disorder and compulsive eating disorder 

According to the US National Institute on Drug Abuse (NIDA), "drug addiction is a chronic disease characterized by drug seeking 
and use that is compulsive, or difficult to control, despite harmful consequences." In the DSM-5 (American Psychiatric Association, 
2013) we can find substance-related and addictive disorders' and 'feeding and eating disorders'. They have in common a phase 
of compulsive consumption followed by abstinence and relapse due to craving, which can be induced by stress. 

Substance use disorders. In the latest version of the DSM the notion of degrees of substance used 
disorder is introduced, depending on the number of diagnostic criteria that the individual meets (low, 
moderate, severe). There are criteria related to abuse (appearance of social problems, risky use, 
health problems), dependence (tolerance, withdrawal syndrome, escalation) and craving. Among 
these criteria, we find the 'repeated attempts to stop or control consumption', alluding to the cycles 
of abstinence and relapse that drug addicts present. 

Compulsive eating disorder Also called binge-eating disorder, it is undoubtedly the most similar to 
the previous one. The essential characteristic is the presence of recurrent episodes of unnecessary 
binge eating with loss of control. In U.S.A. it has a prevalence of 1.6% in women and 0.8% in men, 
without differences between cultural groups or with other industrialized countries. It is often suf-
fered from childhood or adolescence and there seems to be some genetic predisposition. It is often 
accompanied by obesity, which is already considered a pandemic and a form of severe malnutrition. 
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1.1.3. Clinical relevance of the incubation of craving 

Research in human craving incubation. In the previously 
mentioned study with cocaine addicts (Parvaz et al., 2016), 
three parameters related to craving were measured: the so-
called liking and wanting, and the cue-related late positive 
potential (LPP). While the first two followed the same kinet-
ics as the basal craving, the last, related to craving and re-
lapse, suffered an increase during the first months to fall after 
a year.  

In the study of heroin addicts (Wang et al., 2012), no such phenomenon was ob-
served, possibly because the first time they measured the induction of craving was 
one month. For that time it is possible that the phenomenon had reached a maxi-
mum (Gu, 2018). On the other hand, this study is transversal, not longitudinal, and 
in addition no biochemical tests were performed to verify the abstinence of the 
participants. There is at least one other study in heroin addicts in which an incu-
bation of craving is observed, although they do not distinguish between basal and 
induced craving (Nava et al., 2006). In this study they observed a decrease in crav-
ing from the first day to the third month followed by an increase after one year of 
abstinence. In another study on cigarette smokers they also observed an initial 
decrease and a subsequent increase in the second month of abstinence from the 
severity of the withdrawal syndrome in half of the participants (Piasecki et al., 
2000).  

As early as 1986, researchers Gawin FH and Kleber HD hypothesized that induced 
craving could present this incubation property (Li et al., 2016). However, it was 
not until the decade of 2010s, ten years after its discovery in animals, that the 
study of the incubation of craving in humans began. 

  

Figure 3. Parameters measured in studies on incubation of craving in addicted people. Evolution of different parameters is pre-
sented over time for the five drugs of abuse (C: cocaine; M: methamphetamine; H: heroin; T: tobacco; A: alcohol). Solid lines, changes 
with significant differences; dashed lines, without significant differences; dotted line in the craving induced by cues associated with cocaine 
represents the value of liking and wanting. 
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Clinical relevance in the relapse of drug abuse. The evolution of induced craving 
throughout the abstinence period could have important therapeutic implications 
to avoid relapse. Accordingly, over the last decade more than 100 articles on the 
subject have been published. The actual shape of the incubation curve for drugs of 
abuse is unknown because the studies available on this matter are longitudinal 
and of short duration (tobacco and alcohol) or long-term cross-sectional (cocaine 
and methamphetamine). In this type of studies there is an obvious bias: partici-
pants with long abstinence times are those who are more resistant to relapse, and 
therefore a lower score is expected in the measure of craving. In addition, in none 
of them was abstinence verified with biochemical tests. Therefore, it is possible 
that the incubation of craving could have been maintained for at least one year of 
abstinence. 

Does this mean, therefore, that the probability of relapse 
will increase with the time of abstinence? Referring again to 
the survival/abstinence curves we observed that this is not 
the case. This is somewhat expected as the basal craving is 
at its maximum at short times of abstinence and then de-
creases. In addition, there are other triggers of relapse such 
as withdrawal syndrome and stress. 

In the study on methamphetamine addicts, Brecht and 
Herbeck (2014) observed that, although the survival/absti-
nence curve of the total individuals responded to the pattern 
described above, when circumscribing the study to those in-
dividuals with family environments of low vulnerability to 
relapse and with psychotherapy during abstinence the 
greater probability of relapse did not occur in the first six 
months after stopping consumption but in the following six 
months of abstinence (Figure 4). However, there are no 
more studies that are limited to this subpopulation with this 
or another drug, so the relationship with the incubation of 
craving is mere speculation.  

Clinical relevance in the relapse of food consumption. The incubation of food 
craving induced by food-related cues is elusive mainly because it has never been 
studied as such and, therefore, the experimental designs are not optimized to de-
tect it. An added problem is to define food abstinence, given the inevitability of 
eating in daily life. A valid approach could be to study people on diets: individuals 
subjected to restrictive ones are more abstainers than people subjected to normal, 
non-restrictive diets. By studying groups with restrictive diets, it has been ob-
served that basal craving, like that experienced with drugs of abuse, tends to de-
crease during abstinence. At least three studies observe this effect, measuring the 
craving at different times each: at 0, 6 and 12 weeks (Martin et al., 2006), at 1 and 
7 days (Massey and Hill, 2012), and at 0 and 6 months (Batra et al., 2013). A clue 
about the existence of the incubation of food craving induced by cues is found in 
the metanalysis conducted by Boswell and Kober (2016). When calculating the 
craving induced by food-related cues in people without and with restrictive diets, 
they found a higher although non-significant value (p=.09) in the seconds (unre-
stricted: r=.19, IC95=[.10,.28]; restricted: r=.31, IC95=[.20,.42]; Figure 5).  

There is an equivalent phenomenon: the incubation of the fear response. This phe-
nomenon is known at least since the beginning of the 20th century (Diven, 1937) 
and is qualified as necessary for the symptoms of a trauma to be expressed. If both 
incubations, that of conditioned fear and that of cue-induced craving, shared un-
derlying processes and these were of equivalent intensity, we could say that the 
incubation of craving is a relevant phenomenon in relapse. Again, in the absence 
of studies that directly contemplate this possibility, it is mere speculation. 

  

Figure 4. Curve of survival/abstinence for meth-
amphetamine abstinence. For the total population 
the greatest fall occurs during the first six month, and 
during the next six month for the subpopulation with 
less vulnerability (Brecht and Herbeck, 2014). 
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1.2. STATE OF THE ART IN THE INCUBATION OF CRAVING 

1.2.1. Human neuroimaging studies 

Whether we talk about food or about drugs of abuse such as tobacco, the cues as-
sociated with the substance induce desire to consume, and ultimately, consump-
tion. Such is the case of the association between the reactivity to these stimuli, 
measured by functional magnetic resonance imaging (fMRI), and the relapse to 
tobacco consumption (or persistence to smoking) in smokers. In the case of food, 
there is a relationship between cue-reactivity, weight and the risk for obesity. In 
fact, it has been observed that the stimuli related to smoking and food activate the 
same brain regions: the amygdala, the hippocampus, the prefrontal cortex and the 
striatum. The greatest overlap is found in the amygdala and the ventral striatum, 
although it seems that the activation of the latter by the stimuli declines with ab-
stinence (Tang et al., 2012; Figure 6). In a review about the relationship between 
reactivity to associated stimuli and relapse and treatments, they found certain 
similarities between the different drugs of abuse. First, relapse seems to be related 
to a greater cue-reactivity of the dorsal prefrontal cortex (dPFC). Second, although 
with less evidence, pharmacological treatments seem to cause decreases in the re-
activity of the ventral striatum and the orbitofrontal cortex. Finally, psychosocial 
treatments seem to decrease the reactivity of both the dPFC and the amygdala 
(Courtney et al., 2016). However, given that the incubation of cue-induced craving 
is a process that develops throughout the time of abstinence, it is important to 
determine how the reactivity of the brain regions changes with the associated 
stimuli. We have only found two articles in which the reactivity to the cues after 
short and long periods of abstinence is analysed (including the explicit differences 
between both timepoints). The first of these two studies deals with heroin addicts 
and the second with people on diets. 

Studies of fMRI during heroin abstinence. In a study in which the reactivity to 
heroin-related cues was measured by fMRI in short-term (7-72 days) and long-
term (150-300 days) heroin abstinence patients, it was observed that the latter 
had a lower activation of the caudate and the cerebellum, as well as different cor-
tical regions (anterior cingulate cortex, inferior parietal lobe, medial prefrontal 
cortex, medial occipital, precuneus). Furthermore, only in the group of long-term 
abstainers a greater reactivity of the amygdala was observed ( Li et al., 2013a). 

Studies of fMRI during food dieting. In a recent study, Kahathuduwa et al. (2018) 
analysed, not reactivity, but functional connectivity between regions after expos-
ing subjects with or without restrictive diets to food-related cues. Specifically, they 
observed that the control exercised by the dorsolateral prefrontal cortex (dlPFC) 
over other areas, such as the orbitofrontal cortex, the amygdala and the nucleus 
accumbens, during exposure to visual cues related to food was strongly correlated 
with less craving during a diet of total food replacement when compared to a typ-
ical low calorie diet that fails to reduce craving to the same levels as the first. In 
the rat, the medial prefrontal cortex (mPFC) presents neurophysiological similar-
ities with primate dlPFC (Seamans et al., 2008), so the weaker control of mPFC 
over these areas could be related to a greater craving induced by cues.  

nucleus accumbens 

amygdala 

Figure 6. Brain regions acti-
vated in fMRI studies. Both the 
stimuli associated with smoking 
and those associated with food 
activate the amygdala and nu-
cleus accumbens (Tang  et al., 
2012). 
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1.2.2. Animal models of craving incubation 

“A real-life heroin market differs from the controlled supply environment in animal exper-

iments and is a product of social behavior.” (Hoffer et al., p.318, Computational neurosci-

ence in drug addiction) 

Animal models of consumption, abstinence and relapse. There are several par-
adigms, differing mainly in whether the animal receives the dose actively or pas-
sively: 

i) Passive administration (non-contingent). The animal receives a dose when the 
researcher wishes, independently of the behavior of the animal. Because drug ad-
ministration does not depend neither on the action nor the motivation of the ani-
mal, this model is usually employed to study pharmacokinetic and 
pharmacodynamic aspects of drugs, such as tolerance and sensitization. The place 
conditioning, both preferential and aversive (CPP, CPA), is a test that is performed 
in a device composed of two compartments joined by a corridor. The animal re-
ceives a non-contingent dose of a substance in one of the chambers and then the 
researcher observes the animal's preference for staying on one or the other, inter-
preted as preference or aversion for the substance. With this paradigm the Pavlo-
vian component of addiction can be studied, and although the rat is also used, the 
mouse is traditionally the experimental subject in this paradigm. Another variant 
of passive administration is the study of locomotor sensitization, that is, the in-
crease in locomotor activity after several administrations of the drug.  

ii) Self-administration (contingent). The animal receives a dose each time it per-
forms a certain action (such as pressing a lever or inserting the head into a cavity, 
usually associated with a stimulus like a light or tone) in a Skinner box. Therefore, 
with this paradigm instrumental components of addiction are studied, and alt-
hough the mouse is also used, the rat is traditionally the experimental subject in 
this paradigm. Different psychological phenomena such as decision making, lack 
of control, compulsivity and habituation can be studied. The duration of the daily 
sessions affects the addictive phenotype obtained in these rodent models. Indeed, 
the phenotype most similar to the human situation is the one obtained with longer 
session times (≥4 hours a day, extended access) rather than with short times (≤2 
hours a day, restricted access). For example, after a first phase of behavior acqui-
sition (for example, pressing a lever to receive an intravenous drug dose), comes 
a second phase of behavior maintenance in the case of restricted access, and esca-
lation in the behavior in the case of extended access, reproducing the situation in 
humans. Also after extended access, and as in humans, rats will show a stronger 
preference for the drug than for other natural reinforcers (eg, sucrose), and will 
be more resistant to a punishment afflicted by consumption, that is, they will keep 
more time consuming despite receiving a punishment for doing so. This last sign 
can be used as a criterion when diagnosing rodents as addicts. In addition, as we 
will see in the next section, rats that go through an extended access protocol are 
more likely to incubate cue-induced seeking.  

Both the paradigms of passive administration and self-administration can be com-
bined with periods of abstinence: 

iii) Withdrawal. The animal is returned to its home cage, separated from the con-
text and the cues associated with the administration. 

iv) Extinction (only in cases of CPP and self-administration). The animal is exposed 
to the context and/or the cues associated with the substance but in the absence of 
it. Throughout the sessions the animal will cease to hang around that chamber or 
press that lever. The clinical relevance of this last paradigm is doubtful, given that 
drug addicts do not usually experience extinction. Therefore, and although most 
published articles on relapse use extinction protocols prior to relapse, withdrawal 
is increasingly used.  

v) Voluntary abstinence. The animal stops self-administering the substance be-
cause it is given a choice between it and preferring palatable food (Caprioli et al., 
2015a). 

X 
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After a period of abstinence, both relapse and reacquisition can be studied. Both 
can be triggered by a passive administration of the drug, by stress, by exposure to 
the context or by exposure to the cues associated with consumption:  

vi) Relapse. Although the term may be regarded as misleading, the term seeking is 
commonly used for protocols in which the animal is placed into the Skinner box 
but no drug is available. The active lever and stimuli may be present when pressed, 
or only the lever. Therefore, this situation is actually an extinction session. 

vii) Re-acquisition. When this term is used it is to refer to relapse protocols in 
which the drug is present contingently. 

Animal models of seeking incubation. The first investigations that observed the 
incubation of seeking in rodents were carried out in rats (Rattus norvegicus) with 
intravenous self-administration protocols with extended access to the substance, 
cue-induced relapse and no extinction during abstinence. Since then, this phenom-
enon has been observed in other paradigms. Below are the representative studies 
of each of them (carried out in rats unless otherwise indicated) and the substances 
with which they were observed, as well as some cases in which they were not ob-
served (Box 7).  

  

Box 7. Paradigms in which incubation has been observed 

a. SELF-ADMINISTRATION… (contingent) 

a.1. Extended access… 

 a.1.1. and withdrawal followed by… 

  a.1.1.1. relapse… 

  … induced by cues: 

   - cocaine (Grimm et al., 2001) 

   - heroin and sucrose (Shalev et al., 2001) 

   - sucrose (Grimm et al., 2002) 

   - methamphetamine (Shepard et al., 2004) 

   - alcohol (Bienkowski et al., 2004) 

   - nicotine (Abdolahi et al., 2010) 

   - sucrose (Aoyama et al., 2014) 

   - palatable food (Krasnova et al., 2014) 

   - WIN55,212-2 (Kirschmann et al., 2017) 

   - oxycodone (Blackwood et al., 2018) 

  … induced by context: 

   - heroin (Sun et al., 2015) 

   - not with methamphetamine (Adhikary et al., 2017) 

  … induced by stress: 

   - heroin (Shalev et al., 2001) 

   - trend with sucrose (Shalev et al., 2001) 

   - not with methamphetamine (Shepard et al., 2004) 

  … induced by a non-contingent dose: 

   - not with methamphetamine (Adhikary et al., 2017) 

  a.1.1.2. readquisition: 

   - alcohol (Bienkowski et al., 2004) 

   - heroin (Zhou et al., 2009) 

   - palatable food (McCue et al., 2018) 

   - *cocaine (Guillem and Ahmed, 2018) 

   - *not with cocaine (Hollander and Carelli, 2005) 

 a.1.2. and voluntary abstinence followed by cue-induced relapse: 

   - methamphetamine (Caprioli et al., 2015a) 

   - not with heroin (Venniro et al., 2017b) 

 a.1.3. and extinction followed by cue-induced relapse: 

   - cocaine (Madsen et al., 2017) 

   - nicotine (Markou et al., 2018) 

 a.1.4. and context extinction followed by cue-induced relapse: 

   - sucrose (Harkness et al., 2016) 

   - not with methamphetamine (Adhikary et al., 2017) 

 

 

 

 

a.2. Restricted access… 

 a.2.1. and withdrawal followed by cue-induced relapse: 

  - cocaine (Hollander and Carelli, 2005) 

  - sucrose (Grimm et al., 2005) 

  - methamphetamine (Caprioli et al., 2015c) 

  - cocaine (Nugent et al., 2017), in mice 

  - sucrose (Nugent et al., 2017), in mice 

  - nicotine (Funk et al., 2016) 

 a.2.2. and extinction followed by cue-induced relapse: 

  - cocaine (Nugent et al., 2017), in mice 

  - not with sucrose (Nugent et al., 2017), in mice 

a.3. Intermittent access and withdrawal followed by cue-induced relapse: 

  - cocaine (James et al., 2018) 

a.4. A single session and withdrawal followed by cue-induced relapse: 

  - cocaine (Halbout et al., 2014), in mice 

  - alcohol (Mijakowska et al., 2017), in mice 

  - not with palatable food (Halbout et al., 2014), in mice 

b. PASSIVE ADMINISTRATION… (non-contingent) 

b.1. Conditioned place preference: 

  - morphine (Li et al., 2008) 

  - morphine (Hamed et al., 2012; USVs) 

  - morphine (Sun et al., 2017), in tree shrews 

  - saline (Hamed and Boguszewski, 2018; USVs) 

  - cocaine (Lubbers et al., 2016), in mice 

b.2. Locomotor sensitization… 

 b.2.1. induced by a non-contingent dose: 

  - cocaine (Valjent et al., 2010;  McCutcheon et al., 2011) 

  - methamphetamine (Wu et al., 2016) 

  - morphine (Valjent et al., 2010) 

 b.2.2. induced by a non-contingent dose of cocaine: 

  - not with sucrose (Grimm et al., 2006) 

 b.2.3. induced by cues: 

  - not with cocaine (Diehl et al., 2013) 

  - sucrose (Grimm et al., 2008; Harkness et al., 2010) 

c. CONDITIONED FEAR (Pickens et al., 2009) 

  
  

 
  

            

 
  

 

 

X 
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As can be seen in the list, incubation of seeking is observed using rats, mice and 
even tree shrews, all close to our order (Figure 7).  

 

 

 
It has been achieved after extended access protocols with a multitude of sub-
stances (Figure 8) but also after intermittent access, restricted access and after a 
single session of self-administration. Also when abstinence was a forced with-
drawal, voluntary or even after extinction protocols. And inducing the seeking 
through exposure to cues, context or stress. 
 

In addition, incubation has not only been observed in paradigms of self-admin-
istration, but also in paradigms of place conditioning (CPP and CPA) and locomo-
tor sensitization (Figure 9), both after non-contingent injections of the substance 
(or shocks in the case of CPA). Although it has not been possible to induce incuba-
tion with all the substances tested in all the paradigms, we think it is very likely 
that it is simply because the optimal experimental circumstances have not been 
achieved, just as restricted access sometimes induces incubation and sometimes 
does not .  

There is a similar process in the pharmacological and toxicological literature: pre-
conditioning or hormesis. A mild toxic insult induces a protective response in the 
organism against insults of the same nature, only observable during a time win-
dow that goes from days to weeks (Calabrese, 2016). The difference with the in-
cubation of seeking (or the locomotor sensitization) is the measured parameter: 
in the case of hormesis we measure the capacity of a stimulus (an insult: a toxic, 
hypoxia) to generate damage while in the case of incubation we measure the ca-
pacity of a stimulus (cues associated with the substance, stress, an injection of the 
substance) to provoke a response (seeking or locomotor activity). Therefore, 
while in hormesis we observe a tissue response, in the incubation of seeking or 
locomotor sensitization we observe a behavior. 

It is also possible that the incubation of the locomotor sensitization and of the 
seeking are independent phenomena, as well as the incubation of the CPP and CPA. 
However, we believe that the incubation of seeking induced by cues is less likely 
to have a different substrate depending on whether it is one substance or another.  

Rattus norvegicus Mus musculus Tupaia belangeri Homo sapiens

Glires Euarchonta

Rodentia
Scandentia Primates

Euarchontoglires

Figure 7. Phylogeny of the incu-
bation of seeking. The phenome-
non has been observed in at least 
four animal species, including hu-
mans, all of them phylogenetically 
close, belonging to: 
 

    >Animalia 
     >Chordata 
      >Vertebrata 
       >Mammalia 
        >Theria 
         >Eutheria 
          >Boreoeutheria 
           >Euarchontoglires >>> 

Figure 8. Incubation of seeking after extended access. The seeking increases along with forced 
abstinence of cocaine, nicotine, alcohol, heroin, methamphetamine and sucrose, among other sub-
stances (Pickens et al., 2011). 

Figure 9. Incubation of locomotor 
sensitization. The ability of a co-
caine injection to induce a locomo-
tor activation increases as the days 
go by (Valjent et al., 2010). 
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1.2.3. Psychobiology of seeking incubation 

Substances and research groups. Most of the studies of seeking incubation focus 
on a single substance. Only a few study two substances in parallel: cocaine and 
sucrose (Grimm et al., 2002; Shin et al., 2016; Swinford-Jackson et al., 2016) co-
caine and palatable food (Halbout et al., 2014), methamphetamine and heroin 
(Theberge et al., 2013; Venniro et al., 2017b) and methamphetamine and palatable 
food (Krasnova et al., 2014). The remaining studies focus on one substance: two 
thirds study the cocaine seeking incubation, and the remaining third is divided 
between methamphetamine, heroin and sucrose, with anecdotal studies of mor-
phine, nicotine, ethanol, saccharin and palatable food. The published reviews that 
totally or partially deal with the incubation phenomenon focus almost exclusively 
on the incubation of cocaine seeking, largely because it is the most studied sub-
stance (Dong et al., 2017; Li et al., 2015a; Li and Wolf, 2015; Loweth et al., 2014b; 
Lu et al., 2006, 2004; Marchant et al., 2013; Pickens et al., 2011; Wolf, 2016; Wolf 
and Ferrario, 2010; Wolf and Tseng, 2012). In addition, while it is true that the 
phenomenon has attracted more researchers over the years, most of the publica-
tions, including these reviews, belong to a handful of groups, most of them from 
the U.S.A.: the groups of Marina E. Wolf and Yavin Shaham, who have collaborated 
several times, of Karen K. Szumlinski and Jeffrey W. Grimm. The latter published 
with Yavin Shaham the first article on the incubation of seeking in rats. It was us-
ing cocaine. He then specialized in the incubation of sucrose seeking (Figure 10). 

 

 

 

 

 

Biochemical and pharmacological studies in seeking incubation. We can differ-
entiate three types of studies:  

- consequences of reacquisition, exposure to cues or extinction tests, 
- consequences of pharmacological manipulation of a region, and 
- biochemical changes throughout withdrawal. 

A recurrent problem is the differential manipulation at short and long abstinence 
times (for example, the use of agonists of a pharmacological target at short times 
and of its antagonists at long times or vice versa), or even the absolute lack of ma-
nipulation at one of the times. The most studied brain region is undoubtedly the 
nucleus accumbens, followed by the prefrontal cortex and the amygdala. Other re-
gions studied in several articles are the ventral tegmental area, the dorsal striatum 
and the hippocampus. There are also studies with systemic intraperitoneal (i.p.) 
and subcutaneous (s.c.) administrations. 

The different results found in the literature are presented in tables, grouped ac-
cording to the type of study: pharmacological manipulation of a region (Table 2), 
effect of the extinction test (Table 3) or changes in biochemical variables (Table 
4). In the following section (Involvement of brain regions in the incubation of seek-
ing) the main findings will be discussed, region by region, giving more importance 
to the manipulation studies, and secondarily to the studies of extinction tests and 
changes in biochemical variables. Then the effects of stress and environmental en-
richment, of age and sex, as well as the kinetics of incubation will be presented. 
Finally, a summary of the state of the art will be outlined.  

Figure 10. Publications 
about seeking incubation. 
Most come from a handful 
of US research groups, 
although as the number of 
annual publications 
increases, so does the 
number of groups involved. 
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   withdrawal  

region MANIPULATION S early late reference 

DS anti--endorphin cocaine − n.d. (Dikshtein et al., 2013) 
DS -endorphin cocaine n.d. − (Dikshtein et al., 2013) 

DS GDNF, post last SA day heroin − n.d. (Airavaara et al., 2011) 

DLS muscimol/baclofen (GABA agonists) cocaine ↓ ↓ (Pacchioni et al., 2011) 

DLS SCH23390 (D1 antagonist) meth n.d. ↓ (Li et al., 2015d) 

DCS SCH23390 (D1 antagonist) meth − ↓ (Li et al., 2015d) 

DMS SCH23390 (D1 antagonist) meth n.d. ↓ (Li et al., 2015d) 

DMS SCH39166 (D1 antagonist) meth − ↓ (Caprioli et al., 2017) 

DMS raclopride (D2 antagonist) meth − ↓ (Caprioli et al., 2017) 

DMS SCH23390 (D1 antagonist), unilateral meth n.d. − (Li et al., 2018) 

DMScues inactivation with Daun02 meth n.d. ↓ (Caprioli et al., 2017) 

DMS<AIT-L SCH23390 < muscimol/baclofen, ipsi/contra meth − ↓ (Li et al., 2018) 

NAc -endorphin cocaine n.d. ↓ (Dikshtein et al., 2013) 
NAc anti--endorphin cocaine ↑ n.d. (Dikshtein et al., 2013) 

NAc epigenetic targets cocaine n.d. ↔ (Massart et al., 2015) 

NAc GDNF, post last SA day heroin ↑ − (Airavaara et al., 2011) 

NAc anti-GDNF, after SA heroin n.d. − (Airavaara et al., 2011) 

NAc epigenetic targets sucrose n.d. ↔ (Massart et al., 2015) 

NAc naltrindol (DOR antagonist) + -endorphin cocaine n.d. − (Dikshtein et al., 2013) 

NAc CTAP (MOR antagonist) + -endorphin cocaine n.d. ↓ (Dikshtein et al., 2013) 

NAc naltrindol (DOR antagonist) cocaine ↑(inter) − (Dikshtein et al., 2013) 

NAc CTAP (MOR antagonist) cocaine − − (Dikshtein et al., 2013) 

core PAM-mGluR1 cocaine n.d. ↓ (Loweth et al., 2014a) 

core Naspm (CP-AMPAR antagonist) cocaine − ↓ (Conrad et al., 2008) 

core rolipram (PDE-type IV antagonist) heroin n.d. ↓ (Sun et al., 2015) 

core SB-277011A (D3 antagonist) cocaine n.d. ↓ (Xi et al., 2013) 

core TrkB siRNA cocaine ↑(inter) − (Li et al., 2013b) 

core Naspm (CP-AMPAR antagonist) meth n.d. ↓ (Scheyer et al., 2016) 

core SCH23390 (D1 antagonist) sucrose ↓ ↓ (Grimm et al., 2011) 

core overexpression of Homer cocaine − − (Loweth et al., 2014a) 

core<PL CI-AMPAR resilencing cocaine n.d. ↓ (Ma et al., 2014) 

shell SB-277011A (D3 antagonist) cocaine n.d. ↓ (Xi et al., 2013) 

shell TrkB siRNA cocaine − ↓(inter) (Li et al., 2013b) 

shell SCH23390 (D1 antagonist) sucrose ↓ ↓ (Grimm et al., 2011) 

shell Grin2b or Sk2 iRNA cocaine − ↓ (Wang et al., 2018) 

shell Dnmt3a2 shRNA cocaine 
ine 

 
 

↓ ↓(inter) (Cannella et al., 2018) 

shell<BA CP-AMPAR resilencing cocaine n.d. ↓ (Lee et al., 2013) 

shell<IL optogenetic activation cocaine n.d. ↓ (Müller Ewald et al., 2018) 

shell<IL CP-AMPAR resilencing cocaine n.d. ↑ (Ma et al., 2014) 

CeA U0126 (MEK1/2 inhibitor) cocaine n.d. ↓ (Lu et al., 2005b) 
CeA AP-5 (NMDAR antagonist) cocaine ↓ n.d. (Lu et al., 2005b) 

CeA LY379268 (mGluR2/3 agonist) cocaine − ↓ (Lu et al., 2007) 

CeA SB-277011A (D3 antagonist) cocaine n.d. ↓ (Xi et al., 2013) 

CeA muscimol/baclofen (GABA agonists) meth − ↓ (Li et al., 2015b) 

CeA U0126 (MEK1/2 inhibitor) morph n.d. ↓ (Li et al., 2008) 

CeA NMDA morph ↑ n.d. (Li et al., 2008) 

CeA LY379268 (mGluR2/3 agonist) sucrose − ↓ (Uejima et al., 2007) 

CeA SCH39166 (D1 antagonist) meth n.d. ↓ (Venniro et al., 2017a) 

CeA raclopride (D2 antagonist) meth n.d. − (Venniro et al., 2017a) 

CeA<AIV inactivation (DREADD) meth n.d. ↓ (Venniro et al., 2017a) 

CeAclaves inactivation with Daun02 nicotine n.d. ↓ (Funk et al., 2016) 

  

Table 2. Effects of different manipulations on seeking. 

LEGEND FOR TABLES 2, 3 and 4 

Shaded in grey those studies in which the same manipulation was performed at both times of abstinence. 

↓, decrease; ↑, increase; ↔, changes in both directions; −, no effect; n.d., no determined; ( ), reinterpretation; 
(inter), no interaction in ANOVA; rdq, effect over readquisition; z, vs sucrose; *, vs short access. 

S: substance; meth: methamphetamine; morph: morphine-CPP 

References published before / after the start of the present investigation (2011) 

DS 

DMS DLS 

NAc 

core 

shell 

CeA 
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Table 3. Effects of extinction test on certain biochemical parameters. 

 

   withdrawal  

region MANIPULATION S early late reference 

BA U0126 (MEK1/2 inhibitor) cocaine n.d. − (Lu et al., 2005b) 
BA LY379268 (mGluR2/3 agonist) cocaine n.d. − (Lu et al., 2007) 

BA muscimol/baclofen (GABA agonists) meth − − (Li et al., 2015b) 

BLA SB-277011A (D3 antagonist) cocaine n.d. − (Xi et al., 2013) 

BLA U0126 (MEK1/2 inhibitor) morph n.d. − (Li et al., 2008) 

BLA SCH39166 (D1 antagonist) meth n.d. − (Venniro et al., 2017a) 

mPFC WAY163909 (5HT2C agonist) cocaine ↓↓ ↓ (Swinford-Jackson et al., 2016) 
dmPFC MPEP, PTEP, JNJ (mGluRI antagonists) cocaine − n.d. (Ben-Shahar et al., 2013) 

dmPFC induction of brevican in KO± (CPP) cocaine − − (Lubbers et al., 2016) 

dmPFC bicuculline/saclofen (GABA antagonists) cocaine − n.d. (Koya et al., 2009) 

dmPFC muscimol/baclofen (GABA agonists) cocaine n.d. − (Koya et al., 2009) 

dPL muscimol/baclofen (GABA agonists) meth n.d. − (Li et al., 2015b) 

PL wortmannin (PI3K inhibitor) cocaine n.d. ↓ (Szumlinski et al., 2018) 

vmPFC bicuculline/saclofen (GABA antagonists) cocaine ↑ n.d. (Koya et al., 2009) 

vmPFC muscimol/baclofen (GABA agonists) cocaine n.d. ↓ (Koya et al., 2009) 

vmPFC MPEP, PTEP, JNJ (mGluRI antagonists) cocaine − n.d. (Ben-Shahar et al., 2013) 

vmPFC DHPG (mGluRI agonist) cocaine n.d. ↓2nd test (Ben-Shahar et al., 2013) 

vmPFC repression of Homer cocaine − − (Gould et al., 2015) 

vmPFC TAT peptide (PKC antagonist) cocaine n.d. ↓ (Miller et al., 2017) 

IL optogenetic activation cocaine n.d. − (Müller Ewald et al., 2018) 

IL muscimol/baclofen (GABA agonists) meth − − (Li et al., 2015b) 

OFC muscimol/baclofen (GABA agonists) heroin −(↓) ↓ (inter) (Fanous et al., 2012) 
OFCclaves inactivation with Daun02 nicotine n.d. − (Funk et al., 2016) 

OFCclaves inactivation with Daun02 heroin n.d. ↓ (Fanous et al., 2012) 

lOFC muscimol/baclofen (GABA agonists) meth n.d. − (Li et al., 2015b) 

lOFC muscimol/baclofen (GABA agonists) meth n.d. − (Venniro et al., 2017a) 

AIV muscimol/baclofen (GABA agonists) meth n.d. − (Venniro et al., 2017a) 

dHPC induction of brevican in KO± (CPP) cocaine − ↓ (Lubbers et al., 2016) 
vHPC lesion cocaine − − (Karlsson et al., 2013) 

VTA GDNF, post last SA day cocaine ↑ ↑ (Lu et al., 2009) 
VTA U0126 (MEK1/2 inhibitor), after last SA cocaine − − (Lu et al., 2009) 

VTA mRNA Gdnf, during wd cocaine ↑ ↑↑ (Lu et al., 2009) 

VTA anti-GDNF, during wd cocaine ↓ ↓↓ (Lu et al., 2009) 

VTA Grin1-KO in DAT+ cells cocaine n.d. ↓ (Mameli et al., 2009) 

VTA GDNF, post last SA day heroin − − (Airavaara et al., 2011) 

VTA anti-GDNF, during wd heroin n.d. − (Airavaara et al., 2011) 

SNpc GDNF, post last SA day cocaine − − (Lu et al., 2009) 

AIT-L (Th) muscimol/baclofen, bilateral meth n.d. ↓ (Li et al., 2018) 
AIT-L (Th) muscimol/baclofen, unilateral meth n.d. − (Li et al., 2018) 

AIT-M (Th) muscimol/baclofen, bilateral meth n.d. − (Li et al., 2018) 

PVN (HPT) shNMUR2 food ↓,−rdq ↓,↓rdq (McCue et al., 2018) 

 
   withdrawal  

route MANIPULATION S early late reference 

i.p. SCH39166 (D1 antagonist) sucrose ↓ ↓ (Grimm et al., 2011) 
i.p. LY379268 (mGluR2/3 agonist) cocaine 

 
 

− ↓ (Lu et al., 2007) 

i.p. LY379268 (mGluR2/3 agonist) sucrose − ↓ (Uejima et al., 2007) 

i.p. SCH39166 (D1 antagonist) meth n.d. ↓ (Caprioli et al., 2017) 

i.p. aripiprazole (D2 partial agonist) cocaine n.d. − (Madsen et al., 2017) 

i.p. PAM-mGluR1 meth n.d. ↓ (Scheyer et al., 2016) 

i.p. A-841720 (mGluR1 antagonist) cocaine n.d. ↑ (Halbout et al., 2014) 

i.p. quinpirole (D2 agonist) sucrose − − (Glueck et al., 2017) 

i.p. SB-277011A (D3 antagonist) cocaine ↓ ↓ (Xi et al., 2013) 

i.p. naltrexone (MOR>KOR antagonist), -1 day heroin ↑ − (Zhou et al., 2009) 

i.p. naloxone (opioidergic antagonist) heroin −(↓) ↓ (inter) (Theberge et al., 2012) 

s.c. PAM-mGluR2 meth − ↓ (Caprioli et al., 2015a) 

s.c. SKF81297 (D1 agonist) sucrose − − (Glueck et al., 2017) 

s.c. (+)-naltrexone (TLR4 antagonist), during wd heroin n.d. ↓ (Theberge et al., 2013) 

s.c. (+)-naltrexone (TLR4 antagonist), during wd meth n.d. − (Theberge et al., 2013) 

s.c./i.p. (+)-naltrexone (TLR4 antagonist) heroin n.d. − (Theberge et al., 2013) 

 
 
 

region EXTINCTION TEST EFFECT S early late reference 

DS 5-HT, 5-HIAA morph − ↑ (Hamed & Boguszewski, 2018) 
DLS NSF, proteolytic activity cocaine − ↑ (Werner et al., 2015) 

DLS Ubiquitinated proteins cocaine ↑ − (Werner et al., 2015) 

DLS gene expression meth ↔ ↔ (Li et al., 2015d) 

DLS Fos sucrose ↑ ↑↑ (Grimm et al., 2016) 

DLS Fos (%D1·MSN=%D2·MSN) meth − − (Caprioli et al., 2017) 

DLScues gene expression meth ↔ ↔ (Li et al., 2015d) 

DMS Fos (%D1·MSN=%D2·MSN) meth − ↑ (Caprioli et al., 2017) 

 
  

BLA BA 

mPFC 

dmPFC     dPL        PL 

vmPFC    IL 

OFC       lOFC       AIV 

dHPC        vHPC 

VTA          SNpc 

PVN           AIT-L        AIT-M 

DS         DLS        DMS 
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   withdrawal  

region EXTINCTION TEST EFFECT S early late reference 

NAc -endorphin cocaine ↑ − (Dikshtein et al., 2013) 
NAc proteolytic activity cocaine ↑ − (Werner et al., 2015) 

NAc DNA methylation cocaine ↑ ↑↑ (Massart et al., 2015) 

NAc pERK and pCREB heroin − ↓ (Sun et al., 2015) 

NAc Ala, Gln, Gly, MHPG morph − ↓ (Hamed & Boguszewski, 2018) 

core Fos sucrose ↑ ↑↑ (Grimm et al., 2016) 

core Fos nicotine − ↑ (Funk et al., 2016) 

core BDNF cocaine − ↑ (Gueye et al., 2018) 

shell Fos sucrose ↑ ↑↑ (Grimm et al., 2016) 

shell Fos nicotine − ↑ (Funk et al., 2016) 

BNST Fos sucrose − − (Grimm et al., 2016) 

Amg trypsine coca − ↓ (Werner et al., 2015) 
Amg 5-HT, 5-HIAA, Glu morph − ↑ (Hamed & Boguszewski, 2018) 

CeA pERK cocaine − ↑ (Lu et al., 2005b) 

CeA pERK cocaine − ↑ (Thiel et al., 2012) 

CeA pERK morph − ↑ (Li et al., 2008) 

CeA Fos sucrose − ↑ (Grimm et al., 2016) 

CeA Fos nicotine − ↑ (Funk et al., 2016) 

CeA Fos meth n.d. ↑ (Venniro et al., 2017a) 

CeC/L c-Fos, p-Jun, pERK alcohol n.d. ↑ (Radwanska et al., 2008) 

CeM, MePD c-Fos, p-Jun, pERK alcohol n.d. − (Radwanska et al., 2008) 

BLA pERK cocaine − − (Lu et al., 2005b) 

BLA pERK, pCREB morph − − (Li et al., 2008) 

BLA Fos sucrose − − (Grimm et al., 2016) 

BLA Fos meth n.d. ↑ (Li et al., 2018) 

BLA Fos nicotine − ↑ (Funk et al., 2016) 

BLA Fos meth n.d. − (Venniro et al., 2017a) 

LaD c-Fos, p-Jun, pERK alcohol n.d. − (Radwanska et al., 2008) 

BA, LaV, BMP c-Fos, p-Jun, pERK alcohol n.d. ↑ (Radwanska et al., 2008) 

mPFC endocitosis de 5HT2C cocaine n.d. ↑ (Swinford-Jackson et al., 2016) 
mPFC proteolytic activity cocaine ↑↑ ↑ (Werner et al., 2015) 

mPFC 5-HT, DA morph − ↑ (Hamed & Boguszewski, 2018) 

mPFC Gln, Ala, GABA, Tau morph − ↓ (Hamed & Boguszewski, 2018) 

dmPFC activated neurons genes heroin n.d. ↔ (Fanous et al., 2013) 

dmPFC pERK cocaine − ↑ (Koya et al., 2009) 

dmPFC mGluR1/5 cocaine − − (Ben-Shahar et al., 2013) 

dmPFC pPKC cocaine − − (Miller et al., 2017) 

dmPFC Fos meth n.d. ↑ (Li et al., 2018) 

dmPFC Fos nicotine − ↑ (Funk et al., 2016) 

PL number of activated neurons cocaine − ↑ (West et al., 2014) 

PL BDNF cocaine − ↑ (Gueye et al., 2018) 

PL Fos sucrose − ↑ (Grimm et al., 2016) 

ACC Fos sucrose − ↑ (Grimm et al., 2016) 

vmPFC activated neurons genes heroin n.d. ↔ (Fanous et al., 2013) 

vmPFC pERK cocaine − ↑ (Koya et al., 2009) 

vmPFC DA release cocaine − ↓ (Shin et al., 2016) 

vmPFC Glu release cocaine − ↑ (Shin et al., 2016) 

vmPFC mGluR1/5 cocaine − ↓ (Ben-Shahar et al., 2013) 

vmPFC pPKC cocaine ↓ ↑ (Miller et al., 2017) 

vmPFC pAKT/AKT cocaine ↑ ↑ (Szumlinski et al., 2018) 

vmPFC DA and Glu release sucrose − − (Shin et al., 2016) 

vmPFC Fos meth n.d. ↑ (Li et al., 2018) 

vmPFC Fos nicotine − ↑ (Funk et al., 2016) 

IL number of activated neurons cocaine − − (West et al., 2014) 

IL Fos sucrose − ↑ (Grimm et al., 2016) 

OFC activated neurons genes heroin n.d. ↔ (Fanous et al., 2013) 
OFC Fos sucrose − − (Grimm et al., 2016) 

OFC Fos heroin − (↑) ↑ (inter) (Fanous et al., 2012) 

OFC Fos nicotine − ↑ (Funk et al., 2016) 

AI Fos meth n.d. ↑ (Li et al., 2018) 

SS Fos sucrose − ↑ (Grimm et al., 2016) 

HPC 5-HT, 5-HIAA, Tau morph − ↑ (Hamed & Boguszewski, 2018) 
dHPC Fos sucrose − − (Grimm et al., 2016) 

vSub Fos sucrose − − (Grimm et al., 2016) 

VTA Fos sucrose − − (Grimm et al., 2016) 
VTA BDNF cocaine − ↑ (Gueye et al., 2018) 

VTA Ala, GABA, Tau morph − ↓ (Hamed & Boguszewski, 2018) 

SNpc Fos sucrose − − (Grimm et al., 2016) 

SNpr Fos sucrose − − (Grimm et al., 2016) 

AIT-L (Th) Fos meth n.d. ↑ (Li et al., 2018) 
AIT-L>DMS Fos meth n.d. ↑ (Li et al., 2018) 

AIT-M (Th) Fos meth n.d. − (Li et al., 2018) 

Pf (Th) Fos meth n.d. − (Li et al., 2018) 

  

NAc       shell         core 

BNST 

BLA            CeA 

mPFC 

ACC       PL    dmPFC 
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SS 
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Table 4. Biochemical changes during withdrawal. The vast majority of the studies do not analyse the interac-
tion effects between the consumption and the duration of abstinence.  

 

   withdrawal  

region BIOCHEMICAL PARAMETER S early late reference 

DS rCBV cocaine n.d. ↓ (Gozzi et al., 2011) 
DS bCBV cocaine n.d. − (Gozzi et al., 2011) 

DS AMPA, NMDA (binding); Grm1 1d-cocaine − − (Halbout et al., 2014) 

DS MeCP2, BDNF, TrkB (WB, qPCR); Oprm1 heroin − − (Theberge et al., 2012) 

DS Gria1/2/3, Grin1/2a/2b, Grm1/5 meth − − (Li et al., 2015d) 

DS Bdnf, Trkb, Sirt1, Sirt2, Crebbp, Suv39n1 meth − − (Li et al., 2015d) 

DS G9a, Glp, Kdm1a, Dnmt3a, Hdac1-5 meth − − (Li et al., 2015d) 

DS Mll1 (H3K4 methyltrasferase) meth − ↑ (Li et al., 2015d) 

DS OPRM1 oxycodone n.d. ↓ (Blackwood et al., 2018) 

DS OPRD1, OPRK1, Oprm1, Oprd1, Oprk1 oxycodone n.d. − (Blackwood et al., 2018) 

DMS DAT (autoradiography) cocaine n.d. − (Ben-Shahar et al., 2006) 

DMS D1, D2, NMDA (autoradiography) cocaine − − (Ben-Shahar et al., 2007) 

DMS Htr1b (ISH) cocaine − ↓ (Neumaier et al., 2009) 

DMS Htr6 (ISH) cocaine − − (Neumaier et al., 2009) 

Amg bCBV, rCBV cocaine n.d. − (Gozzi et al., 2011) 
Amg TH, DAT cocaine −z −z (Grimm et al., 2002) 

Amg BDNF cocaine − ↑ (Grimm et al., 2003) 

Amg NGF cocaine − − (Grimm et al., 2003) 

Amg BDNF, NGF sucrose − − (Grimm et al., 2003) 

BLA GluA1 cocaine ↑ ↑ (Lu et al., 2005a) 

BLA GluA2, NR1 cocaine − − (Lu et al., 2005a) 

BLA NR2A cocaine ↑ − (Lu et al., 2005a) 

BLA NR2B cocaine − ↓ (Lu et al., 2005a) 

BLA AMPA (binding); Grm1 1d-cocaine − − (Halbout et al., 2014) 

BLA NMDA (binding) 1d-cocaine − ↓ (Halbout et al., 2014) 

CeA GluA2 cocaine ↑ ↑ (Lu et al., 2005a) 

CeA NR1 cocaine − ↑ (Lu et al., 2005a) 

CeA NR2A, NR2B, GluA1 cocaine − − (Lu et al., 2005a) 

CeA AMPA (binding); Gmr1 1d-cocaine − − (Halbout et al., 2014) 

CeA NMDA (binding) 1d-cocaine − ↓ (Halbout et al., 2014) 

CeA RNA-Seq meth ↔ ↔ (Cates et al., 2018) 

CeA Crh (ISH) heroin − − (Shalev et al., 2001) 

v/dBNST Crh (ISH) heroin − − (Shalev et al., 2001) 

VTA DAT (autoradiography) cocaine n.d. − (Ben-Shahar et al., 2006) 
VTA D1, D2, NMDA (autoradiography) cocaine − − (Ben-Shahar et al., 2007) 

VTA mGluR1, mGluR5, Homer1, Homer2, NR2A, 
NR2B 

cocaine − − (Ben-Shahar et al., 2009) 

VTA GluA1, GluA2 cocaine − − (Conrad et al., 2008) 

VTA GluA3 cocaine − ↑ (Conrad et al., 2008) 

VTA GluA1, mGluR5, PSD95, -act, PICK1, Homer1 cocaine n.d. − (Ghasemzadeh et al., 2011) 

VTA NR1 cocaine n.d. ↓ (Ghasemzadeh et al., 2011) 

VTA BDNF cocaine − ↑ (Grimm et al., 2003) 

VTA NGF cocaine − − (Grimm et al., 2003) 

VTA GluA1, PKA, AC cocaine −z −z (Lu et al., 2003) 

VTA GluA2, TH, Cdk5 cocaine ↑z −z (Lu et al., 2003) 

VTA NR1 cocaine ↑z ↑z (Lu et al., 2003) 

VTA BDNF cocaine − − (Thiel et al., 2012) 

VTA AMPA (binding) 1d-cocaine ↓ ↓ (Halbout et al., 2014) 

VTA NMDA (binding); Grm1 1d-cocaine − − (Halbout et al., 2014) 

VTA Gdnf heroin ↓ − (Airavaara et al., 2011) 

VTA GDNF heroin − − (Airavaara et al., 2011) 

VTA BDNF, NGF sucrose − − (Grimm et al., 2003) 

HPT bCBV, rCBV cocaine n.d. − (Gozzi et al., 2011) 

DMH/PF orexin+ neurons cocaine-IntA ↑ − (James et al., 2018) 

DMH/PF MCH+ neurons cocaine-IntA − − (James et al., 2018) 

LH orexin+ neurons cocaine-IntA ↑ ↑ (James et al., 2018) 

LH MCH+ neurons cocaine-IntA − − (James et al., 2018) 

raphe bCBV cocaine n.d. ↓ (Gozzi et al., 2011) 

raphe rCBV cocaine n.d. − (Gozzi et al., 2011) 

Th rCBV cocaine n.d. ↓ (Gozzi et al., 2011) 

Th bCBV cocaine n.d. − (Gozzi et al., 2011) 
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   withdrawal  

region BIOCHEMICAL PARAMETER S early late reference 

PFC MeCP2, BDNF, TrkB (WB, qPCR); Oprm1 heroin − − (Theberge et al., 2012) 

mPFC DAT (autoradiography) cocaine n.d. − (Ben-Shahar et al., 2006) 

mPFC D1, D2, NMDA (autoradiography) cocaine − − (Ben-Shahar et al., 2007) 

mPFC mGluR1, mGluR5 cocaine − − (Ben-Shahar et al., 2009) 

mPFC Homer1b/c cocaine ↑ − (Ben-Shahar et al., 2009) 

mPFC Homer2a/b cocaine − − (Ben-Shahar et al., 2009) 

mPFC NR2A, NR2B cocaine − ↑ (Ben-Shahar et al., 2009) 

mPFC Cfos, Egr1, Arc, Nr4a1 cocaine ↓ ↓ (Freeman et al., 2008) 

mPFC Cart, Npy cocaine ↑ − (Freeman et al., 2008) 

mPFC Gria1, Gria2, Grin1, Homer1/2, Cdk5 cocaine − − (Freeman et al., 2008) 

mPFC Nefl, Cd47, Drd5, Adora2b (microarray) cocaine ↔ ↔ (Freeman et al., 2010) 

mPFC bCBV cocaine n.d. ↓ (Gozzi et al., 2011) 

mPFC rCBV cocaine n.d. − (Gozzi et al., 2011) 

mPFC TH, DAT cocaine ↑z ↑z (Grimm et al., 2002) 

mPFC proteomic (2D) cocaine ↔ ↔ (Lull et al., 2009) 

mPFC 5HT2C cocaine − ↓ (Swinford-Jackson et al., 2016) 

mPFC DARPP-34 total, pThr34, pThr75 nicotine − − (Abdolahi et al., 2010) 

mPFC 5HT2C sucrose − − (Swinford-Jackson et al., 2016) 

dmPFC mGluR1, mGluR5 cocaine − − (Ben-Shahar et al., 2013) 

dmPFC GluA1, NR1, mGluR5, PSD95, -act, PICK1, Homer1 cocaine n.d. − (Ghasemzadeh et al., 2011) 

dmPFC PI3K, p(Tyr)p85 cocaine − − (Szumlinski et al., 2018) 

dmPFC Homer1, Homer2 cocaine − − (Gould et al., 2015) 

dmPFC pPKC cocaine − − (Miller et al., 2017) 

ACC GluA1, GluA2, GluA3 cocaine n.d. − (Conrad et al., 2008) 

ACC bCBV cocaine n.d. ↓ (Gozzi et al., 2011) 

ACC rCBV cocaine n.d. − (Gozzi et al., 2011) 

ACC AMPA (binding) 1d-cocaine ↓ − (Halbout et al., 2014) 

ACC NMDA (binding); Grm1 1d-cocaine − − (Halbout et al., 2014) 

PL AMPA (binding) 1d-cocaine ↓ − (Halbout et al., 2014) 

PL NMDA (binding) 1d-cocaine − − (Halbout et al., 2014) 

PL Grm1 1d-cocaine − ↑ (Halbout et al., 2014) 

vmPFC mGluR1, mGluR5 cocaine − − (Ben-Shahar et al., 2013) 

vmPFC GluA1, NR1, mGluR5, PSD95, -act, PICK1, Homer1 cocaine n.d. − (Ghasemzadeh et al., 2011) 

vmPFC AKT, pAKT, PI3K, p(Tyr)p85 cocaine − − (Szumlinski et al., 2018) 

vmPFC Homer1 cocaine ↑ − (Gould et al., 2015) 

vmPFC Homer2 cocaine ↑ ↑ (Gould et al., 2015) 

vmPFC pPKC cocaine − − (Miller et al., 2017) 

IL AMPA (binding) 1d-cocaine ↓ − (Halbout et al., 2014) 

IL NMDA (binding) 1d-cocaine ↓ ↓ (Halbout et al., 2014) 

IL Grm1 1d-cocaine − ↑ (Halbout et al., 2014) 

OFC bCBV cocaine n.d. − (Gozzi et al., 2011) 

OFC rCBV cocaine n.d. ↓ (Gozzi et al., 2011) 

OFC TH, DAT cocaine − − (Grimm et al., 2002) 

OFC AMPA, NMDA (binding) 1d-cocaine − − (Halbout et al., 2014) 

OFC Grm1 1d-cocaine ↑ ↑ (Halbout et al., 2014) 

OFC RNA-Seq meth ↔ ↔ (Cates et al., 2018) 

SS bCBV cocaine n.d. − (Gozzi et al., 2011) 

SS rCBV cocaine n.d. ↓ (Gozzi et al., 2011) 

Insula DARPP-34 pThr34 nicotine − ↑ (Abdolahi et al., 2010) 

Insula DARPP-34 pThr75 nicotine ↑ ↑ (Abdolahi et al., 2010) 

Insula DARPP-34 nicotine − − (Abdolahi et al., 2010) 

M bCBV cocaine n.d. − (Gozzi et al., 2011) 

M rCBV cocaine n.d. ↓ (Gozzi et al., 2011) 

RS bCBV, rCBV cocaine n.d. − (Gozzi et al., 2011) 

HPC OPRM1, OPRD1, OPRK1, Oprd1 oxycodone n.d. − (Blackwood et al., 2018) 
HPC Oprm1 oxycodone n.d. ↓ (Blackwood et al., 2018) 

HPC Oprk1 oxycodone n.d. ↓* (Blackwood et al., 2018) 

vHPC bCBV cocaine n.d. ↑ (Gozzi et al., 2011) 

vHPC rCBV cocaine n.d. − (Gozzi et al., 2011) 

vHPC BDNF cocaine − − (Thiel et al., 2012) 

dHPC BDNF cocaine − − (Thiel et al., 2012) 

dCA1 AMPA (binding) 1d-cocaine − − (Halbout et al., 2014) 

dCA1 NMDA (binding) 1d-cocaine − ↓ (Halbout et al., 2014) 

dCA1 Grm1 1d-cocaine ↓ − (Halbout et al., 2014) 

dCA3 AMPA (binding) 1d-cocaine ↓ − (Halbout et al., 2014) 

dCA3 NMDA (binding) 1d-cocaine − ↓ (Halbout et al., 2014) 

dCA3 Grm1 1d-cocaine ↓ ↑ (Halbout et al., 2014) 

dDG AMPA (binding) 1d-cocaine ↓ − (Halbout et al., 2014) 

dDG NMDA (binding) 1d-cocaine − ↓ (Halbout et al., 2014) 

dDG Grm1 1d-cocaine − − (Halbout et al., 2014) 
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   withdrawal  

region BIOCHEMICAL PARAMETER S early late reference 

NAc GluA1 cocaine ↓ ↑ (Conrad et al., 2008) 
NAc GluA2 cocaine ↑ − (Conrad et al., 2008) 

NAc GluA3 cocaine ↑ ↑ (Conrad et al., 2008) 

NAc NR1, NR2A, NR2B cocaine − − (Conrad et al., 2008) 

NAc pCaMKI, %pERK1 cocaine − − (Ferrario et al., 2011) 

NAc %pCaMKII cocaine − ↑ (Ferrario et al., 2011) 

NAc %pERK2 cocaine ↑ ↑ (Ferrario et al., 2011) 

NAc GluA1, GluA1 pSer845, rectif.index, TARP-4 cocaine n.d. ↑ (Ferrario et al., 2011) 

NAc GluA3 cocaine n.d. ↓ (Ferrario et al., 2011) 

NAc GluA2, TARP-2 cocaine n.d. − (Ferrario et al., 2011) 

NAc NR1, NR2A, NR2B cocaine n.d. − (Ferrario et al., 2012) 

NAc Cfos, Egr1 cocaine ↓ ↓ (Freeman et al., 2008) 

NAc Arc, Nr4a1 cocaine − ↓(wd100) (Freeman et al., 2008) 

NAc Cart, Npy cocaine − − (Freeman et al., 2008) 

NAc Gria1, Gria2, Grin1, Homer1/2, Cdk5 cocaine − − (Freeman et al., 2008) 

NAc Egr2 cocaine − ↓ (Freeman et al., 2010) 

NAc Htr1d cocaine ↓ − (Freeman et al., 2010) 

NAc TH, DAT cocaine −z −z (Grimm et al., 2002) 

NAc NGF cocaine −z −z (Grimm et al., 2003) 

NAc BDNF cocaine −z ↑z (Grimm et al., 2003) 

NAc mGluR1, mGluR5 cocaine − ↓ (Loweth et al., 2014a) 

NAc GluA1, GluA2, NR1, PKA cocaine ↑z ↑z (Lu et al., 2003) 

NAc TH, Cdk5, AC cocaine −z −z (Lu et al., 2003) 

NAc BDNF cocaine − − (Thiel et al., 2012) 

NAc Gdnf heroin ↓ ↑↑ (Airavaara et al., 2011) 

NAc GDNF heroin − − (Airavaara et al., 2011) 

NAc MeCP2, BDNF, TrkB (WB, qPCR) heroin − − (Theberge et al., 2012) 

NAc Oprm1 heroin ↓ − (Theberge et al., 2012) 

core DAT (autoradiography) cocaine n.d. − (Ben-Shahar et al., 2006) 

core D1, D2, NMDA (autoradiography) cocaine − − (Ben-Shahar et al., 2007) 

core mGluR1, NR2A, NR2B cocaine − − (Ben-Shahar et al., 2009) 

core mGluR5, Homer2a/b cocaine − ↓* (Ben-Shahar et al., 2009) 

core Homer1b/c cocaine ↓* − (Ben-Shahar et al., 2009) 

core CP-AMPAR activity cocaine − ↑ (Conrad et al., 2008) 

core D1 cocaine − − (Conrad et al., 2010) 

core D2 cocaine − ↓ (Conrad et al., 2010) 

core D3 cocaine − ↑ (Conrad et al., 2010) 

core GLT1 cocaine ↓* ↓↓* (Fischer-Smith et al., 2012) 

core bCBV cocaine n.d. ↓ (Gozzi et al., 2011) 

core rCBV cocaine n.d. − (Gozzi et al., 2011) 

core BDNF cocaine − ↑ (Li et al., 2013b) 

core Htr6, Htr1b (ISH) cocaine − − (Neumaier et al., 2009) 

core AMPA (binding) 1d-cocaine ↓ − (Halbout et al., 2014) 

core NMDA (binding); Grm1 1d-cocaine − − (Halbout et al., 2014) 

core CP-AMPAR activity meth − ↑ (Scheyer et al., 2016) 

core ratio AMPA/NMDA, CP-AMPAR chow food − ↑ (Dingess et al., 2017) 

core ratio AMPA/NMDA, CI-AMPAR fat food − ↑ (Dingess et al., 2017) 

core ratio AMPA/NMDA sucrose − ↓ (Counotte et al., 2014) 

core DARPP-34 pThr75 nicotine − ↓ (Abdolahi et al., 2010) 

core DARPP-34 total, pThr34 nicotine − − (Abdolahi et al., 2010) 

core GABAA2 cocaine ↑ − (Purgianto et al., 2016) 

core PV, calretinin, calbindin, nNOS cocaine n.d. − (Purgianto et al., 2017) 

core GABAA1/4 cocaine − − (Purgianto et al., 2016) 

core<PL synaptic strength cocaine ↑ ↑ (Luís et al., 2017) 

core<PL silent synapses cocaine ↑ − (Ma et al., 2014) 

core<PL CI-AMPAR activity cocaine n.d. ↑ (Ma et al., 2014) 

core<PL synaptic strength (I/O curve) cocaine n.d. ↓20Hz (Purgianto et al., 2017) 

core<BLA synaptic strength (I/O curve) cocaine n.d. − (Purgianto et al., 2017) 

shell DAT (autoradiography) cocaine n.d. − (Ben-Shahar et al., 2006) 

shell D1 (autoradiography) cocaine ↑ − (Ben-Shahar et al., 2007) 

shell D2, NMDA (autoradiography) cocaine − − (Ben-Shahar et al., 2007) 

shell mGluR1 cocaine − ↑* (Ben-Shahar et al., 2009) 

shell mGluR5, Homer1, Homer2, NR2A, NR2B cocaine − − (Ben-Shahar et al., 2009) 

shell D1 cocaine ↑ − (Conrad et al., 2010) 

shell D2 cocaine ↓ ↓ (Conrad et al., 2010) 

shell D3 cocaine − − (Conrad et al., 2010) 

shell GLT1 cocaine ↓ ↓* (Fischer-Smith et al., 2012) 

shell bCBV, rCBV cocaine n.d. − (Gozzi et al., 2011) 

shell BDNF cocaine − ↑(wd90) (Li et al., 2013b) 

shell Htr6, Htr1b (ISH) cocaine − − (Neumaier et al., 2009) 

shell AMPA (binding) 1d-cocaine ↓ ↑ (Halbout et al., 2014) 

shell NMDA (binding) 1d-cocaine ↓ − (Halbout et al., 2014) 

shell Grm1 1d-cocaine ↓ ↓ (Halbout et al., 2014) 

shell DARPP-34 total, pThr34, pThr75 nicotine − − (Abdolahi et al., 2010) 

shell<IL silent synapses cocaine ↑ − (Ma et al., 2014) 

shell<IL CP-AMPAR activity cocaine n.d. ↑ (Ma et al., 2014) 

shell<BA silent synapses cocaine ↑ − (Lee et al., 2013) 

shell<BA CP-AMPAR activity cocaine n.d. ↑ (Lee et al., 2013) 

  

NAc 

core 

shell 
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Involvement of brain regions in the incubation of seeking 

a) Nucleus accumbens 

The nucleus accumbens, both its core and shell regions, is by far the region that 
has received most attention in the study of the incubation of seeking. However, 
only eight studies are based on manipulations performed at short and long absti-
nence times. Specifically, one with heroin (without distinction between regions), 
one with sucrose (distinguishing between core and shell regions) and six with co-
caine (one in NAc in general, two in core, two in shell and one in both regions).  

In the heroin study (Airavaara et al., 2011), the authors studied the effect of in-
traaccumbens administration of GDNF just after the last self-administration ses-
sion. They observed that, although the treatment increased the seeking during the 
early extinction test, it did not exert any effect on the delayed test. In the study 
with sucrose (Grimm et al., 2011) observed that the administration of a dopamine 
receptor antagonist D1 (SCH23390), either in the core or shell, caused a decrease 
in the seeking of rats at short and long periods of abstinence, as well as a general 
locomotor depletion. However, the same systemic treatment caused differential 
decreases in seeking at short or long times of abstinence. In the cocaine studies it 
was observed that the BDNF-TrkB pathway is overexpressed after long periods of 
abstinence (45 days) in the core, and after 90 days in the shell (Li et al., 2013b). In 
this article, the authors studied the effect of attenuating that pathway using viral 
vectors expressed in core or in shell before self-administration sessions. They 
found that this treatment had opposite effects depending on the affected region, 
consistent with the antagonistic function that these regions seem to have on co-
caine seeking: when it was in core, the effect was an enhancement of the seeking 
response, and when it was in shell the effect was the opposite. However, they did 
not see any effect on incubation, despite the fact that the authors discuss their re-
sults as if an effect had been found. At first sight it is observed that the incubation 
is not affected, since the groups have parallel increases in the seeking throughout 
the abstinence. But although they do not perform the appropriate factorial ANOVA 
and only compare the groups by independent Student t-tests, they discuss the dif-
ferences and the lack of them as if they were effects of an interaction (and there-
fore an incubation effect) and not mere effects of the treatments.  

The application of an iRNA against the Grin2b transcript, in the shell (a 
transcript that is increased after short abstinence), blunted the incuba-
tion phenomenon. The same effect had the silencing of the Sk2 chan-
nels. However, if we analyze the self-administration sessions, the 
animals that were used for long-term abstinence consumed half the 
amount of drug than those dedicated to short times (Wang et al., 2018). 
This, by itself, can be the reason why these animals do not present in-
cubation, since the phenomenon is related to the degree of exposure to 
the substance. However, the authors of the article do not further ana-
lyze this possibility or comment on it. In a study of the same year they 
observed that the silencing of the Dnmt3a2 gene in shell caused a de-
crease in the responses, both after short times and long times of absti-
nence (Cannella et al., 2018). Given that the shell region is involved in 
the inhibition of inappropriate behaviors (Everitt and Robbins, 2016), 
this manipulation could be facilitating its function during the extinc-
tion test. Other researchers have already discovered that the inhibition 
of Dnmt enzymes causes a decrease in cocaine seeking, as discussed in 
the Cannella study. 

Dikshtein et al. (2013) observed that the endogenous opioid -endorphin in-
creased in nucleus accumbens during the extinction test at short abstinence times, 
but not at long times. The source of -endorphin in the nucleus accumbens is the 
arcuate nucleus of the hypothalamus, related to appetite and satiety, and con-
trolled, in part, by the central and medial nuclei of the amygdala (Zséli et al., 2018). 
To study their possible involvement in the incubation phenomenon, they neutral-
ized this peptide with antibodies at short times, causing an increase in the seeking. 
At long times they injected the peptide in the same region, causing a decrease in 
the seeking. This effect was mediated by delta opioid receptors, based on the re-
sults with specific inhibitors of the delta (naltrindole) and mu (CTAP) receptors. 

Wang et al., 2018 
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In addition, the administration of naltrindole alone to short periods of abstinence 
also caused an increase in seeking, an effect that was not observed at long times. 
The same treatment with CTAP did not produce effects on the seeking. 

In another study by the group of Marina Wolf they observed that the administra-
tion in core of an inhibitor of CP-AMPA receptors (Naspm), that are increased in 
core after the delayed abstinence (and to a lesser extent also in shell), reduced the 
seeking to a dose that does not have this effect after a short abstinence (Conrad et 
al., 2008). The same effect of Naspm has been observed, although only studied at 
long periods of abstinence, after the incubation of methamphetamine seeking 
(Scheyer et al., 2016). Related to changes in CP-AMPAR, the administration of a 
positive allosteric modulator of mGluR1 receptors in the core also prevented the 
incubation of cocaine seeking, although, again, it was only only studied at long ab-
stinence times (Loweth et al., 2014a). Overexpression of the Homer subunits in 
the core region had no effect on incubation (Loweth et al., 2014b). The effects of 
AMPA receptors in the nucleus accumbens have been studied in considerable de-
tail, but the origin of these CP-AMPAR-based synapses is unknown. It is known 
that if CI-AMPA receptors from prelimbic cortex (PL), in principle not involved in 
incubation, are resilenced in core, the seeking decreases (Ma et al., 2014); if the 
CP-AMPA receptors are resilenced in synapses from the basal region of the amyg-
dala to shell, located in MSN-D2 neurons (Terrier et al., 2016), the seeking de-
creases (Lee et al., 2013); if CP-AMPA receptors are resilenced in shell at synapses 
from the infralimbic cortex (IL), located in MSN-D1 (Terrier et al., 2016), the seek-
ing increases; and activating with optogenetic techniques the IL>shell path de-
creases the seeking (Müller Ewald et al., 2018). All these manipulations were 
performed exclusively after long periods of abstinence, so their involvement in the 
incubation phenomenon is not clear. In addition, contradictory results have been 
obtained using other substances. As when cocaine is used (Conrad et al., 2008), 
increases in the AMPA/NMDA ratio are seen during the incubation of food due to 
the insertion of CP-AMPAR, but of CI-AMPAR when a high-fat diet is used (Dingess 
et al., 2017). In addition, when the consumed substance is sucrose, decreases in 
the core are observed in this ratio (Counotte et al., 2014).  

We observe the same gap (manipulations performed just at a single time point) 
when studying the effect of a D3 inhibitor in the shell or the core (Xi et al., 2013), 
only studied at long periods of cocaine abstinence; or rolipram (Sun et al., 2015), 
only studied at long heroin times. In both cases the seeking decreases. 

In electrophysiology studies in which the animals are exposed to the cues associ-
ated with the substances and the neuronal activity is recorded, different results 
have been obtained again depending on to whether cocaine or sucrose seeking 
incubation was studied. While the incubation of cocaine provokes a greater acti-
vation of the core region by the cues (Hollander and Carelli, 2007), this is not the 
case with the incubation of sucrose seeking (Jones et al., 2008). 

In studies in which animals were subjected to extinction tests and then sacrificed 
to measure activity by levels of Fos, pERK or pCREB at short and long times of 
abstinence, a greater Fos labeling in the shell and core in rats that had been ad-
ministered sucrose (Grimm et al., 2016) and nicotine (Funk et al., 2016) was ob-
served at long abstinence times, but lower labeling of pERK and pCREB in nucleus 
accumbens in rats that had been administered heroin (Sun et al., 2015). The same 
design has not been done with psychostimulants, but Gueye et al. (2018) found 
increases of BDNF in core only after protracted extinction test. 

Therefore, and summarizing, the link of the nucleus accumbens with the phenom-
enon of the incubation of the seeking is not clear. Despite the high number of stud-
ies, the only one that performs the same manipulation at short and long periods of 
abstinence that is also effective only at long times is that of Conrad et al. (2008), 
but this manipulation has not been reproduced to date replacing cocaine with an-
other substance. 

b) Amygdala 

Another frequently studied region is the amygdala, generally differentiating be-
tween the basolateral (BLA) and central (CeA) regions. Also here, only a few 
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studies are based on manipulations at both short and long abstinence times. Spe-
cifically three: one in which the authors study the two regions mentioned above 
(focusing on methamphetamine), and two in which they study only the central nu-
cleus of the amygdala (one with cocaine and the other with sucrose). 

In the study with methamphetamine, the authors inactivated CeA or the basal 
amygdala (BA) region of BLA with the GABAergic muscimol/baclofen agonist 
cocktail before the extinction test and compared relapse with vehicle-treated rats. 
The authors observed that only manipulation in CeA caused declines in response 
and only after long periods of abstinence (Li et al., 2015b). In the other two studies 
the authors used the same manipulation but only in CeA. They inactivated with 
LY379268, agonist of glutamatergic autoreceptors mGluR2/3, and observed that 
relapse decreased only after long periods of cocaine abstinence (Lu et al., 2007; do 
not observed this effect in BA, although they only studied this region after long 
periods of abstinence) and sucrose (Uejima et al., 2007).  

In addition to these, there are six other studies that only look at the effects at short 
times or long periods of abstinence. With the exception of the aforementioned 
study by Lee et al. (2013) in which the authors manipulated the BA>shell path, it 
was the manipulation in CeA and not in BLA that had effects at protracted absti-
nence. There are two studies with cocaine (Lu et al., 2005b, in BA; Xi et al., 2013), 
one with methamphetamine (Venniro et al., 2017a), one with nicotine (Funk et al., 
2016) and one with a CPP protocol using morphine (Li et al., 2008). In the work of 
Venniro et al. (2017a), the authors observed that the inhibition of the pathway 
from the ventral anterior insular cortex to CeA decreased relapse. In addition, they 
observed that the inhibition of D1 receptors with SCH39166 had the same effect, 
but not the inhibition of the D2 receptors with raclopride. The release of dopamine 
in CeA is necessary for the attentional processes, and it seems that the D1 recep-
tors, and not the D2 receptors, play a prominent role (Smith et al., 2015). 

Studies have also been carried out in which the rats are subjected to extinction 
tests and then sacrificed to study the activation of different regions by quantifying 
pERK, Fos or equivalents. In all studies, greater activation of CeA was observed at 
long abstinence times, whether using cocaine (Lu et al., 2005b; Thiel et al., 2012), 
morphine in CPP paradigms (Li et al., 2008) , sucrose (Grimm et al., 2016) or nic-
otine (Funk et al., 2016). The activation of CeA was prevented with an environ-
mental enrichment treatment that lowered cocaine seeking levels (Thiel et al., 
2012). Of these four studies, which also quantified the activation of BLA and are 
the only ones in which the authors also studied the effect at short times, only in 
that of Funk et al. (2016) an activation of the BLA region was observed. 

There are three other studies in which the authors only quantified the activation 
after protracted abstinence: two with methamphetamine and one with alcohol, 
substances with which an equivalent study has not been published looking at both 
times. In the study by Li et al. (2018), the authors observed Fos increases in BLA 
after methamphetamine seeking incubation, but not in Venniro et al. (2017a), in 
which they did observe CeA activation. In the study by Radwanska et al. (2008) 
with alcohol, the authors observed activation of the subregion CeC/L but not of 
CeM or MePD divisions of the central amugdala. In the basolateral region, they ob-
served an activation of the BA, lateral ventral and BMP regions, but not lateral dor-
sal . 

In short, unlike the basolateral region, the central nucleus of the amygdala does 
seem to have a common role in the incubation of seeking. 

c) Prefrontal cortex 

Although there are thirteen articles that study the possible involvement of the pre-
frontal cortex (PFC) in the phenomenon of incubation through pharmacological 
manipulations, only five of them perform them both at short and at long times of 
abstinence. Four of them studied the possible involvement of medial PFC (mPFC) 
with psychostimulants (cocaine and methamphetamine) and the fifth study fo-
cuses on the possible involvement of the orbitofrontal cortex (OFC) in the incuba-
tion of heroin seeking.  
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In the OFC study (focusing on heroin seeking incubation), Fanous et al. (2012) 
found that extinction test differentially induced changes in Fos reactivity in lOFC. 
Then, inactivation of the lateral region (lOFC) with muscimol/baclofen inhibited 
relapse after long periods of abstinence but not after short times. However, as the 
authors describe in the text, they observed neither an effect of the cocktail of in-
hibitors nor of the interaction between this treatment and the duration of absti-
nence. The differential effect is justified based on comparisons between groups by 
uncorrected multiple comparisons. By inactivating only those neurons that are ac-
tivated with the associated cues, they observed a decrease in relapse. However, 
they tested this manipulation only after protracted abstinence. This same manip-
ulation and also only after a long period of abstinence was carried out in Funk et 
al. (2016) with nicotine, but without any effect. Li et al. (2015b) or Venniro et al. 
(2017a) inhibited the lOFC with muscimol/baclofen, also only at long abstinence 
times, finding no effects on methamphetamine seeking incubation. In studies with 
extinction test and subsequent measurement of Fos, Fanous et al. (2012) observed 
an increase in this region, but again it seems more due to an increase at both times 
of abstinence than a differential increase after long periods. As a results, the au-
thors chose to perform the same (inadequate) statistical analysis as before. Funk 
et al. (2016), studying nicotine seeking incubation saw differential increases after 
long abstinence, but not Grimm et al. (2016) after incubation of sucrose seeking.  

Dysfunctions can also be inferred in certain regions of the brain through tests 
whose neurophysiological basis is known. Reversal learning, for example, seems 
to depend on the OFC and its interaction with the amygdala (Izquierdo et al., 2017). 
In a study on incubation of cocaine seeking, Calu et al. (2007) observed an impair-
ment of this type of learning. This could be related to the decrease in rCBV (only 
studied at long abstinence times) in OFC published by Gozzi et al. (2011). However, 
also studying cocaine, Gobin and Schwendt (2017) did not find any change in re-
versal learning, although they did in the working memory, also dependent on the 
PFC. However, data did not correlated with the seeking of the animals. Both stud-
ies performed the tests only at long abstinence time. 

Swinford-Jackson et al. (2016) observed a decrease in the 5HT2C serotonin recep-
tors in mPFC after incubation of cocaine seeking but not sucrose. Subsequently, 
and only with cocaine, the authors tested whether the activation of these receptors 
with WAY163909 affected differently to short and long abstinence times. Indeed, 
they found that at longer times this intervention had lower capacity to decrease 
seeking. In an incubation study using CPP with KO heterozygous mice for the ex-
tracellular matrix protein brevican, Lubbers et al. (2016) observed that overex-
pression of this protein in the dorsal region of mPFC (dmPFC) did not affect 
incubation. In a study with self-administration of cocaine, Gould et al. (2015) ob-
served changes in different isoforms of Homer proteins in the ventral region of 
mPFC (vmPFC). The reversal of such changes, however, did not affect relapse. Fi-
nally, the inactivation of the infralimbic region by muscimol/baclofen also did not 
affect the incubation of methamphetamine seeking (Li et al., 2015b).  

In pharmacological studies in which the same treatment is only performed at short 
or long abstinence time, were observed different results depending of the manip-
ulated region (dmPFC, vmPFC). Specifically, a treatment with muscimol/baclofen 
in dmPFC did not cause changes in relapse to cocaine (Koya et al., 2009) or meth-
amphetamine (dPL; Li et al., 2015b). By inhibiting PI3K kinase in PL, the cocaine 
seeking is reduced (Szumlinski et al., 2018). This region contains a dorsal part 
(dPL) belonging to dmPFC and a ventral part (vPL) belonging to vmPFC. Three 
different treatments in vmPFC reduced the relapse to cocaine: with musci-
mol/baclofen (Koya et al., 2009), activating the mGluR1/5 receptors with DHPG 
(Ben-Shahar et al., 2013, although only after repeating the extinction test), and 
inhibiting PKC (Miller et al., 2017). However, since these treatments were only 
performed at a single time, it is impossible to know if the reported effects were 
due to a differential action after incubation or a general effect on the seeking, re-
gardless of the time of abstinence. However, Müller Ewald et al. (2018) found that 
the optogenetic activation of IL only affected the seeking if the animals had previ-
ously gone through extinction sessions, unlikely if the IL>shell pathway was spe-
cifically activated. This could explain the result of the only study testing an 
activation, and not an inhibition, of the region (Ben-Shahar et al., 2013). 
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There are several studies in which the animal is exposed to an extinction test and 
then a differential change is observed. Specifically, seven with cocaine, two with 
sucrose and one with nicotine. In studies with cocaine in which they measured 
parameters directly related to the activity, they found apparently contradictory 
results. While Koya et al. (2009) observed increases in pERK in both regions, West 
et al. (2014) observed increases in reactive neurons only in PL, but not in IL, and 
Gueye et al. (2018) found increases of BDNF in PL. This could be due to the fact 
that the region causing the increases in vmPFC in the first article was the ventral 
part of PL (vPL), located in both vmPFC and PL. Studying sucrose seeking incuba-
tion, Grimm et al. (2016) observed increases in Fos in PL, ACC and IL, and studying 
nicotine, Funk et al. (2016) reported Fos increases in dmPFC and vmPFC. Ben-Sha-
har et al. (2013) and Miller et al. (2017) observed changes in vmPFC that did not 
occur in dmPFC: the former found decreases in mGluR1/5 level, and the later ob-
served increases in PKC phosphorylation. Finally, and comparing the effect of an 
extinction test on the incubation of cocaine and sucrose, Shin et al. (2016) ob-
served dopamine decreases and glutamate increases in vmPFC in cocaine experi-
ments, but none of these changes were observed for sucrose. 

It seems, therefore, that both regions, dmPFC and vmPFC, could have a role in the 
incubation phenomenon, but maybe not in the same way with the different sub-
stances. As there are only a few studies of pharmacological manipulation at both 
times of abstinence dealing with cocaine seeking incubation, the degree of involve-
ment of the different regions in the phenomenon is not clear. 

d) Dorsal striatum 

There are four articles in which the same manipulation is performed in regions of 
the dorsal striatum at both times of abstinence: one using cocaine and three using 
methamphetamine. Therefore, the dorsal striatum has only been studied in this 
way with psychostimulants.  

Although there are just a few studies, the most plausible conclusion is that the dor-
somedial region, and not the dorsolateral region, is involved in the expression of 
the seeking incubation. If dopamine D1 receptors are inactivated in the central re-
gion (comprised of a lateral and a medial part), a differential affectation of the 
seeking after protracted abstinence is observed (Li et al., 2015d). This may be due 
to its lateral part, its medial part, or some kind of functional specificity of the cen-
tral region. When the dorsolateral region is inactivated with GABAergic agonists 
(muscimol/baclofen) after cocaine consumption, the same decrease in seeking to 
both withdrawal times is observed (Pacchioni et al., 2011). On the other hand, if 
dopamine D1 or D2 receptors are inhibited in the medial region after metham-
phetamine consumption, seeking is differentially affected (Caprioli et al., 2017a), 
and the same happens inactivating the projection to DMS from the lateral in-
tralaminar nucleus of the thalamus (AIT-L>DMS), with simultaneous injections, 
ipsi or contralaterally, of a D1 inhibitor in the striatum and muscimol/baclofen in 
the thalamus (Li et al., 2018). 

In spite of this, only one study looks for differential effects of the extinction test at 
both times of abstinence in the dorsomedial striatum, while in four publications 
they try to find these effects in the dorsolateral striatum (DLS), a region classically 
involved in addictive processes. 

Werner et al. (2015) found differential changes in protein degradation pathways 
after cocaine consumption and abstinence in DLS. Grimm et al. (2016) observed 
greater presence of Fos after prolonged periods of abstinence in DLS. Li et al. 
(2015d) studied differential changes in gene expression after abstinence from 
methamphetamine in DLS. Finally, Caprioli et al. (2017b), studying Fos in DLS and 
DMS, observed a differential increase after long abstinence times only in DMS, in 
both D1 and D2-MSN. 

It seems therefore that seeking incubation is not so much an incubated habit but 
rather a goal-directed behaviour, given the involvement of the dorsomedial stria-
tum in contrast to the obtained results in the dorsolateral striatum. Or perhaps it 
is the sum of both types, and the function of the dorsal striatum is merely to allow 
the expression of the phenomenon. 
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e) Dopaminergic system 

There are only two published studies performing manipulations in dopaminergic 
regions at both withdrawal times, one studying cocaine and another one focused 
on heroin. The authors studied the effects of acute and chronic treatments (tmt) 
of GDNF both in the ventral tegmental area (VTA) and in the substantia nigra pars 
compacta (SNpc): injection of GDNF just after the last self-administration session 
(tmt1), inhibition of ERK phosphorylation (effector of the GDNF receptor) just af-
ter the last self-administration session (tmt2), injection of the Gdnf mRNA during 
withdrawal (tmt3), and injection of an antibody to GDNF throughout abstinence 
(tmt4). Lu et al. (2009) studied tmt1-4 manipulations in VTA and tmt1 in SNpc 
after cocaine use. Airavaara et al. (2011) studied tmt1 and tmt4 (this later only 
after protracted abstinence) in VTA after the heroin consumption. The only treat-
ments that produced a differential effect between both times of abstinence were 
tmt3 (increases) and tmt4 (decreases) and only after the consumption of cocaine. 
This effect, in addition to being specific for cocaine, may simply be a cumulative 
effect, since the late test occurred after more treatment doses than the early test.  

In studies of the effect of the extinction test on immediate early genes (Fos), 
Grimm et al. (2016) did not find differential changes in either of the two regions 
after sucrose consumption. Gueye et al. (2018) found increases of BDNF in VTA 
only after cocaine protracted extinction test. By quantifying the release of dopa-
mine in vmPFC during the test, the authors of another study found a decrease in 
this catecholamine after the incubation of cocaine seeking but not after sucrose 
(Shin et al., 2016). 

When instead of manipulations in the dopaminergic nuclei antagonists of dopa-
mine function were injected, we generally observe that the seeking descends. The 
problem, again, is that the same manipulation is almost never done at both times 
of abstinence. An i.p. administration of SCH39166, inhibitor of D1 receptor, de-
creased the seeking of sucrose at both times (Grimm et al., 2011), and that of meth-
amphetamine at least at long times (Venniro et al., 2017a). The administration of 
SB-277011A, inhibitor of D3 receptors, did the same with cocaine seeking, at both 
times (Xi et al., 2013). On the other hand, the systemic administrations of D1 or D2 
agonists did not cause changes in the seeking of sucrose at any time (Glueck et al., 
2017). When they were administered in brain regions, the picture is somewhat 
different. Considering the articles in which treatments were performed at both 
times of abstinence, the inhibition of D1 in DMS, as well as that of D2, decreased 
the seeking of methamphetamine after long periods (Caprioli et al., 2017b), and 
the inhibition of D1 in the core, as well as in the shell, equally affected the seeking 
of sucrose at both times of abstinence (Grimm et al., 2011). Related to this last 
study, the inhibition, although only studied at long times of abstinence, of D3 in 
those same regions, decreased cocaine seeking (Xi et al., 2013). 

In the amygdala, although only studied at long abstinence times, the inhibition of 
D1 caused decreases in methamphetamine seeking when performed in CeA (alt-
hough not with D2 inhibitors) but not in BLA (Venniro et al., 2017a). Likewise, the 
inhibition of D3 in CeA but not in BLA caused decreases in cocaine seeking (Xi et 
al., 2013). In summing up, we could say that if dopamine were to have a single 
function in the incubation of the seeking of any substance, this could be to allow 
its expression. There does not seem to be a differential function in BLA or nucleus 
accumbens, neither the core nor the shell, although it could be in CeA (D1 but not 
D2 receptors) and DS (D1 and/or D2 receptors). This conclusion is interesting be-
cause CeA is able to modulate SNpc, which in turn releases dopamine in DS. 

Therefore, the implication of these two dopaminergic regions in the phenomenon 
of incubation of seeking is not clear, although it seems that they are not directly 
involved in it. However, dopaminergic function seems necessary for the incuba-
tion of the seeking to be expressed. 
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f) Hippocampus 

There are two articles which study the possible involvement of the hippocampus 
in the incubation of cocaine seeking. In one of them (Karlsson et al., 2013) the au-
thors do not observe any effect when lesioning the ventral region of the hippocam-
pus (vHPC). On the other hand, in a protocol of CPP with cocaine (Lubbers et al., 
2016), heterozygous mice KO for brevican did not show incubation, but when the 
protein was induced in the dorsal region of the hippocampus (dHPC) incubation 
was restored. After the protracted withdrawal of sucrose (Grimm et al., 2016) a 
differential effect of the extinction test on Fos was not observed neither in dHPC 
nor in the ventral subiculum (vSub). 

It seems therefore that the involvement of the hippocampus in the incubation of 
the seeking might depend more on the paradigm used (CPP versus self-admin-
istration), although there are no studies manipulating dHPC in self-administration 
protocols.  

g) Hypothalamus and peptidergic systems 

The hypothalamus and peptidergic systems (such as opioids, CRH or orexin) have 
not been widely studied in relation to the incubation of seeking, however, some 
studies are available. The issue here is that there is no overlap between the pa-
rameters analysed in articles that use cocaine and those that use opiates (heroin, 
oxycodone). 

After two weeks of abstinence after cocaine consumption the basal and reactive 
activity (bCBV and rCBV) of  HPT are unchanged (Gozzi et al., 2011). However, 
there is an early increase of orexin+ neurons in the DMH/PF and LH regions that 
returns to basal levels after delayed abstinence in DMH/PF but not in LH, without 
changes in the number of MCH+ neurons in any of the regions (James et al., 2018). 
In parallel, Steiner et al. (2018) observed that Hcrt KO mice incubated cocaine 
seeking, although the effect disappeared earlier than in WT mice. The arcuate nu-
cleus is responsible for the secretion of -endorphin in NAc. Dikshtein et al. (2013) 
saw increases in this opioid in NAc during the early cocaine abstinence test (with-
out long-term effects). Blocking it with specific antibodies led to increases in the 
seeking. Theberge et al. (2012), using heroin, found decreases in Oprm1 in that 
region (no changes in DS), also only during early abstinence. Since the effects ap-
pear to be due to their action on the DOR but not MOR receptors (according to the 
results with specific antagonists), this reduction of the MORs after heroin con-
sumption could be a homeostatic change. Another possibility is that both results 
are specific to each of the substances.  

Blackwood et al. (2018) studied the changes in gene and protein expression of mu, 
delta and kappa receptors after protracted oxycodone abstinence in DS and HPC. 
The authors observed decreases of MOR in DS and its mRNA, Oprm1, in HPC. 
Shalev et al. (2001), on the other hand, did not observe changes in Crh at any time 
neither in CeA nor in BNST (dorsal or ventral). Finally, Freeman et al. (2008), stud-
ying the gene expression of CART and NPY neuropeptides in mPFC and NAc, ob-
served increases of both in mPFC at short times of abstinence. 

h) Serotoninergic system 

As in the previous sections, almost all studies dealing with the serotoninergic sys-
tem have focused on the incubation of cocaine seeking. Gozzi et al. (2011) found 
that, at least after two weeks of forced abstinence from cocaine, the baseline ac-
tivity (bCBV, but not rCBV) of the raphe nuclei was below what was expected. 
Measured at both times of abstinence, they also found decreases in the expression 
of serotonin receptors in DMS, NAc and mPFC. In DMS, decreases in the Htr1b au-
toreceptor were evident at long abstinence times, but no changes in Htr6 at any 
time or changes in either of them in the NAc (Neumaier et al., 2009), a region in 
which Htr1d autoreceptor decreases were found after short periods of abstinence 
(Freeman et al., 2010). Decreases in autoreceptor levels could cause increased 
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effects of serotonin in these regions. In mPFC, lower levels of 5HTR2C were found 
after long periods of abstinence in rats that consumed cocaine but not in those that 
consumed sucrose. Activation of them had a less inhibitory effect on cocaine seek-
ing after protracted abstinence (Swinford-Jackson et al., 2016). This receptor, with 
upwards neuromodulatory capacity, seems to be located in interneurons in mPFC, 
and its activation causes decreases in seeking (Pentkowski et al., 2010). Therefore, 
a depletion of this receptor could translate into a lower capacity to control the 
seeking by this region in circumstances in which the level of 5HT increases. In the 
study by Hamed and Boguszewski (2018) on the incubation of CPP with morphine, 
the extinction test after long periods of abstinence caused increases in total 5-HT 
in mPFC, Amg, HPC and DS (but not in NAc or VTA). 

i) Thalamus 

The involvement of the thalamus in the incubation phenomenon has only been 
examined in two articles, both of them focusing on a psychostimulant. Gozzi et al. 
(2011) observed decreases in rCBV (but not bCBV) in that region at long cocaine 
withdrawal times (they did not study early abstinence). On the other hand, using 
methamphetamine, Li et al. (2018) were interested in the region of the thalamus 
that projects to the DMS and that was activated during the extinction test after 
long periods of abstinence (shorter periods were not included in the study). They 
noted that it was AIT-L. Its bilateral, but not unilateral, inactivation reduced the 
seeking at such time. More interestingly, both ipsi and contralateral disconnection 
of the AIT-L>DMS pathway (with muscimol/baclofen in AIT-L and a D1 inhibitor 
in DMS) elicited the same effect at long abstinence time but not at short times. 
Therefore, it seems that the AIT-L>DMS pathway is important for the incubation 
of methamphetamine seeking expression.  

j) Noradrenergic system 

The main noradrenergic nuclei sending projections to limbic regions are the locus 
coeruleus (LC), which sends its projections through the dorsal bundle to the glu-
tamatergic regions PFC and BLA, and the nucleus of the solitary tract (NST), which 
sends its projections through the ventral bundle to the GABAergic regions shell 
and CeA (Kvetnansky et al., 2009). The only article related to the noradrenergic 
system known to us is that of Hamed and Boguszewski (2018) using a CPP proto-
col with morphine. They measured the total level of noradrenaline and its main 
metabolite, MHPG, after the extinction test, in NAc, DS, mPFC, HPC, Amg and VTA. 
They observed decreases of the metabolite in NAc after a long period of abstinence.  

Effects of stress and environmental enrichment. Various studies have attempted 
to understand the relationship between stress (in its broadest sense) and the in-
cubation of seeking. For example, it has been studied if the stress-induced relapse 
incubates, if the resistance to punishment incubates, if the incubation of cue-in-
duced seeking is affected by the level of stress or if molecules associated with it 
are involved in the phenomenon. Likewise, it has been studied how environmental 
enrichment affects incubation of cue-induced seeking.  

One of the causes of relapse is stress, consequently, it is important to determine if 
stress-induced seeking incubates. Two works have asked such question, following 
different strategies.. In the study by Shalev et al. (2001), the authors observed that 
footshocks had a increasing capacity to induce relapse throughout abstinence 
both in rats that had consumed heroin and in those that had consumed sucrose (in 
this case the increases are not significant). In another study, injecting yohimbine 
(2 adrenergic antagonist) into rats that had consumed methamphetamine, did 
not induce stress-induced seeking incubation (Shepard et al., 2004). 

It has also been studied, at least in one article, whether the resistance to punish-
ment during consumption incubates or not. To attain this goal, they accompanied 
each infusion of cocaine with an aversive dose of histamine. They observed that 
rats that had more time of abstinence consumed more cocaine, hence the authors 
inferred that the rats had become more resistant to punishment (Gancarz-Kausch 
et al., 2014). However, it can also be interpreted as follows: rats, while being 
equally resistant (or sensitive) to punishment, have suffered an incubation of re-
acquisition, something already proven by others with cocaine and other 

LC             NST 

Shalev et al., 2001 

Shepard et al., 2004 
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substances (see Box 7. Paradigms in which incubation has been observed). In a sim-
ilar study, using lithium chloride as aversive in a conditioned taste aversion pro-
tocol (CTA) after sucrose consumption, the authors observed that CTA was only 
effective to reduce consumption if the unconditioned stimulus was applied after 
one month of abstinence (Harkness et al., 2010).  

In addition to this, another focus of interest has been to determine to what extent 
stress affects the incubation of cue-induced seeking, as well as the effects of envi-
ronmental enrichment. Caloric restriction can be considered as a stress for the or-
ganism. In addition, as discussed in D’Cunha et al. (2017), drug use and caloric 
restriction affect each other in drug addicts: a higher consumption of drugs is as-
sociated with a decrease in food intake, and a caloric restriction is associated with 
an increase in drug use. Using caloric restriction as a stressor, D’Cunha et al. 
(2013) observed that, if suffered chronically during abstinence, it had the capacity 
to increase the incubation of heroin seeking, an effect that was not given if the 
restriction was acute or if the day before the animals were food satiated. Using an 
immobilization stress protocol, Glynn et al. (2018) managed to increase the incu-
bation of cocaine seeking as long as it was chronic and recent or, if not recent, as 
long as the animals were subjected to caloric restriction the day before the test. 
Interestingly, when the seeking was tested one month later, without stress, the 
levels returned to those of the control animals.  

The problem with these studies is that the treatment (stress) is applied only be-
fore subjecting the animals to the late extinction test and not to both abstinence 
times. Another strategy used is to induce semi-voluntary abstinence in animals by 
applying a footshock half of the animals seek the substance (lever press or nose 
poke). The animals end up abstaining, although there are individual differences 
(in the case of those rats that consumed methamphetamine, there were more re-
sistant and more sensitive individuals). After abstinence, the animals are sub-
jected to a relapse test after different times and it is observed that, while those 
that consumed methamphetamine continue to exhibit an incubation of seeking 
(higher in the resistant ones, maybe due to a greater consumption during the vol-
untary abstinence), those that consumed appetitive food do not (Krasnova et al., 
2017, 2014; Torres et al., 2017). 

In contrast to caloric restriction, it has been shown that the contingent consump-
tion of natural reinforcers (such as food) lowers stress levels (measured as plasma 
corticosterone concentration) (Ulrich-Lai and Herman, 2009). Using a different 
voluntary abstinence paradigm, in which animals stop consuming a drug to con-
sume contingently a palatable food, it has been observed that methamphetamine 
seeking incubation is maintained (Caprioli et al., 2015b; Venniro et al., 2017b) but 
that of heroin disappears (Venniro et al., 2017b).  

Two articles study the effect of the extinction test on plasma corticosterone levels: 
one after cocaine use (Thiel et al., 2012) and another after the consumption of su-
crose (Grimm et al., 2016). Whereas after cocaine consumption an increase in the 
early abstinence test is observed, no changes are observed after the consumption 
of sucrose at any time of abstinence, although it is true that in this case the animals 
were anesthetized before sacrifice. In the cocaine study, they also observed that 
environmental enrichment, which reduced cocaine seeking, prevented the in-
crease in plasma corticosterone. 

Glynn et al., 2018 

Venniro et al., 2017b 

Thiel et al., 2012 
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Up to eight articles have studied the effects of environmental enrichment (EE) in 
the incubation of seeking, using cocaine and sucrose. The components of EE that 
have been used are aerobic exercise (a wheel), social interaction (more than one 
rat per cage) or novelty (an alternative cage, toys), in acute (one day) or chronic 
treatments (several days), recently or not (that is, with or without EE during the 
days before the test). However, the procedures have not been homogeneous in the 
different studies. For example, studies with cocaine always perform chronic EE 
(for several days) and therefore never study the effect on early abstinence, and in 
the studies with sucrose the EE is always recent (prior to the test) and therefore 
they do not study if the effects of EE are long lasting. The components with greater 
capacity to reduce the seeking after protocols that induce incubation seem to be 
aerobic exercise and toys (Zlebnik and Carroll, 2015: cocaine, EE = wheel, using 
only females; Grimm et al., 2008: sucrose, EE = wheel + social; Grimm et al., 2013: 
sucrose, EE = toys and/or social and/or novelty). An acute treatment (the day be-
fore) can achieve these effects (Grimm et al., 2016, 2013: sucrose), even better, 
without the need to prolong it over time for several days or weeks. It is not clear, 
however, what is the ultimate mechanism of the effect of environmental enrich-
ment (Glueck et al., 2017; Grimm et al., 2016). The beneficial effect of EE seems 
not to be lasting, at least in rats that consumed cocaine, since its discontinuation, 
eventually leads to the disappearance of the effect (Chauvet et al., 2012: cocaine, 
EE = social + wheel + toys + novelty), unless an LTD is induced in the BLA>NAc 
path (Ma et al., 2016). The effect of this LTD on its own is also transient (Lee et al., 
2013).  

Although it is not directly related to stress, it has been seen that both the quality 
of sleep and whether drug consumption takes place in the active (dark) or inactive 
(illuminated) phase of the cycle affect the incubation of the seeking. As cocaine 
withdrawal progresses, the quality of sleep decreases. By improving it during 
withdrawal, the authors managed to decrease the seeking after prolonged absti-
nence (Chen et al., 2015). In addition, if rats had access to heroin during their nat-
ural phase of activity, that is, the dark phase, they consumed more and showed a 
greater incubation of the seeking (Coffey et al., 2018).  

However, the level of stress of the animals during the extinction test affects the 
development of the same, but it is not clear to what extent the stress pathways and 
the molecules associated with it are involved with the incubation of the seeking. 

Effects of sex. Incubation of seeking occurs in both male and female animals, at 
least when cocaine (Kerstetter et al., 2008), methamphetamine and heroin 
(Venniro et al., 2017b) were tested. However, the duration of the test is longer in 
female rats and its intensity even greater if they are in estrous on the day of the 
test (Kerstetter et al., 2008). 

Effects of age. Up to four articles study the effect of age on seeking incubation. 
Using cocaine as the tested drug, Li and Frantz (2009) observed that, after a pro-
tocol of restricted access (2h/d), only adult rats (PND83-95) exhibited seeking in-
cubation, and not the youngest ones (PND35). However, with an extended access 
protocol (6h/d) both groups (PND35 and PND70) exhibited an equivalent incuba-
tion in the seeking (Madsen et al., 2017). They also exhibited the same incubation 
in Funk et al. (2016) using nicotine and rats aged PND28-30 and PND68-70. How-
ever, after 10 sessions of 3h/d of self-administration of sucrose, it was observed 
again that the younger rats (PND35) did not present seeking incubation while the 
adults (PND70) did, with intermediate results in rats of PND42 (Counotte et al., 
2014). Therefore, although it seems that a younger age does not prevent the po-
tential for incubation of seeking, it is a factor of resistance.  

Chauvet et al., 2012 

Chen et al., 2015 
Coffey et al., 2018 

Counotte et al., 2014 
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Kinetics of seeking incubation. The phenomenon of incubation does not show the 
same time course in all the substances studied. This may be because they act on 
different processes or with different intensity, or because it is difficult to compare 
different substances with different dosages. For example, if each delivery of co-
caine prolonged for 90 seconds instead of the typical fast delivery (around 5 sec-
onds), the rats do not exhibit incubation (Gueye et al., 2018). In a general way, we 
could say that cocaine reaches the maximum in one month of abstinence, and her-
oin and methamphetamine in one or two weeks. While cocaine may last more than 
six months, the effect disappears in alcohol and heroin after two months (Figure 
8, p.16) (Pickens et al., 2011). Keeping in mind that rats live between two and 
three years so it is not surprising that times are somewhat higher in people as we 
saw in the previous section. The only intervention that we have found that affects 
the kinetics of incubation is that published by Steiner et al. (2018). They note that 
in the Hcrt KO mice cocaine seeking incubation occurs as in the WT, but the effect 
ends earlier. 

1.2.4. Summary of the state of the art in seeking incubation 

Despite the huge number of studies that exist to date on the incubation of the seek-
ing, it is difficult to point out a region of the brain or a mechanism that seems to 
be ultimately responsible for the process, regardless of the substance studied. This 
is not because equivalent results are not obtained among the substances but be-
cause there is hardly any overlap between the parameters that have been studied 
in some substances and those that have been studied in others. To make matters 
worse, it is not common to find studies of manipulation that study equally short 
times and long times of abstinence, and in those investigations that measure bio-
chemical parameters it is rare to find a statistical analyses that allows to discern 
between the lasting effects of drug intake, the effects of the passage of time during 
the period of abstinence and the effects of the interaction between both factors, 
this last requirement indispensable to be able to suggest the potential existence of 
an incubation-related effect. It is important to take this into account when extract-
ing the pertinent information without confounding it with mere effects of seeking 
or lasting changes derived from the specific intake of a given substance. For all this, 
our purpose has been, in this Introduction, to look for processes common to the 
incubation of the seeking of the various substances studied. Leaving aside the 
changes in biochemical parameters, which, apart from the problem of statistical 
analysis, are almost all focused on cocaine, common effects in the experiments that 
look for changes after the extinction tests are depicted in Figure 11 and the main 
results of the experiments studying the effects of specific manipulations are de-
picted in Figure 12. We may conclude that the extinction process during the incu-
bated seeking exhibits differences in dmPFC, vmPFC, DLS, DMS, core, shell and CeA 
activation, but not in OFC nor in BLA.  

However, a region that intervenes in extinction does not have to be the promoter 
of an increased seeking, even if the former is a sine qua non condition. Therefore, 
it may be more pertinent to look at manipulation studies. With regard to these, we 
can conclude that there is a different effect on the incubated seeking if manipula-
tions are aimed at the DMS (only tested with methamphetamine) and CeA, but not 
in dmPFC, vmPFC, OFC, DLS, core, shell or BLA. The implication of the latter in the 

Steiner et al., 2018 

Figure 11. Level of 
evidence of the 
involvement of certain 
regions regarding the 
effects of extinction test. 
Red: involved; 
green: not involved; 
filled: strong evidence; 
empty: weak evidence; 
grey: no evidence. 
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phenomenon of the incubation of the seeking will, therefore, be specific of sub-
stance and/or paradigm.  

As we discussed earlier, dopamine seems to have a permissive role regarding the 
expression of the seeking incubation. Therefore, it is plausible that the CeA>SNpc> 
DMS pathway is the one involved in the incubation of the seeking. As the DMS re-
gion has only been studied with methamphetamine and the manipulation of SNpc 
does not affect the incubation of cocaine seeking, also a psychostimulant, the ex-
planation with greater parsimony is that CeA is the region involved in the incuba-
tion of seeking in a general way. 

The implication of this region of the amygdala coincides with the results observed 
in fMRI studies with heroin addicts or with people subjected to different diets. In 
the study with heroin addicts, the authors observed that the amygdala (without 
differentiating between regions) became more active in the case of cues associated 
with heroin in long-term abstiners (Li et al., 2013). In the study with different diets 
the authors reported that the less effective diet to decrease craving was associated 
with a lower functional connectivity of the dlPFC with the amygdala when food-
related cues are presented to the subjects (Kahathuduwa et al., 2018). Therefore, 
it seems that the central amygdala becomes more reactive with the cues associ-
ated with the substance as the abstinence progresses, and that this could be due, 
in part, to a lower cortical control. 

In addition, levels of stress or anxiety are able to modulate the intensity of the 
incubation of seeking, although it is not clear to what extent these processes are 
essential for the phenomenon to occur.   

Figure 12. Level of 
evidence of the 
involvement of certain 
regions regarding the 
effects of manipulations. 
Red: involved; 
green: not involved; 
filled: strong evidence; 
empty: weak evidence; 
grey: no evidence. 
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HYPOTHESIS AND GOALS 

On the basis of the literature discussed in the Introduction, The hypothesis of the 
PRESENT investigation is that the incubation of seeking has a common substrate 
shared by all reinforcers, as some authors argue, and that this substrate is found 
in the amygdala, the medial prefrontal cortex and/or the nucleus accumbens.  

The general goal of this Doctoral Thesis was to look for biochemical alterations 
in the brain of the rats after the incubation of seeking. Since this phenomenon de-
velops as abstinence progresses it is also accompanied by other effects of pro-
tracted abstinence specific to each substance. Therefore, the strategy that we 
followed was to look for common changes after the protracted withdrawal from 
three substances with very different pharmacological effects such as cocaine (psy-
chostimulant), heroin (opioid) and sucrose (natural reinforcer). The potential 
common alterations found will therefore reflect effects related to the incubation 
of seeking and not primary pharmacological effects induced by the substances 
themselves. 

 

 

 

 

 

On the basis of the previous knowledge on their role in the incubation process, we 
chose six brain regions to analyse: the shell and core regions of the nucleus accum-
bens, the basolateral amygdala, the central nucleus of the amygdala and the dorsal 
and ventromedial regions of the prefrontal cortex. We focused on molecular tar-
gets that would account for both plasticity-related effects and for basal activity of 
the region studied. 

1st Goal: 

To search for behavioural parameters during self-administration sessions that 
could be predictors of the development of the incubation of seeking, and then to 

look for correlations between them and biochemical parameters. 

2nd Goal: 

By using Western blot, qPCR, capillary electrophoresis and immunofluorescence, to 
search for changes during the incubation of seeking in parameters of the glutama-

tergic, GABAergic and endocannabinoid systems. 

 

During sample dissection, we observed a noticeable adrenal hyperplasia in the an-
imals that consumed cocaine and heroin. Due to the possible influence of stress in 
the incubation of seeking, we decided to extend the initial goals of the research: 

3rd Goal: 

To look for changes in parameters related to stress by Western blot, qPCR and radi-
oimmunoassay that may be related to the incubation of seeking phenomenon. 

  

sucrose
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2.1. JUSTIFICATION OF THE MODEL AND THE SAMPLE PROCESING 

Justification of the model. To perform the study we chose to use young adult male 
rats of the Lewis strain. This strain of rat has been used in our laboratory for years, 
and there were no incubation studies where this strain had been used. Most of the 
published studies employed Long-Evans or Sprague-Dawley, and to a lesser extent 
rats of the Wistar strain. Therefore, we reasoned that it would be interesting to 
use this strain to increase the diversity of strains in which the incubation phenom-
enon has been studied and hence enhance the validity of the published results. On 
the other hand, we use male animals, and not females. Although the incubation 
phenomenon with female rats is currently being studied in our laboratory we de-
cided to focus on males in this Thesis to ensure that we would be able to compare 
the results obtained with those in the literature. The preference for males, in ad-
dition to the obvious bias that exists in Science, is due to the fact that the majority 
of cocaine and heroin addicts in our society are men. Finally, young adult rats were 
chosen according to the age at which these substances are consumed. 

According to the literature, in order to observe the incubation of seeking of co-
caine and heroin it is necessary (although there are exceptions) to use extended 
access protocols, which usually promote escalation in drug intake. Quite surpris-
ingly, short-access protocols are sufficient to induce incubation of seeking with 
sucrose (Grimm et al., 2002). Since our goal was to study the incubation of seeking 
and not the escalation, we decided to use protocols for drugs of abuse (extended 
access) and for sucrose (restricted access) that were not identical in terms of ac-
cess lenght. Furthermore, it has recently been published that a paradigm of ex-
tended access to natural reinforcers with high caloric content induces compulsive 
and impulsive phenotypes, among other characteristics (Burokas et al., 2018). 

Justification of sample processing. The goal of this Doctoral Thesis was to de-
scribe biochemical changes that could be related to the phenomenon of seeking 
incubation. To do this, six regions shown in the literature to be related to the phe-
nomenon were analysed. Our working hypothesis is that the incubation of the 
seeking of the different substances has a common biological substrate, so we 
looked for changes during the withdrawal from three substances that could be in-
terconnected. In order to optimise the samples obtained from each subject, the 
samples were dissected and processed in such a way that from the same biological 
sample, protein expression levels (by Western blot), amine levels (by capillary 
electrophoresis) and levels of gene expression (by qPCR) could be assayed. In ad-
dition, thin tissue slices were obtained during cryostat sectioning that would then 
be analysed by immunohistochemistry, immunofluorescence or in situ hybridiza-
tion. 

The drawback of such approach was that the analysis of amine content was not 
possible for all the samples, and there were a few samples in which, due to its in-
stability, RNA was lost. Even so, we believe that it is the optimal way to proceed, 
as this incurs in the reduction of animals that are used in the experiments (by 50% 
at least) and allowed us to perform multivariant analysis with variables of differ-
ent nature.  
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SCH experiment. 
Schedule with the main 

components. 

WZ experiment. 
Schedule with the main 

components. 

2.2. ANIMAL PROCEDURES 

Animals. Male rats of the Lewis strain were used (Harlan International Ibérica, 
N=109), between 300-320g of weight at the beginning of the experiments. The an-
imals were kept in the vivarium in a light-dark cycle (on at 08:00 am), at a constant 
temperature (20±2°C), with water and food (Panlab, commercial diet for rodents 
A04/A03) ad libitum. From the moment of their arrival, the animals were housed 
in groups of three until they underwent surgery a week before begining the self-
administration sessions. Then they were single-housed to prevent the rats from 
biting the catheters of their cage mates. The animals that did not need operation 
were also single-housed at the same time. All animals were maintained and han-
dled in accordance with the European Union Laboratory Animal Care Standards 
(2010/63/EU).  

Surgery. Both the rats that self-administered cocaine and intravenous heroin and 
their respective controls (saline group) were subjected to catheter implantation 
one week before the first self-administration session (surgery by Rosa Ferrado). 
The rats that consumed sucrose and their controls (water group) drank from 
spoons made ad hoc (manufactured by Alberto Marcos) so they did not need any 
surgery. The catheter was implanted into the left jugular vein approximately at the 
level of the atrium, continuing subcutaneously until emerging in the medial scap-
ular region. This operation was performed under anaesthesia with isoflurane (5% 
in induction, 2% in maintenance) and with analgesia (buprenorphine). In order to 
maintain functional catheters and prevent infections, 0.5mL of saline with heparin 
and gentamicin (30mg/mL) was injected daily through them (Higuera-Matas et al., 
2008). 

Experimental batches. Two experimental batches were carried out, both under-
going ten days of self-administration. A first batch was used to validate the incu-
bation model in our laboratory (Experiment 1). After one day (wd1) or one month 
(wd30) of forced abstinence, the animals were subjected to an extinction test to 
measure the seeking. Some animals underwent both extinction tests, allowing us 
to calculate their incubation coefficients. A second batch, which did not go through 
the extinction tests to avoid possible effects caused by the extinction learning, was 
used to perform the biochemical analyses (Experiment 2). The rats underwent ten 
days of self-administration and were sacrificed after one day (wd1) or one month 
(wd30) of forced abstinence. Two batches were carried out in parallel: the exper-
iment with drugs, composed by wd1 and wd30 groups for saline, cocaine and her-
oin (six groups, n=8 rats per group, SCH experiment) and the experiment with 
water and sugar (four groups, n=9 rats per group, WZ experiment). 

Self-administration sessions. Both experiments (SCH and WZ) have in common 
that they were performed in Skinner boxes of operant conditioning (Coulburn and 
MedAssociated), monitored by the MedPC software. The solutions of cocaine, her-
oin, saline, water and sugar water were contained by syringes located in pumps 
on the boxes, connected to their destination (the catheter in the case of the SCH 
experiment or the spoon in the case of the WZ experiment) using a plastic tubing. 
The light of the camera was on until the beginning of the session, at which time it 
turned off (although the door was slightly open to maintain the light cycle), and 
turned on again at the end of the session. Inside the box there were two levers: 
one active (lever 1) and one inactive (lever 2). Each time the animal pressed the 
active lever the pump was activated, which for 5 seconds administered the rat the 
corresponding dose of substance (unconditioned stimulus, US), while a led was lit 
over the lever for 10 seconds (conditioned stimulus, CS). After 5 seconds of ad-
ministration a time out of 40 seconds ensues, during which the animal received 
neither US nor CS no matter how much the lever was pressed. The rats of the ex-
periment SCH were subjected to extended access sessions (6h/day, Airavaara et 
al., 2011; Conrad et al., 2008), and the rats of the experiment WZ to restricted ac-
cess sessions (2h/day, Harkness et al., 2010). Doses per injection were 
0.075mg/kg of heroin, 0.75mg/kg of cocaine-HCl, or sucrose (Sigma-Aldrich 
S1888) 10% w/v diluted in an average of 0.1mL of saline (ERN, Vitulia physiolog-
ical saline, 0.9% w/v) or tap water. 

  

Light:dark cycle. 
ON at 08:00, 
OFF at 20:00. 

08:00 

20:00 

Burrhus Frederic 
Skinner, 

1904-1990. 
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Missing animals. In total 25 subjects were lost from the experiments with intra-
venous administration due to problems with the catheter. 

Abstinence and extinction test. The first extinction test was performed the day 
after the last self-administration session, and the second test one month later. 
Meanwhile, the rats were regularly handled by the experimenter. The extinction 
test was similar to a self-administration session with the difference that, despite 
receiving the CS, the rats did not receive the US (the substance). It lasted 3 hours 
in the case of cocaine and heroin and 2 hours in the case of sucrose. 

Behavioural parameters. In each session, for both self-administration and ex-
tinction, the following parameters were obtained: 

block 1: Direct parameters 

· LP1: number of lever 1 presses during the time this lever is active. 
Because it is a fixed ratio 1 schedule, LP1 number is equivalent to the number of doses. 
· LP2: number of lever 2 presses during the time lever 1 is active. 
· LPTOR1: number of lever 1 presses during the time out. 
· LPTOR2: number of lever 2 presses during the time out. 

 

block 2: Extracted parameters 
(by Eduardo Ucha, Marcos Ucha and Raquel Santos) 

· Latency: delay between the initiation of the session and the first lever 1 press. 
· T1/2: time until the animal reaches half of the LP1 of the entire session. 
The lower this value, the more concentrated the lever 1 presses are in the beginning of a ses-
sion. 
· Interval: time between two lever 1 presses in a session 
· Average of intervals: average of the intervals of a session. 
· Median of intervals: median of the intervals of a session. 
The lower these two values, the higher the frequency of lever 1 presses. 
· Asymmetry of intervals: asymmetry coefficient of the intervals distribution. 
The higher this coefficient, the higher the frequency of lever 1 presses. 
· LP30: number of lever 1 presses during the first 30min of a session. 
· LP60: number of lever 1 presses during the first hour of a session. 

 

block 3: Derived parameters 

· L1t = LP1 + LPTOR1. 
· L2t = LP2 + LPTOR2. 
· Lt = L1t + L2t. 
· LP301: LP30 divided by the average number of lever 1 presses in 30min. 
· LP601: LP60 divided by the average number of lever 1 presses in one hour. 
The higher these two values, the more concentrated the lever 1 presses are at the beginning 
of a session. 
· LP1t: sum of the LP1 values of the 10 sessions. 
· ‘parameter’i: average of the value of a parameter during the first 3 sessions (initial). 
· ‘parameter’f: average of the value of a parameter during the last 3 sessions (final). 
· d‘parameter’ = ‘parameter’f - ‘parameter’i. 
· r‘parameter’ = ‘parameter’f/‘parameter’i. 

 

In animals that underwent both extinction test, wd1 and wd30, incubation coeffi-
cients were calculated: 

block 4: Incubation coefficients 

· incu_d‘parameter’: difference (wd30 - wd1) of LP1, L1t and Lt. 
· incu_r‘parameter’: ratio wd30/wd1 of LP1, L1t and Lt. 
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2.3. SAMPLE PROCESING 

Animal sacrifice. The animals were weighed and sacrificed after one or 30 days 
of abstinence by decapitation, between 11:00 and 13:00. Immediately after, the 
brain was removed in about one minute, frozen by ten seconds of immersion in 
isopentane (VWR 24872.298) cooled with dry ice (-78.5°C), and stored at -70°C. 
In addition, blood was collected from the trunk in a heparinized tube and the 
plasma was extracted after centrifugation at 1000g for 10min at 4°C and stored at 
-70°C. Adrenal glands, spleen and liver were removed. The structures were 
weighed and stored at -70°C (only small fragments were stored in the case of 
spleen and liver) (with the help of Gonzalo Moreno, Luis Carrillo and Rosa Ferrado). 

Reagents and buffers. HEPES (Sigma H3375), sucrose (Sigma S1888), protease 
inhibitors (Roche complete EDTA-free 11.873.580.001), phosphatase inhibitors 
(Roche PhosSTOP 04.906.837.001), sodium butyrate (Sigma B5887). 
·Q buffer: 50mM HEPES, pH 7.5, 320mM sucrose, protease and phosphatase inhib-
itors, 20mM sodium butyrate, in DEPC-water. 

Brain dissection. One hour before being dissected, brain was tempered at -20°C 
in the cryostat chamber (Microm, Cryostat HM 500O) embedded in TissueTek (Sa-
kura, 4583). 300μm thickness slices were collected on a sterile cold surface and 
dissected with a lancet, according to a rat neuroanatomical atlas (Paxinos and 
Watson, 2007). The tissue was stored during dissection in sterile tubes of 0.2mL 
in dry ice and then at -70°C. 40μm thickness slices were also made from the same 
brains, at different regions, which were placed on slides for adhesion (Thermo Sci-
entific, SuperFrost® Plus, Menzel Gläser). After air-drying, they were stored until 
use at -30°C.  

Missing samples. Two brains were lost (“water” group) due to storage problems. 

Tissue homogenization. Samples were weighed and homogenized in Q buffer us-
ing a motorized mortar (Sigma-Aldrich, pellet pestle Z359971). After being kept 
on ice for 10min they were centrifuged at 1000g for 10min at 4°C. The pellet was 
separated from the supernatant, resuspended in Q buffer and the supernatant was 
divided into three different tubes. One of the tubes contained 800μL of QIAzol (Qi-
agen 79306) and the volume equivalent to 3-4mg of original tissue (≤80L) was 
added for extraction of cytoplasmic RNA. Another tube contained loading buffer 
for Western blot. A portion of the resuspended pellet was also separated with 
loading buffer. The third tube was empty and was used for capillary electrophore-
sis and protein quantification. All samples were stored again at -70°C. 

 

2.4. PROTEIN QUANTIFICATION 

Protein quantification. The protein content was quantified in 96-well plates (Fal-
con, Microtest 96, 35-3072) using the colorimetric method described by Bradford 
(1976) with slight modifications. Briefly, 250μL of reagent (1:5 dilution of Biorad 
Protein Assay Dye Reagent Concentrate-treat 500-0006) was added to 5μL of sam-
ple. In parallel, a calibration curve was made (r2≥0.99) using bovine serum albu-
min (BSA, Sigma A9647) from 0.05 to 1.5g/L. The absorbance ratio 
595nm/450nm (measured in the Asys Hitech DigiScan plate reader) was used to 
interpolate the values. 

  

Isopentane 

Heparin 

4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid 

(HEPES) 
pKa1=3.0; pKa2=7.5 

Sodium butyrate. 
Demethylases inhibitor. 

 

Diethyl pyrocarbonate 
(DEPC). 

It inhibits RNases by 
covalently binding histidine 
residues (to a lesser extent, 

to lysine, tyrosine and 
cysteine residues). When it 

is autoclaved it releases 
ethanol and CO2. 

Coomassie blue G-250 
(Bradford reagent) 

free=465nm 
bound=595nm 

 

→  

 

Schedule of sample procesing  
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2.5. RADIOIMMUNOASSAY (RIA) 
(with the counselling of Emilio Ambrosio) 

Radioimmunoassay. The plasmas were thawed, centrifuged at 10 000g for 10min 
at 4°C to discard precipitates and, after tempering them at room temperature (RT), 
the RIA was started using the Coat-a-Count® Rat Corticosterone kit (Siemens). 
Briefly, 50L sample or calibrator is added to tubes covered with anti-corti-
costerone antibody. Then 1mL of I125-corticosterone preparation is added, vor-
texed and incubated at RT for 2h. The content is decanted and the signal is 
analysed (1min/tube, in counts per minute, cpm) in a gamma counter (Wallac, Au-
tomatic Gamma Counter 1470 Wizard). To estimate the non-specific binding 
(NSB), non-covered tubes, but with sample or calibrator, are measured. The max-
imum binding value (MB) is estimated by measuring a calibrated tube without la-
belled corticosterone. 

Analysis. The corticosterone values are interpolated in a semilogarithmic line fac-
ing the logarithm of the concentration with the binding value (B), and is normal-
ized with respect to the volume of plasma: 

𝐵 =
𝑐𝑝𝑚𝑠𝑎𝑚𝑝𝑙𝑒 𝑜𝑟 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟 − 𝑐𝑝𝑚𝑁𝑆𝐵

𝑐𝑝𝑚𝑀𝐵
 

 

2.6. WESTERN BLOT 

Reagents and buffers. Sodium dodecylsulphate (SDS, Sigma L3771), bromophe-
nol blue (BrPhB; General Electric 17-1329-01), glycerol (Panreac 141339.124), 
sodium chloride (NaCl, VWR 27800.360), Tris (VWR 28811.295), 2,2,2-trichloro-
ethanol (TCE, Sigma T54801), Tween20 (Sigma P9416), TEMED (Biorad #161-
0800), ammonium persulfate ((NH4)2S2O8, PSA; Biorad #1610700), glycine 
(Fisher G/P460/53), acrylamide:bis 30% 1:29 (Biorad #161-0156), dithiothreitol 
(DTT; Sigma), -mercaptoethanol (ME; Sigma), anti-PSD95 (Cell Signaling 
#2507), anti-rabbit IgG HRP-linked (Abcam ab6721), anti-gephyrin (Cell Signaling 
#14304), ECL 2 (Thermo Scientific Pierce® #1896433A&B). 
·Stacking gel: 125mM Tris, pH 6.8, 0.1% w/v SDS, 4% w/v acrylamide:bis (1:29), 
0.5% v/v TCE.  
·Running gel: 375mM Tris, pH 8.8, 0.1% w/v SDS, 12% w/v acrylamide:bis (1:29), 
0.5% v/v TCE. 
·Electrophoresis buffer: 25mM Tris, 192mM glycine, 0.1% w/v SDS. 
·Loading buffer x6: 375mM Tris, pH 6.8, 60% v/v glycerol, 12% w/v SDS, 300mM 
DTT, 0.012% w/v BrPhB. 
·TBST: 50mM Tris, pH 7.5, 150mM NaCl, 0.1% v/v Tween20. 
·Stripping buffer: 62.5mM Tris, pH 6.8, 2% w/v SDS, 0.8% v/v ME. 
  

Corticosterone 

Danger: 
radioactivity. 

Glycerol 
To increase the density of 

the sample. 
density=1.26g/cm3 

Bromophenol blue 
To color the sample. 

pH<3.0: yellow 
pH>4.6: violet 

 

N,N,N',N'-tetramethylethane-
1,2-diamine 
(TEMED). 

Polymerizing agent. 

Dithiothreitol (DTT). 
Reducing agent. 

-mercaptoethanol. 

Reducing agent. 

Glycine (Gly) 
pKa1=2.35; 
pKa2=9.78 

 

2-Amino-2-(hydroxy-
methyl)propane-1,3-diol 

(Tris) 
pKa=8.06 

 

Acrylamide. 
Monomer that gives 

linear polymers. 

Bisacrylamide. 
Monomer that links linear 
polymers to each other. 

Sodium dodecylsulphate (SDS). 
Detergent used to denature proteins and 

endow them with negative charge. 

Polyethylene glycol sorbitan monolaurate (Tween 20). 
Detergent used to avoid nonspecific binding. 
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Western blot. 5μg of protein from each sample was loaded into MiniProtean® 
Tetra System (Biorad) in 12% SDS-PAGE (SDS-polyacrylamide gel electrophore-
sis) hand-made gels. For the quantification of total protein as load control, the gels 
were exposed to ultraviolet light for one minute to activate the reaction between 
the TCE and the tryptophan residues (Ladner et al., 2004), and then digitized  
(reading at 312nm). Proteins were transferred with Trans-Blot® Turbo transfer 
system (Biorad) to 0.2m PVDF membranes (Trans-Blot® Turbo ™ transfer pack, 
Biorad), and blocked with 5% w/v BSA in TBST for one hour at RT. The mem-
branes were incubated overnight in TBST at 4°C with anti-PSD95 (1:3000). They 
were then washed in TBST (3x15min), incubated with secondary antibody 
(1:5000) for one hour at RT and washed thrice again. The HRP enzyme was ex-
posed to the ECL2 substrate following the manufacturer's recommendations. 
Stripping was performed to quantify gephyrin (1:2000) in the same membranes. 
Briefly, the membranes were incubated in stripping buffer at 50°C for 45min, 
washed in TBST (4x15min) and re-blocked. All incubations were performed under 
agitation. 

Analysis. All the scans were performed on an Amersham Imager 600 (General 
Electrics) system. The proteins were analyzed by densitometry using the Fiji (Im-
ageJ) free software. Due to the number of samples, several gels were needed for 
each region. There were always, in each gel, samples from all experimental groups, 
and they were prevented from always being located in the same wells or in adja-
cent wells. To normalize the data, first each variable (total protein, PSD95 and 
gephyrin) was normalized with respect to its average in each gel and then the ratio 
of each protein was calculated with the total protein value for each individual 
(Degasperi et al., 2014). The PSD95/gephyrin ratio was also calculated. 

 

 
  

Trichloroethanol 
(TCE) 

Fluorophore resulting from 
the reaction of the indole 
group of the tryptophan 

residues with TCE. 

100 kDa

75 kDa

PSD95

100 kDa
gephyrin

Example of gel stained 
with TCE-UV. 

100 kDa

75 kDa

PSD95

100 kDa
gephyrin

100kDa 

100kDa 

75kDa 

PSD95 

gephyrin 

Example of the bands 
obtained from PSD95 

and gephyrin. 

Normalisation. The chosen 
option was the sum of 
biological replicates (B). 
Degasperi et al. (2014) 
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2.7. CAPILLARY ELECTROPHORESIS 

Reagents and buffers. From Sigma: L-glutamic acid (49449), glycine (G7126), L-
glutamine (49419), taurine (T0625), L-serine (S4500), D-serine (S4250), -
aminobutyric acid (GABA, A5835), L-2-aminodipidic acid (A7275) as internal 
standard (IS), L-proline (81709), L-isoleucine (W527602), L-ornithine (O2375), 
L-threonine (T8625). -cyclodextrin (CD) (SAFC W40,282-6), 4-fluoro-7-nitro-
benzofurazan (NBD-F; Alfa-Aesar J61336). 
·Tissue derivatization solution: 25L diluted sample, 10L 100mM IS, 25L 20mM 
NBD-F, 150L 10mM borate buffer pH 9.0. 
·Plasma derivatization solution: 20L sample, 20L 200mM IS, 25L 40mM NBD-
F, 150L 10mM borate buffer pH 10.0. 
·Tissue electrophoresis buffer: 90mM borate buffer pH 10.25, 12.5mM CD. 
·Plasma electrophoresis buffer: 175mM borate buffer pH 10.25, 12.5mM CD. 

Capillary electrophoresis. (by Alberto Marcos except sample preparation) The 
content of amines was analysed in those samples in which there was enough tissue, 
according to the method described in Lorenzo et al. (2013a). The content of 
amines was analysed in all plasma samples, according to the method described in 
Lorenzo et al. (2013b). For tissue analysis, 5μl of 1:5 supernatant was diluted in 
10mM borate buffer pH 9.0. The plasma was not diluted. Samples (supernatants 
and plasmas) were passed through a 0.22μm filter (VWR 28145-491 13mm sy-
ringe filter 0.2m PTFE membrane) and then stored at -70°C until use. In parallel, 
cocktails of different amines were prepared to be used as a calibration line. L-2-
aminodipidic acid was used as internal standard (IS). In each cocktail the concen-
tration of each amine was different but the total concentration of amines was 
maintained. The derivatization was carried out at 60°C for 15min in darkness. 
Then, the samples were stored in the chamber of the capillary electrophoresis ap-
paratus (Beckman Coulter PA 800 plus) at 7°C for at least 30min before the start 
of the electrophoresis, carried out at 17°C. Before its first use, the capillary column 
of silica (length: 60cm, inner diameter: 75m) was conditioned with 1M NaOH 
(15min) and water (15min), and between electrophoresis with 0.1M HCl (3min), 
water (5min) and electrophoresis buffer (5min). The sample was injected at the 
anode at 0.5psi (33mbar) for 10 seconds. A potential difference of 21kV was ap-
plied, observing currents of 78A (supernatants) and 120A (plasmas). The mol-
ecules were detected at the cathode by means of laser induced fluorescence (LIF), 
exciting at 488nm (argon lamp) and detecting the emission at 522nm. To obtain 
reproducible electropherograms, the electrophoresis buffer was renewed every 
six analyses. In each session a calibration curve was also injected. 

Analysis. The electropherograms (Figure 13) were analysed with the 32 KaratTM 
software, using the corrected area normalized to the internal standard. The values 
were expressed as pmol of amine per g of protein (supernatants) or pmol of 
amine per mL (plasma). Different ratios related to activity balances were also cal-
culated (L-glutamate/GABA, L-glutamate/D-serine, L-glutamate/glycine) and 
with replacement rates (L-glutamate/L-glutamine, D-serine/L-serine, L-gluta-
mine/L-ornithine). 
  

4-fluoro-7-nitro- 
benzofurazan (NBD-F) 

excitation=470nm 
emission=530nm 

 
 

-cyclodextrin. 
Its funnel-shaped structure 

allows the separation of 
the L and D forms, by 

retaining a form with more 
affinity than another. 

L-2-aminodipidic acid  
(internal standard; 14) 

Figure 13. Right, this page: example of 
electropherogram obtained  in our 
laboratory. On the following page: two 
type electropherograms are presented, 
from a plasma sample (above) and from 
a sample of brain tissue (below). 
Although they share most of the 
analytes, both samples also have 
different amino acids.Lorenzo et al. 
(2013a and b). 
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2.8. GENE EXPRESSION 

RNA isolation. The RNA from the supernatant of 1000g (cytoplasm) was extracted 
from the equivalent to 3-4mg of tissue, using a protocol adapted from the method 
described in Chomczynski and Sacchi (2006, 1987). Briefly, the sample that had 
been stored with QIAzol (containing phenol and guanidine thiocyanate) was 
thawed and left at RT for at least 5min to destabilize the nucleoprotein complexes. 
160L of chloroform (Merck 1.02445.2500) was added, mixed for 15 seconds and 
incubated at RT for 2-3 min. It was then centrifuged at 12 000g for 15 min at 4°C. 
The upper (aqueous) phase was transferred to a new sterile 1.5mL tube, with 
400L of isopropanol (Fischer Scientific, BP2618) and 10g of glycogen as carrier 
(Sigma G1767), mixed and incubated at RT for 10min. The lower (organic) phase 
was stored at -70°C in case it was necessary to extract DNA or protein from it. It 
was centrifuged at 12 000g for 10min at 4°C and the supernatant discarded. The 
precipitate was washed twice in 1mL of cold 75% v/v ethanol (-20°C), centrifug-
ing at 7500g for 5 min at 4°C and discarding the supernatants. Finally, the precip-
itate was allowed to air-dry and resuspended in nuclease-free water. It was stored 
at -70°C. 

RNA quantification. The RNA was quantified in a Bioanalizer 2100 system (Ag-
ilent, RNA Nano Chips, 5067-1511), accepting values of RIN≥7.0. Unless excep-
tions, absorbance ratios 260nm/280nm≥1.8 were obtained. An isolation 
efficiency of 0.7-1.0g RNA/mg tissue was obtained. 

Retrotranscription. An amount of RNA (from 250-500ng RNA, depending on the 
region) was treated with DNaseI (Invitrogen, 18068-015), retrotranscribed (Bio-
rad, iScript cDNA Synthesis kit, 170-8891), diluted 1:10 in nuclease-free water and 
stored at -70°C. 

qPCR. (with the collaboration of Inmaculada Ballesteros-Yáñez, Carlos Alberto Cas-
tillo and Marcos Ucha) Gene expression was analysed using SYBR Green (Biorad, 
SsoAdvanced Universal SYBR Green Supermix) as a fluorophore, in a CFX96 C1000 
Touch of Biorad system, with 96-well plates (Biorad, Hard-Shell PCR Plates 96-
Well WHT/WHT, HSP9655 ) covered with transparent film (BioScience, Sorenson, 
ltraAmp Plate Seal, 36590). The total reaction volume was 10L, and the primers 
were in the range of 500-750nM. The thermal protocol was as follows: 5min at 
95°C (disinhibition of the polymerase), 40 cycles of 5min at 95°C (denaturation) 
and 30 seconds at 60°C (hybridization and polymerization). Finally, a melting 
curve from 60°C to 95°C was performed. 

Analysis. The Ct values were taken and the efficiencies () were calculated with 
the free software LinRegPCR (Ruijter et al., 2009). Gapdh was used as housekeep-
ing gene. The fold change for each sample and gene was calculated according to 
the method described by Pfaffl (2001): 

𝐹𝑜𝑙𝑑 𝐶ℎ𝑎𝑛𝑔𝑒 =
𝜀𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒

(𝐶𝑡𝑐𝑜𝑛𝑡𝑟𝑜𝑙− 𝐶𝑡𝑠𝑎𝑚𝑝𝑙𝑒)

𝜀𝐺𝑎𝑝𝑑ℎ
(𝐶𝑡𝑐𝑜𝑛𝑡𝑟𝑜𝑙− 𝐶𝑡𝑠𝑎𝑚𝑝𝑙𝑒)

 

In addition to this 'target gene'/Gapdh ratio, others were calculated: 
Grin2a/Grin2b, Gria1/Gria2, Gabra1/Gabra2, Gabrg2/Gabrd, Dagla/Mgll, 
Napepld/Faah. The sequence of the primers is presented in Table 5. They were 
designed ad hoc using the primerBLAST tool on the NCBI webpage in such a way 
that they could amplify any of the multiple transcripts in cases where there is more 
than one, based on the data published in the Gene database (also from the NCBI). 
  

Isopropanol  

SYBR Green 

excitation=498nm 
emmision=522nm 

*carrier: molecule of a na-
ture similar to the target, 
used when the start mate-
rial is limited. tRNA, linear 
acrylamide or glycogen are 
usually used to precipitate 
nucleic acids. 

 

Guanidine thiocyanate. 
Chaotropic agent. 

Phenol 

Chloroform 

*RIN (RNA Integrity Num-
ber value between 0 and 
10 that denotes the integra-
tion of the RNA and is cal-
culated based on an 
algorithm by Agilent Bioan-
alyzer. 
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Table 5. Sequence of the primers. 
 

Identification 
(Gene)  

Complete name of the protein Sequence of sense (S) and antisense (A) primers 

   
Housekeeping gene 

   

GAPDH 
(Gapdh) 

Glyceraldehyde 3-phosphate dehydrogenase S: 5'-tccctgttctagagacag-3' 

  A: 5'-ccactttgtcacaagaga-3' 

   

Genes of subunits of glutamatergic ionotropic receptors 

   

NR1 (Grin1) NMDA receptor, subunit 1 S: 5'-aacctgcagaaccgcaag-3' 

  A: 5'-gcttgatgagcaggtctatgc-3' 

NR2A (Grin2a) NMDA receptor, subunit 2A S: 5'-tgtgaagaaatgctgcaagg-3' 

  A: 5'-gaacgctcctcattgatggt-3' 

NR2B (Grin2b) NMDA receptor, subunit 2B S: 5'-caatggcagcacagagagga-3' 

  A: 5'-agcaatgccatagccggtag-3' 

GluA1 (Gria1) AMPA receptor, subunit 1 S: 5'-agaggctggtggtggttgact-3' 

  A: 5'-accctggtatggtctcggga-3' 

GluA2 (Gria2) AMPA receptor, subunit 2 S: 5'-ggcgtgtaatcctggactgt-3' 

  A: 5'-acaccagggaatcgtcgtag-3' 

   

Genes of subunits of GABAergic ionotropic receptors 

   

GABAA1 

(Gabra1) 

GABAA receptor, alpha 1 subunit S: 5'-ttgactgtgagagccgaatg-3' 

  A: 5'-aaacgtgacccatcttctgc-3' 

GABAA2 

(Gabra2) 

GABAA receptor, alpha 2 subunit S: 5'-ccaatgcacttggaggactt-3' 

  A: 5'-actggcccagcaaatcatac-3' 

GABAA2 

(Gabrg2) 

GABAA receptor, gamma 2 subunit S: 5'-cggaaaccaagcaaggataa-3' 

  A: 5'-acagtccttgccatccaaac-3' 

GABAA 
(Gabrd) 

GABAA receptor, delta subunit S: 5'-gctggacctggagagctatg-3' 

  A: 5'-ccgaagctggaagtgtaagc-3' 

   

Genes of the endocannabinoid system 

   

CB1 (Cnr1) Cannabinoid receptor 1 S: 5'-gtcgatcctagatggccttgc-3' 

  A: 5'-gtcattcgagcccacgtagag-3' 

NAPE-PLD 

(Napepld) 

N-acylphosphatidylethanolamine phospholipase D S: 5'-accaacatgctgacccagag-3' 

  A: 5'-atcgtgactctccgtgcttc-3' 

FAAH (Faah) Amidohydrolase of fatty acids S: 5'-gttacagagtggagagctgtcc-3' 

  A: 5'-gtctcacagtcggtcagatagg-3' 

DAGL (Dagla) Diacylglycerol lipase alfa S: 5'-ctttgctgaatttttccgtgacc-3' 

  A: 5'-ttgtttgcctcatccagcac-3' 

MAGL (Mgll) Monoacylglycerol lipase S: 5'-ctacctgctcatggaatc-3' 

  A: 5'-gacacccacgtatttatttc-3' 

   

Gene related to dendritic spines 

   

-actin (Actb) -actin S: 5'-gcatcctgaccctgaagtaccc-3' 

  A: 5'-gtgttgaaggtctcaaacatgatctgg-3' 

   

Genes of adrenergic receptors 

   

1 (Adra1) Adrenoceptor alpha 1 S: 5'-ctcgagagaagaaagctgcca-3' 

  A: 5'-aaaacggtttccgaaggcttg-3' 

2A (Adra2a) Adrenoceptor alpha 2A S: 5'-tcctgagagggaagggattt-3' 

  A: 5'-agttactggggcaagtggtg-3' 

1 (Adrb1) Adrenoceptor beta 1 S: 5'-gctctggacttcggtagacg-3' 

  A: '-acttggggtcgttgtagcag-3' 
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2.9. PERINEURONAL NETS 
(staining and microscopy by Paula Díez, as well as SCH experiment counting; 

microscope kindly provided by Dr. Javier de Felipe) 

Reagents and buffers. Phosphate salts, Triton X-100, 37% w/v formaldehyde, 
WFA-FITC (Vector FL1351), DAPI (Sigma-Aldrich D9542), ProLong Gold antifade 
reagent (Thermo Fischer P36930). 
·PB: 0.1M phosphate buffer, pH 7.4. 
·PBS: PB with 0.9% w/v NaCl. 
·Post-fixation solution: 4% w/v formaldehyde in PBS. 

Fluorescent staining of perineuronal nets. Before begining the staining, the sam-
ples, stored at -30°C (see Brain dissection in section 2.3), were first thawed at 4°C 
30min and then tempered at RT 30min (this prevents the formation of ice crystals 
in the samples that are going to be re-stored at -30°C). The samples were incu-
bated in cold post-fixation solution (-20°C) for 15min. They were allowed to air 
dry at RT for 20min and three washes of 15min were performed in PB. The sam-
ples were then incubated overnight with WFA-FITC 1:250 in PB with 0.25% v/v 
Triton X-100. The incubation was carried out in the dark, in a humid chamber, at 
4°C and on a flat surface. The next day, three 15-minute washes were performed 
in PB. Each slice was incubated in 100L of DAPI 1:1500 in PB at RT, in the dark, 
for 5min and two washes of 15min were performed in PB. They were covered with 
ProLong Gold and coverslips and left to dry 24h in the dark. 

Fluorescence microscopy and analysis. The images were taken with an Olympus 
U-RFL-T fluorescence microscope (Olympus DP70 camera) located in the Center 
for Biomedical Technology (CTB, campus of Montegancedo of the Polytechnic Uni-
versity of Madrid), in the context of a collaboration with Dr. Javier de Felipe. Im-
ages were obtained at x10, x20 and x40 from different regions of the prefrontal 
cortex (from both hemispheres) to +3.7mm from Bregma approximately. Two x40 
images were taken to encompass all layers in insular (IC), anterior cingulate (ACC), 
dorsal prelimbic (dPL), ventral prelimbic (vPL) and infralimbic cortex (IL), and 
one in ventral (vOFC) and lateral orbitofrontal cortex (lOFC), according to the atlas 
of Paxinos and Watson (2007) (Figure 14). They were laid out in Adobe Photoshop 
CC. The images were analysed with the free software Fiji (ImageJ). From each re-
gion, the number of perineuronal networks (PNN, perineuronal nets) per square 
micrometer (PNN/m2) was calculated, regardless of their intensity. 
  

Fluorescein isothiocyanate 
(FITC) 

excitation=492nm 
emmision=518nm 

Triton X-100  

4’,6-diamidino-2-phenylindole 
(DAPI) 

excitation=358nm 
emmision=461nm 

a

b

c

d
e

f g

Figure 14. Location of the 
obtained micrographs: 
 

a) anterior cingulate cortex 
b) dorsal prelimbic cortex 
c) ventral prelimbic cortex 
d) infralimbic cortex 
e) insular cortex 
f) lateral orbitofrontal cortex 
g) medial orbitofrontal cortex 
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Issues encountered during the analysis. We have encountered to types of prob-
lems during PNN analysis: some slices were deteriorated and there was a notable 
amount of variation in the staining from one brain to another (Figures 15 and 16). 
Some potential reasons for these issues are an incident with the freezers and the 
high amount of slices that had to be run in parallel. To deal with the problem of 
variance, two strategies were assayed: to normalize with respect to the total PNN 
of each subject or to perform ANCOVA using the total number of PNN of each sub-
ject as covariate. To solve the lack of certain data when calculating the total value 
per subject, we applied an imputation procedures based on bootstrapping (imple-
mented in IBM Statistics). These imputated data were only considered for normal-
ization purposes but were not included in the ANOVAs or ANCOVAs. 

The ANCOVA approach had to be discarded as the covariate showed a significant 
interaction with the treatment and/or the time of abstinence. Therefore, the PNNs 
were analysed as a proportion of the total of each animal. Since we had five differ-
ent imputation models for the lost values, the results are presented as ranges. 
  

Figure 16. Example of a good stain. 

Scale: 50m. 

Figure 15. Examples of 
stains.  

Left, above: section in 
which numerous PNNs are 
observed. 
Left, below: section where 
PNNs are hardly observed. 
Up: augmented image of 
the PNN marked with an 
arrow. 

Scale: 50m. 
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2.10. STATISTICAL ANALYSIS 

Data presentation. The values are presented in tables and/or graphs. When they 
are shown in tables, the mean and the standard deviation (SD) are presented to 
inform about the distribution of the sample. When they are shown in graphs, each 
individual value is depicted and the average and the standard error of the mean 
(SE) are presented, except in the number of lever pressures in the self-administra-
tion sessions, where the mean and the SE are shown.  

Univariate statistics. To compare two groups, Student's test was performed in 
the case of equality of variances (paired or unpaired) and Welch's test in the case 
of inequality of variances (always unpaired). Two-tailed tests were performed ex-
cept to analyse the incubation, because there is sufficient information in the liter-
ature to predict the direction of the effect. To analyse the evolution of a value 
throughout the sessions in a single group, one-way ANOVA was performed with 
repeated measurements. To compare groups subdivided into two levels (treat-
ment, abstinence), two-way ANOVAs followed by post hoc tests was performed. 
When there was no variance homogeneity, we transformed the data into decimal 
logarithm, square root or inverse. ANCOVA was also performed to study the incu-
bation of seeking, controlling the number of active lever presses with the number 
of inactive lever presses. The following effect sizes are presented: Cohen’s d for t-
test and 2 for ANOVA and ANCOVA. 

Bivariate statistics. To detect correlated variables that could have a psychobio-
logical meaning (as behavioural predictors of incubation or biochemical variables 
that, although localized in different brain regions, were functionally related), a 
screen of Pearson and Spearman correlations (IBM Statistics) followed by their 
respective comparisons between groups were performed (Excel). The Fisher 
transformation was applied to the r, obtaining r', and then the Z value and its p 
value were calculated to compare the correlations between groups. Two types of 
comparisons were made for each substance: a) the wd1 group versus its wd1 con-
trol and its wd30 group (for example, "cocaine wd1" versus "saline wd1" and ver-
sus "cocaine wd30"), and b) group wd30 versus its control wd30 and versus its 
group wd1 (following with the same example, "cocaine wd30" versus "saline 
wd30" and versus "cocaine wd1"). To select the correlations with differences be-
tween groups, no multiple comparisons correction was applied. We filtered them 
on the basis of three criteria: 1) a sample size ≥6 in the compared groups; 2) a 
significant correlation (p<.05) in the group to be tested ("cocaine wd1" or "cocaine 
wd30" in the examples); and 3) Z of both comparisons (versus "saline wd1" and 
"cocaine wd30" in the first example) with a p-value <.05. 

Principal component analysis (PCA). To reduce dimensions and find latent vari-
ables from behavioural data and from gene expression data, PCAs performed 
made using SPSS. The variables had to meet two criteria to be included in the anal-
ysis: to have commonality values ≥.600 and to be not correlated with more than 
two components. The analyses had to meet three criteria: a Kaiser-Meyer-Olkin 
(KMO) sample adequacy measure (MSA) ≥.600, a value of p˂.05 in the Bartlett’s 
sphericity test, and a non-zero determinant (at least  ˃.00001). To avoid the pres-
ence of variables correlated with more than one component and to facilitate their 
interpretation, the orthogonal Varimax rotation was carried out if the components 
were not correlated (it was fulfilled in all cases). The number of components was 
chosen according to three criteria: an eigenvalue greater than unity, an accumu-
lated variance ˃60%, and the shape of the sedimentation graph. No component 
correlated with only one variable was accepted. To interpret the meaning of the 
components, we looked at the variables with which they correlated significantly 
(Pearson's correlation coefficient), applying the correction suggested by Bonfer-
roni for multiple comparisons: those correlations with a value of p<.05/x are sig-
nificant, where x is the number of correlations studied. The values of each animal 
for each component were obtained from IBM Statistics program in order to per-
form univariate and bivariate analysis with them (Field, 2013). 
  

Ronald Fisher, 
1890-1962. 

Karl Pearson, 
1857-1936. 
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Structural equation modelling (SEM). As a multivariate method, SEM allows us 
to study the relationship between several variables at once, being possible to ob-
serve differences in this relationship even though no differences are observed in 
univariate analyses (Poirier et al., 2008). We perform path analysis with maximum 
likelihood estimation (MLE) in the SPSS Amos 22 program (IBM). The variable in-
troduced was the PSD95/gephyrin ratio in each animal in each of the six regions 
studied, as a measure of synaptic changes in glutamatergic and GABAergic trans-
mission. The model consisted of direct connections known bibliographically from 
glutamatergic regions (BLA, dmPFC, vmPFC) to GABAergic regions (nucleus ac-
cumbens core and shell, and CeA). Specifically, connections from the anterior cin-
gulate and dorsal prelimbic cortex (both in dmPFC) and from the ventral prelimbic 
cortex (in vmPFC) to the core region of the nucleus accumbens; from vmPFC to the 
shell region of the nucleus accumbens (Voorn et al., 2004); from the basolateral 
amygdala to both regions of the nucleus accumbens and the central nucleus of the 
amygdala; and connections from both medial regions of the prefrontal cortex to 
CeA (Pape and Pare, 2010). It was also composed of covariances (CV) between 
glutamatergic regions (dmPFC↔vmPFC, dmPFC↔BLA, vmPFC↔BLA), and CV be-
tween GABAergic regions (core↔shell). These CVs denote not only possible bidi-
rectional connections, but also possible dissection errors between contiguous 
regions (dmPFC/vmPFC, core/shell). In addition, working with CV allows us to 
avoid bidirectional connections that would otherwise generate less accurate mod-
els given the low sample size (Boucard et al., 2007). 

Using anatomical connections when performing SEM, the comparisons between 
groups are accurate even when the goodness-of-fit estimators of the models are 
not, at least when using functional data (Protzner and McIntosh, 2006). Even so, 
three goodness-of-fit estimators were calculated (Kinnavane et al., 2014). First 2 
which, although not accurate for low sample sizes, allows us to make comparisons 
between groups (see below). In addition, their associated value of p (recom-
mended >.05) and their degrees of freedom (df, recommended ratio 2/df<2) were 
presented. Two other more appropriate estimators for low sample sizes were also 
calculated: the comparative fit index (CFI), recommended >.9, and the root mean 
square error of approximation (RMSEA), recommended <.8. In addition, to vali-
date the model, these same parameters of goodness of fit were calculated using 
higher sample sizes, obtained with different combinations of the experimental 
groups, since the original groups have low sample sizes (n=7-9). We presented the 
squares of the multiple correlation coefficients of the endogenous variables and 
the standardized regression weights (SRW) of each path (with their associated p 
values and their standard error), as well as the p-values associated with the CVs 
and the value of the correlations. To compare the SRW between the different ex-
perimental groups, the 2 method was used. This method is based on the com-
parison of two models: the original model and one in which the equality of a path 
between two experimental groups is forced (for example, the equality in SWR is 
forced between the heroin wd30 and saline wd30 groups for the BLA>shell path), 
one by one. We calculate the value of 2 for each model, its difference (2) and 
the associated p, with a degree of freedom of 1, since the comparisons are per-
formed path by path (df=1). The comparisons in which p<.05 are obtained are 
considered to be significantly different. 
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Model used in the study. 

External variables: 
- PSD95/gephyrin ratio of vmPFC, dmPFC and BLA; 

- errors of shell, core and CeA (). 

Internal variables: 
- PSD95/gefirina ratios of shell, core and CeA. 

One-headed arrows: regressions. 
Two-headed arrows: covariances. 
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1st Goal:  SELF-ADMINISTRATION AND SEEKING INCUBATION 

3.1. SUBSTANCE SELF-ADMINISTRATION AND SEEKING INCUBATION 

Incubation of seeking. As expected, incubation of seeking was observed for the 
three substances studied (Experiment 1) in the Lewis rat strain (Table 6, Figure 
17D, E, F), as analysed by t-test as well as by ANCOVA, controlling the number of 
active lever presses with the number of inactive lever presses. 

 
Analysis Cocaine Heroin Sucrose 

t-test active lever, 
1 tail: 

2 tails: 

t(7)=-3.27, d=2.47, 
p=.0068** 
p=.014* 

t(8.022)=-2.669, d=1.89, 
p=.0142* 
p=.028* 

t(13)=-2.483, d=1.38, 
p=.0137* 
p=.027* 

t-test inactive lever, 
2 tails: 

t(7)=-1.581, 
p=.158 

t(14)=-0.460, 
p=.653 

t(13)=-1.361, 
p=.197 

ANCOVA active lever, 
controlled by inactive lever: 

F(1,6)=6.024, η2=.390, 
p=.049* 

F(1,13)=6.372, η2=.304, 
p=.025* 

F(1,12)=6.329, η2=.344, 
p=.027* 

Self-administration behaviour. Then a second experiment was performed to ob-
tain the tissue samples (Experiment 2). The rats acquired the lever-press behav-
iour with the three substances (Figure 17G, H, I) as in the first experiment (Figure 
17A, B, C). As the sessions went on, the rats learned the behaviour and self-admin-
istered more cocaine, heroin or sucrose (linear contrast with p<.0001 for the three 
substances). In addition there were no differences, for each substance, in the be-
haviour pattern of rats from Experiments 1 (test) and 2 (tissue) nor between rats 
going through a day (wd1) or thirty days (wd30) of forced abstinence, nor was 
there any interaction between these factors (Table 7). The rats in the control 
groups (saline and water) barely pressed the lever throughout the sessions  (Fig-
ure 17).  

Given that the pattern of consumption between experiments was indistinguisha-
ble, we assumed that the incubation of the seeking observed in Experiment 1 
would be evident also in the animals of Experiment 2 if we subjected them to the 
respective extinction tests on days 1 or 30 of abstinence. As a conclusion, the tis-
sue samples obtained are consider to be representative of animals undergoing in-
cubation of seeking. 

 

 
Effect in ANOVA Cocaine Heroin Sucrose 

lever  F(1,22)=66.56, 
p=.000, η2=.410 

F(1,28)=26.51, 
p=.000, η2=.151 

F(1,29)=168.19, 
p=.000, η2=.457 

lever*wd F(1,22)=0.00, p=.949 F(1,28)=1.21, p=.281 F(1,29)=0.07, p=.790 

lever*exp F(1,22)=0.05, p=.826 F(1,28)=0.59, p=.447 F(1,29)=0.01, p=.931 

lever*wd*exp F(1,22)=0.39, p=.536 F(1,28)=1.09, p=.306 F(1,29)=0.01, p=.941 

session  F(4.7,103.8)=8.27, 
p=.000, η2=.062 

F(2.6,72.7)=5.81, 
p=.002, η2=.059 

F(4.8,139.3)=42.45, p=.000, 
η2=.128 

session*wd F(4.7,103.8)=1.00, p=.418 F(2.6,72.7)=0.55, p=.623 F(4.8,139.3)=1.56, p=.178 

session*exp F(4.7,103.8)=0.56, p=.722 F(2.6,72.7)=0.34, p=.767 F(4.8,139.3)=0.54, p=.735 

session*wd*exp F(4.7,103.8)=0.44, p=.807 F(2.6,72.7)=1.25, p=.298 F(4.8,139.3)=0.32, p=.894 

lever*session  F(3.8,83.4)=12.08, 
p=.000, η2=.070 

F(2.4,67.8)=3.48, 
p=.028, η2=.031 

F(4.7,137.7)=63.79, 
p=.000, η2=.163 

lever*session*wd F(3.8,83.4)=0.99, p=.413 F(2.4,67.8)=1.00, p=.384 F(4.7,137.7)=1.00, p=.420 

lever*session*exp F(3.8,83.4)=0.40, p=.797 F(2.4,67.8)=1.11, p=.345 F(4.7,137.7)=0.23, p=.944 

lever*session*wd*exp F(3.8,83.4)=0.93, p=.450 F(2.4,67.8)=0.53, p=.624 F(4.7,137.7)=0.59, p=.697 

wd F(1,22)=0.75, p=.395 F(1,28)=0.48, p=.493 F(1,29)=0.22, p=.639 

exp F(1,22)=0.57, p=.457 F(1,28)=0.08, p=.782 F(1,29)=0.12, p=.731 

wd*exp F(1,22)=0.75, p=.394 F(1,28)=1.15, p=.292 F(1,29)=0.12, p=.736 

Behavioural predictive variables of seeking incubation. We did not find any be-
havioural parameter during the self-administration sessions of Experiment 1 that 
correlated with the degree of incubation. Therefore, in the rats of a month of ab-
stinence from Experiment 2, correlations between behavioural and biochemical 
parameters will not be studied. 
  

Table 6. Incubation test statistics for cocaine, heroin and sucrose by t-test and by ANCOVA. 

Table 7. Statistics of self-administration sessions of cocaine, heroin and sucrose by repeated measures factorial ANOVA (session 
factor) with lever (active/inactive), withdrawal time (wd1/wd30) and experiment (1/2) factors. 
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2nd Goal: CHANGES IN GLUTAMATERGIC AND GABAERGIC 
PARAMETERS DURING SEEKING INCUBATION 

3.2. SYNAPTIC SCAFOLDING PROTEINS LEVELS 

Levels of PSD95 and gephyrin by brain region. The levels of both PSD95 and 
gephyrin, the main postsynaptic scaffolding proteins of glutamatergic and GA-
BAergic receptors, remained stable despite treatments and withdrawal times. The 
only change observed was the increase in core of the PSD95/gephyrin ratio both 
at short times and at long times of sucrose withdrawal (Figure 19).  

Synaptic coherence between brain regions by SEM. Subsequently, we studied 
the degree of synaptic coherence between regions through the correlations be-
tween the PSD95/gephyrin ratio, the main postsynaptic proteins of the excitatory 
and inhibitory synapses. We chose this ratio as an index of net excitatory activity 
(Keith, 2008; Yu and Blas, 2008). First, we validated the model by feeding it with 
compacted groups, thus obtaining larger sample sizes (the composition of these is 
presented in Figure 20). The goodness-of-fit estimators are presented in Table 8. 
We then calculated the value of the parameters for each experimental group (Ta-
ble 9 and Figure 21 for compacted groups and Table 10 and Figure 22 for individ-
ual groups). 

 
   2 df p 2/df CFI RMSEA 

Compacted groups:        
 model A  1.473 3 .689 0.491 1 0 

 model B  4.814 6 .568 0.802 1 0 

 model C  10.908 12 .537 0.909 1 0 

Original groups:        

 experiment SCH  46.392 18 .000 2.577 .739 .201 

 experiment WZ   23.358 12 .025 1.946 .595 .178 

It is noteworthy that the values of the squared multiple correlations (SMC), which 
give an idea of the capacity of the model to explain the variance of, in our case, the 
values of core, shell and CeA, are on average higher for CeA than for core or, above 
all, shell, and more in the cocaine and heroin groups than in the sucrose groups. 
This could be indicating that the selected glutamatergic regions, and with the cho-
sen variable (PSD95/gephyrin), give a good account of the functional relationships 
of CeA but not so much of the functional relationships of the nucleus accumbens. 

Group comparisons. As we were not interested in the numerical value of each pa-
rameter, but in the differences between groups, we compared each of the paths 
using the 2 method. The results are presented in Table 11 and Figure 24, and a 
summary thereof in Figure 23. The most striking result was that the incubation of 
seeking of the three substances exhibited changes in the way in which the glu-
tamatergic regions were related to the central nucleus of the amygdala (CeA). On 
the one hand, a qualitative change was observed in the relationship between the 
basolateral amygdala (BLA) and CeA after the incubation of cocaine seeking, from 
negative to positive (Figure 24I). On the other hand, a quantitative change was 
observed in the relationship between dmPFC and CeA, as this relationship disap-
peared after one month of sucrose withdrawal (Figure 24G). In the heroin absti-
nent rats both changes were observed (Figure 24I, G). The relationship with 
vmPFC was mixed in the rats of cocaine and heroin, strengthening in the first case 
and weakening in the second (Figure 24H). 

On the contrary, we did not observe any common change between substances cen-
tered in any of the two studied regions of the nucleus accumbens, although there 
were specific changes of substance. An intensification of the vmPFC>core pathway 
was found after one month of heroin withdrawal (Figure 24E) and a weakening of 
the dmPFC>core pathway after one month of sucrose abstinence (Figure 24D). 

Finally, we observed changes apparently due to the effect of cocaine and heroin 
use (and not delayed abstinence) in the dmPFC>core pathway (Figure 24D) and 
BLA>shell pathway (Figure 24C), respectively. 
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Figure 19. PSD95/gephyrin ratio 
in NAc core in experiment WZ.  
White: water; grey: sucrose. 

F(1,30)=4.562, p=.041, 2=.128. 

Table 8. Goodness-of-fit estimators of the different grouping models for the same path design. 

saline wd1
(n=8)

saline wd30
(n=7)

cocaine wd1
(n=7)

heroin wd1
(n=8)

cocaine wd30
(n=8)

heroin wd30
(n=7)

SCH group
(n=45)

water wd1
(n=9)

water wd30
(n=7)

sucrose wd1
(n=9)

sucrose wd30
(n=9)

WZ group
(n=34)

WS1 group
(n=17)

WS30 group
(n=14)

CHZ1 group
(n=24)

CHZ30 group
(n=24)

SCHWZ group (n=79) A

B

C

Figure 20. Composition of the 
compacted groups in SEM. 
In model A there is only one group, 
formed by all the individuals. In 
model B the individuals of each 
experiment constitute one group. In 
model C, individuals are divided 
according to whether they are 
controls or treated groups and 
depending on the time of abstinence. 
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3.3. BRAIN AMINES LEVELS 

Levels of amines in the control groups. We obtained similar levels of the different 
amines studied in the control groups of the experiments with water or saline as a 
vehicle. The slight differences may be due to the fact that the animals belong to 
different batches (although all the groups are composed of rats of at least three 
batches), to differences in the route of administration, to which some animals are 
operated and others are not, or to slight differences in age. The data are presented 
in Table 12 (mean±SD). 

Changes in amine content. Very few changes were observed in amines in the re-
gions studied both after drug withdrawal (Table 13, Figure 25A-C) and after ab-
stinence from sucrose (Table 14, Figure 25D-F). The treatment x abstinence 
interaction caused some changes by region and substance in a dispersed manner. 
The only common change to both drugs of abuse, but not to sucrose, was the de-
crease in CeA of the L-glutamate/L-glutamine ratio after prolonged abstinence 
(Figure 25C). Specific changes to the abstinence of each of the substances were 
also observed. Cocaine consumption caused a decrease in L-glutamate in vmPFC 
that normalized after the month of abstinence (Figure 25A). Heroin abstinence oc-
curred with an increase in the L-glutamate/D-serine ratio in dmPFC (Figure 25B). 
Sucrose consumption caused decreases in the L-glutamate/GABA ratio in BLA and 
shell taurine increases that normalized after the month of abstinence (Figures 25D, 
E), as well as decreases in L-aspartate levels in core after one month of abstinence 
(Figure 25F). A summary of the results is presented in Figure 26. Changes due to 
treatment effect are presented in Tables 15 (drugs) and 16 (sucrose). 

 
  

saline wd1 BLA CeA dmPFC vmPFC core shell 

GABA 20.2±2.9 30.0±4.8 12.0±1.8 14.0±1.5 24.7±3.8 28.2±5.2 
L-glutamate 44.6±4.3 34.3±1.6 46.7±8.4 46.9±4.2 35.1±4.7 31.2±5.3 
L-aspartate 17.1±2.5 19.5±1.2 29.1±4.7 14.1±1.6 18.3±2.8 18.3±2.9 
taurine 23.6±5.4 22.7±2.6 22.5±6.3 30.2±3.7 32.4±3.4 27.3±5.2 
glycine 5.2±2.0 6.5±1.4 6.9±1.0 4.4±2.7 6.2±1.6 10.3±2.9 
L-glutamine 23.1±2.5 23.5±1.2 11.0±7.2 21.5±5.7 29.8±3.3 26.7±6.8 
D-serine 0.8±0.2 0.2±0.1 0.7±0.2 3.5±0.7 0.7±0.1 0.6±0.1 
L-serine 5.4±0.5 5.6±0.4 4.8±0.9 7.2±1.3 4.4±0.6 3.4±0.7 

       
water wd1 BLA CeA dmPFC vmPFC core shell 

GABA 22.0±2.4 19.6±5.4 10.5±2.3 12.7±3.0 18.2±3.8 23.5±5.9 
L-glutamate 41.8±7.0 29.8±8.1 40.0±7.5 35.2±2.6 32.0±4.6 25.3±3.9 
L-aspartate 17.4±2.4 15.3±4.0 11.0±2.3 13.6±1.3 17.5±2.4 11.1±2.3 
taurine 25.9±4.5 18.3±4.4 21.3±3.3 27.7±5.8 26.3±4.7 22.7±2.4 
glycine 7.1±1.5 7.7±5.9 7.7±3.1 5.7±1.1 5.9±1.7 5.0±1.1 
L-glutamine 26.2±5.8 21.3±5.5 19.5±3.4 21.4±2.3 22.1±3.5 23.5±3.5 
D-serine 0.8±0.3 0.2±0.1 0.8±0.1 2.7±1.1 0.6±0.1 0.4±0.2 
L-serine 6.2±1.4 3.5±0.6 3.8±0.7 5.2±0.5 3.2±0.8 3.4±0.7 

 

Table 12. Levels of brain amines 
(mean±SD) of control wd1 groups. 

  1 day of withdrawal 30 days of withdrawal ANOVA 
  saline cocaine heroin saline cocaine heroin F(dfM,dfR) p 2 

Central nucleus of amygdala:          
 L-glutamate/L-glutamine 1.47±0.08 1.61±0.13* 1.56±0.32 1.53±0.14 1.38±0.07*f 1.43±0.10f F(2,38)=7.105 .002 .272 
Dorsomedial prefrontal cortex:          
 L-glutamate/D-serine 75.36±18.74 85.20±30.20 62.13±8.77 72.30±12.15 66.96±10.86# 104.62±41.61#f F(2,34)=5.349 .010 .239 
Ventromedial prefrontal cortex:          
 L-glutamate 46.94±4.17 42.14±2.96* 42.93±3.67 43.10±3.95f 47.53±3.51f 42.59±4.48 F(2,40)=5.754 .006 .223 

 

* p<.05 versus control 
# p<.05 between drugs 
f p<.05 versus wd1 group 

  1 day of withdrawal 30 days of withdrawal ANOVA 
  water sucrose water sucrose F(dfM,dfR) p 2 

Basolateral amygdala:        
 L-glutamate/GABA 1.90±0.27 1.72±0.17* 1.90±0.15 2.01±0.12f F(1,28)=4.763 .038 .145 
Nucleus accumbens core:        
 L-aspartate 17.52±2.42 19.66±1.21 20.71±4.19f 17.58±1.86* F(1,29)=8.729 .006 .231 
 D-serine 0.59±0.13 0.65±0.05 0.65±0.13 0.55±0.05 F(1,28)=4.590 .041 .141 
 L-glutamate/glycine 5.67±0.93 6.31±3.16 6.30±0.70 5.77±0.66 F(1,29)=4.369 .045 .131 
Nucleus accumbens shell:        
 taurine 22.65±2.39 28.85±3.07* 28.38±6.59f 25.49±1.96 F(1,17)=7.145 .016 .296 

 

Table 13. Level of amines (mean±SD) during the withdrawal of cocaine and heroin. 

Table 14. Level of amines (mean±SD) during the withdrawal of sucrose. 
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Figure 25. Changes in amines content during abstinence. Data of amine levels are presented for vmPFC 
(A), dmPFC (B) and CeA (C) during abstinence from cocaine and heroin use and for BLA (D), shell (E) and 
core (F) during abstinence from sucrose. The individual values are presented as well as the mean±SE. 

  1 day of withdrawal 30 days of withdrawal ANOVA   
  saline cocaine heroin saline cocaine heroin F(dfM,dfR) p 2 

Nucleus accumbens core:          
 L-glutamate 35.05±2.10 40.62±2.40* 35.99±1.31# 36.60±2.26 44.96±1.73* 39.38±2.05# F(2,37)=6.264 .005 .253 
 L-aspartate 18.33±1.25 22.04±1.68* 20.05±0.91 18.04±0.93 23.69±1.95* 21.97±1.11 F(2,38)=5.081 .011 .211 

 

  1 day of withdrawal 30 days of withdrawal ANOVA 
  water sucrose water sucrose F(dfM,dfR) p 2 

Central nucleus of amygdala:        
 D-serine 0.22±0.05 0.41±0.10 0.20±0.04 0.34±0.06 F(1,19)=4.701 .043 .198 
 D-serine/L-serine 0.056±0.016 0.104±0.027 0.047±0.008 0.088±0.015 F(1,18)=4.417 .043 .208 
 L-glutamate/GABA 1.54±0.05 1.35±0.04 1.46±0.06 1.39±0.05 F(1,30)=6.503 .016 .178 
 L-glutamate/L-aspartate 1.95±0.05 1.76±0.05 1.84±0.05 1.78±0.06 F(1,30)=5.419 .027 .153 
 L-glutamate/D-serine 128.6±21.3 89.6±13.1 122.3±8.0 96.0±13.5 F(1,17)=4.636 .046 .214 
Nucleus accumbens core:        
 L-glutamate/GABA 1.79±0.06 2.06±0.07 1.90±0.09 2.03±0.07 F(1,29)=7.313 .011 .201 

 

Table 15. Perdurable effects of cocaine and heroin on brain amine content. 

Table 16. Perdurable effects of sucrose on brain amine content. 

Figure 26. Summary of the results in levels of cerebral amines. Only those regions in which changes have been observed are 
colored. The changes between parentheses are those that occur in early abstinence and that revert after the month of abstinence. 
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3.4. GENE EXPRESSION OF GLUTAMATERGIC, GABAERGIC AND eCB SYSTEMS 

Two different patterns of changes in gene expression were observed. Some genes 
increased their expression after a day of abstinence and then normalized one 
month later, and others suffered increases or decreases after a month of absti-
nence. Both changes are discussed below separately. The results are presented in 
Tables 17 (drugs) and 18 (sucrose). The perdurable effects of the treatment are 
presented in Tables 19 (drugs) and 20 (sucrose). 

Gene expression changes in early withdrawal. Among the changes observed af-
ter heroin consumption we have an increase in the Gabra1/Gabra2 ratio in BLA 
(Figure 27D) and Actb in core (Figure 27G). After self-administration of cocaine an 
increase in Gria1 was observed in BLA (Figure 27A) and dmPFC (Figure 27E), ac-
companied by a slight increase in Grin2a and Gria2 in BLA (Figure 27B, C) and in 
the ratio Gria1/Gria2 in dmPFC (Figure 27F). The consumption of cocaine also 
caused an increase in the ratio Gabrg2/Gabrd in shell (Figure 27J) due to changes 
in the expression of these GABAA subunits (Figure 27H, I). Since the kinetic prop-
erties and location of the ionotropic glutamate and GABA receptors are deter-
mined by the composition of their subunits, these differences could be related to 
an altered synaptic activity.  
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Gene expression changes after protracted withdrawal. One-month abstinence 
after heroin consumption was associated with an increase in Gabrd in vmPFC (Fig-
ure 28E), and after cocaine consumption with an increase in the Grin2a/Grin2b 
ratio in dmPFC (Figure 28D). In addition, strong decreases in the expression of 
several genes in dmPFC were observed in the rats that consumed sucrose: Actb, 
Grin1, Gria1, Gabra1, Gabra2 and the Gabra1/Gabra2 ratio (Figure 28G-L). And it 
was after the month of abstinence that changes in endocannabinoid system genes 
were observed. On the one hand, increases of Faah and Dagla in BLA in rats that 
consumed heroin (Figure 28A, B), and Napepld decreases in shell in rats that con-
sumed cocaine (Figure 28F). And both in rats that consumed heroin and in those 
that consumed cocaine, decreases in the Napepld/Faah ratio in BLA (Figure 28C). 
An increase in Mgll in CeA was also observed in the rats that consumed sucrose 
(Figure 28M). The different genes of the endocannabinoid system are responsible 
for the synthesis and degradation of anandamide (Napepld and Faah) and 2-ara-
chidonylglycerol (Dagla and Mgll), both modulators of the glutamatergic and GA-
BAergic systems. Therefore, these changes could mean changes in the modulating 
capacity of the excitatory and inhibitory synapses.  
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  1 day of withdrawal 30 days of withdrawal ANOVA 
  saline cocaine heroin saline cocaine heroin F(dfM,dfR) p 2 

Basolateral amygdala:          
 Grin2a 1.00±0.32 1.37±0.55 1.12±0.26 0.93±0.42 0.77±0.16f 1.14±0.30 F(2,42)=3.620 .035 .131 
 Gria1 1.00±0.26 1.43±0.28* 1.10±0.23 1.08±0.37 0.98±0.21#f 1.38±0.37#a F(2,42)=6.461 .004 .218 
 Gria2 1.00±0.27 1.40±0.72 1.10±0.29 1.06±0.37 0.77±0.22f 1.29±0.45 F(2,42)=4.394 .019 .165 
 Gabra1/Gabra2 1.00±0.21 1.02±0.26# 1.39±0.36*#f 1.10±0.37 1.11±0.21 1.04±0.15 F(2,42)=3.507 .039 .132 
 Napepld/Faah 1.00±0.19 1.58±1.20 1.63±0.50 1.70±0.66f 1.00±0.38* 1.08±0.43tf F(2,41)=6.587 .003 .236 
 Dagla 1.00±0.17 1.13±0.35 0.90±0.13 0.89±0.17 0.91±0.15 1.17±0.28tf F(2,42)=4.952 .012 .186 
 Faah 1.00±0.18 0.95±0.37 0.87±0.13 0.75±0.12f 0.86±0.22 1.04±0.23* F(2,41)=3.621 .036 .144 

Dorsomedial prefrontal cortex:          
 Grin2a/Grin2b 1.00±0.19 0.95±0.19 0.91±0.15 0.88±0.15 1.25±0.30*f 1.01±0.17 F(2,42)=4.649 .015 .158 
 Gria1 1.00±0.59 1.97±1.54 0.83±0.41 1.01±1.10 0.78±0.51f 1.48±1.33 F(2,42)=3.310 .046 .131 
 Gria1/Gria2 1.00±0.39 1.66±1.56 0.74±0.34 0.78±0.67 0.72±0.47f 1.28±1.18 F(2,42)=3.148 .053 .125 

Ventromedial prefrontal cortex:          
 Gabrd 1.00±0.50 1.09±0.42 1.38±0.72 0.88±0.47 1.59±0.59t# 2.59±0.85*#f F(2,37)=4.196 0.023 .126 

Nucleus accumbens core:          
 Actb 1.00±0.19 0.81±0.32# 1.24±0.37# 1.14±0.20 0.98±0.30 0.94±0.22f F(2,38)=3.424 .043 .138 

Nucleus accumbens shell:          
 Gabrd 1.00±0.33 0.70±0.27# 1.28±0.48# 0.92±0.36 1.11±0.43f 0.98±0.29 F(2,38)=3.575 .038 .150 
 Gabrg2 1.00±0.33 1.24±0.31 1.35±0.43 1.25±0.23 0.86±0.31f 1.21±0.41 F(2,38)=3.195 .052 .130 
 Gabrg2/Gabrd 1.00±0.36 1.92±0.90*# 1.04±0.23# 1.55±0.96 0.84±0.40f 1.17±0.18 F(2,36)=6.903 .003 .262 
 Napepld 1.00±0.33 2.52±4.85 1.19±0.29 1.42±0.40f 0.71±0.24* 1.00±0.39 F(2,38)=3.727 .033 .124 

 

  1 day of withdrawal 30 days of withdrawal ANOVA 
  water sucrose water sucrose F(dfM,dfR) p 2 

Central nucleus of amygdala:        
 Mgll 1.00±0.16 0.92±0.15 0.75±0.13f 0.90±0.13* F(1,29)=5.253 .029 .133 

Dorsomedial prefrontal cortex:        
 Grin1 1.00±0.27 0.84±0.18 0.97±0.32 0.46±0.16*f F(1,30)=4.717 .038 .080 
 Gria1 1.00±0.24 0.70±0.21 0.98±0.55 0.36±0.19*f F(1,30)=4.128 .051 .064 
 Actb 1.00±0.18 0.80±0.18 0.97±0.32 0.43±0.13*f F(1,30)=10.221 .003 .111 
 Gabra1 1.00±0.28 0.91±0.25 0.95±0.38 0.43±0.35*f F(1,30)=4.054 .053 .083 
 Gabra2 1.00±0.15 0.93±0.21 1.01±0.38 0.59±0.27*f F(1,30)=4.622 .040 .091 
 Gabra1/Gabra2 1.00±0.18 0.99±0.13 0.94±0.13 0.67±0.20*f F(1,30)=4.861 .035 .092 

 

Table 17. Fold change (mean±SD) of gene expression during cocaine and heroin withdrawal. 

Table 18. Fold change (mean±SD) of gene expression during sucrose withdrawal. 

* p<.05 versus control 
t p<.10 versus control 
# p<.05 between drugs 
f p<.05 versus wd1 
a p<.10 versus wd1 
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Gene expression covariation by PCA. When performing principal component 
analysis (PCA) we found two latent variables affected by abstinence: F1, downreg-
ulated after cocaine seeking incubation (F(2,41)=3.313, p=.046, η2=.128; effect of 
abstinence in animals that consumed cocaine: p=.007), and F2, upregulated after 
heroin seeking incubation (F(2,41)=5.177, p=.010, η2=.198; effect of the absti-
nence in animals that consumed heroin: p=.021). Other latent variables, affected 
by the different treatments, are presented in Tables 21 (drugs) and 22 (sucrose). 
The composition of all the latent variables (or major components) extracted from 
each structure are described in Figures 30 (drugs) and 31 (sucrose). 
  

  1 day of withdrawal 30 days of withdrawal ANOVA 
  saline cocaine heroin saline cocaine heroin F(dfM,dfR) p 2 

Dorsomedial prefrontal cortex:          
 Cnr1 1.00±0.18 0.88±0.09* 0.89±0.10t 1.05±0.23 0.90±0.12* 0.90±0.11t F(2,42)=4.200 .022 .165 

Ventromedial prefrontal cortex:          
 Grin1 1.00±0.21 1.05±0.22 0.84±0.27* 1.11±0.32 1.00±0.25 0.80±0.23* F(2,42)=4.064 .024 .159 
 Gabra1 1.00±0.33 0.86±0.22# 0.71±0.11*# 1.06±0.30 0.99±0.20# 0.65±0.30*# F(2,42)=7.890 .001 .267 
 Gabrd 1.00±0.50 1.09±0.42*# 1.38±0.72*# 0.88±0.47 1.59±0.59*# 2.59±0.85*# F(2,37)=10.179 .0003 .306 
 Gabra1/Gabra2 1.00±0.31 1.03±0.27*# 0.75±0.16*# 0.98±0.18 0.94±0.35*# 0.63±0.19*# F(2,42)=7.185 .002 .248 
 Gabrg2/Gabrd 1.00±0.86 0.84±0.44 0.70±0.51* 2.42±3.47 0.78±0.60 0.33±0.14* F(2,37)=4.813 .014 .195 
 Actb 1.00±0.23 0.98±0.15# 0.87±0.10*# 1.05±0.10 1.12±0.12# 0.83±0.14*# F(2,42)=8.535 .001 .269 
 Faah 1.00±0.21 0.99±0.30 1.38±0.52* 0.91±0.22 1.19±0.24 1.39±0.47* F(2,42)=6.194 .004 .221 

Nucleus accumbens shell:          
 Grin2a 1.00±0.36 1.64±1.25 1.72±0.80* 0.87±0.20 1.03±0.44 1.28±0.52* F(2,38)=4.777 .014 .187 
 Grin2b 1.00±0.40 1.20±0.64# 1.69±0.68*# 0.95±0.35 1.04±0.23# 1.34±0.47*# F(2,39)=4.841 .013 .190 
 Gria1 1.00±0.22 1.24±0.50 1.63±0.64* 0.85±0.18 1.02±0.39 1.30±0.59* F(2,38)=5.266 .010 .204 
 Gria1/Gria2 1.00±0.31 1.09±0.46t 1.11±0.35 0.69±0.17 1.45±0.79t 1.15±0.44 F(2,38)=3.223 .051 .133 
 Actb 1.00±0.22 1.12±0.22# 1.40±0.42*# 1.07±0.22 0.92±0.22# 1.22±0.19*# F(2,39)=5.918 .006 .213 
 Napepld 1.00±0.33 2.52±4.85*# 1.19±0.29# 1.42±0.40 0.71±0.24*# 1.00±0.39# F(2,38)=7.374 .002 .246 
 Faah 1.00±0.12 1.18±0.24* 1.23±0.06 1.03±0.23 1.33±0.24* 1.08±0.16 F(2,38)=5.722 .007 .212 
 Napepld/Faah 1.00±0.42 0.68±0.27*# 0.94±0.20# 1.35±0.31 0.53±0.19*# 0.91±0.34# F(2,38)=13.487 .00004 .382 

 

  1 day of withdrawal 30 days of withdrawal ANOVA 
  water sucrose water sucrose F(dfM,dfR) p 2 

Dorsomedial prefrontal cortex:        
 Grin1 1.00±0.27 0.84±0.18 0.97±0.32 0.46±0.16 F(1,30)=17.100 .0003 .290 
 Grin2a 1.00±0.26 0.63±0.17 0.95±0.60 0.33±0.25 F(1,30)=19.920 .0001 .317 
 Grin2b 1.00±0.23 0.54±0.16 0.85±0.54 0.25±0.16 F(1,27)=13.009 .001 .286 
 Gria1 1.00±0.24 0.70±0.21 0.98±0.55 0.36±0.19 F(1,30)=19.732 .0001 .308 
 Gria1/Gria2 1.00±0.18 0.70±0.20 0.94±0.41 0.39±0.18 F(1,30)=24.329 .00003 .391 
 Gabra1 1.00±0.28 0.91±0.25 0.95±0.38 0.43±0.35 F(1,30)=7.924 .009 .162 
 Gabra2 1.00±0.15 0.93±0.21 1.01±0.38 0.59±0.27 F(1,30)=8.695 .006 .171 
 Gabra1/Gabra2 1.00±0.18 0.99±0.13 0.94±0.13 0.67±0.20 F(1,30)=5.889 .021 .112 
 Actb 1.00±0.18 0.80±0.18 0.97±0.32 0.43±0.13 F(1,30)=34.344 .00000 .372 
 Dagla 1.00±0.14 0.93±0.19 1.05±0.26 0.80±0.18 F(1,30)=5.917 .021 .155 
 Mgll 1.00±0.13 0.78±0.15 0.86±0.16 0.57±0.10 F(1,30)=30.444 .00001 .389 
 Dagla/Mgll 1.00±0.14 1.19±0.16 1.22±0.24 1.39±0.25 F(1,30)=6.613 .015 .141 

Nucleus accumbens core:        
 Gria2 1.00±0.22 0.83±0.19 1.12±0.18 0.97±0.16 F(1,30)=5.636 .024 .144 
 Napepld 1.00±0.16 0.79±0.37 1.15±0.23 0.84±0.22 F(1,30)=8.765 .006 .220 

Nucleus accumnes shell:        
 Grin1 1.00±0.16 0.95±0.26 1.12±0.10 0.83±0.25 F(1,22)=4.103 .055 .150 
 Grin2a/Grin2b 1.00±1.00 0.51±0.61 0.50±0.59 0.11±0.07 F(1,22)=7.600 .012 .215 
 Gabrg2 1.00±0.15 0.77±0.25 1.00±0.29 0.71±0.15 F(1,22)=9.267 .006 .294 
 Gabrd 1.00±0.24 1.84±0.58 1.09±0.26 1.65±0.40 F(1,22)=17.801 .0004 .422 
 Gabrg2/Gabrd 1.00±0.31 0.43±0.18 0.94±0.47 0.41±0.08 F(1,22)=28.741 .00002 .547 
 Cnr1 1.00±0.17 1.57±0.43 0.93±0.19 1.27±0.40 F(1,22)=12.030 .002 .315 
 Faah 1.00±0.41 1.58±0.57 1.02±0.37 1.70±0.55 F(1,22)=10.347 .004 .318 

 

Table 19. Perdurable changes (mean±SD) of gene expression after cocaine and heroin consumption. 
 

Table 20. Perdurable changes (mean±SD) of gene expression after sucrose consumption. 
 

* p<.05 versus control 
# p<.05 between drugs 

mean SD mean SD mean SD mean SD mean SD mean SD

F6a 0.067 1.238 -0.067 0.580 -0.563 0.584 0.590 1.136 0.629 0.901 -0.655 0.830

F11b -0.414 0.611 0.265 0.906 0.996 1.459 -0.793 0.653 -0.260 0.490 0.302 0.823

F12c -0.044 0.837 -0.354 0.972 0.460 0.669 0.999 0.854 -0.894 0.734 -0.034 0.987
aANOVA: F (2,47)=5.356, p =.008, 2=.190; post hoc : saline vs  heroin, p =.017, cocaine vs  heroin p =.026.
bANOVA: F (2,43)=7.521, p =.002, 2=.263; post hoc : saline vs  heroin, p =.001.
cANOVA: F (2,43)=6.854, p =.003, 2=.229; post hoc : saline vs  cocaine, p =.003, cocaine vs  heroin p =.035.

saline wd1 cocaine wd1 heroin wd1 saline wd30 cocaine wd30 heroin wd30

Table 21. Perdurable changes in principal components after cocaine and heroin consumption. 
 

mean SD mean SD mean SD mean SD

F'7a 0.955 0.593 0.473 0.998 -0.188 0.375 -1.134 0.42

F'13b 0.14 0.544 0.76 0.944 -0.659 1.229 -0.072 0.793

F'14c -0.775 0.411 -0.814 0.752 0.826 0.783 0.481 0.783
aANOVA: F (1,33)=42.104, p =.000, 2=.481.
bANOVA: F (1,33)=6.762, p =.014, 2=.169.
cANOVA: F (1,25)=27.335, p =.000, 2=.529.

water wd1 water wd30 sucrose wd1 sucrose wd30

Table 22. Perdurable changes in principal components after sucrose consumption. 
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Figure 30. Characteristics of the components in SCH experiment. 
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3.5. PERINEURONAL NETS IN THE PREFRONTAL CORTEX 

Levels of perineuronal nets (PNN) by cortical region. An effect of early absti-
nence after heroin use (significant) and after cocaine use (trend) that reversed af-
ter the month of abstinence was observed. Heroin consumption caused an 
increase in PNNs concentrated in the right infralimbic cortex (greater than the 
control group, p=[.007, .014], and that the cocaine group, p=[.023, .032]) that re-
versed after one month (greater than in one-month heroin abstinence rats, 
p<.001) (Figure 32, top). Cocaine consumption caused a decrease in PNNs concen-
trated in the right lateral orbitofrontal cortex, which reverted after the month of 
abstinence (p=[.014, .015] with respect to cocaine one-month abstinence rats (Fig-
ure 32, bottom).  

Perdurable effects of heroin and sucrose consumption were also observed. While 
heroin consumption caused a decrease in the number of PNNs in the right insular 
cortex (Figure 33, top), the consumption of sucrose caused an increase in the left 
insular cortex (Figure 33, middle) in detriment of the dorsomedial region, com-
prised by the left and right regions of ACC and dPL (Figure 33, bottom). 
 

  

Figure 32. Changes in perineuronal net density during withdrawal. 

Figure 33. Perdurable changes in perineuronal net density. 
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Correlations of PNN levels between cortical regions. Next, we studied if the num-
ber of PNNs correlated between regions and, more importantly, if these correla-
tions changed throughout abstinence. Clear effects were found in the rats that 
consumed heroin, specifically in the prefrontal cortical areas that correlated with 
the number of PNNs in the right IL cortex. After a day of abstinence, the rats 
showed a negative correlation between this area and left dPL, not present in the 
saline controls or in the rats after one month of abstinence (Figure 34A), which 
nevertheless presented a negative correlation between the PNNs of right IL and 
right insular cortices, not present in the control rats or after only one day of absti-
nence (Figure 34B). A weaker effect was found in the rats that consumed cocaine 
after a day of abstinence, this time between the left IL cortex and the right vOFC 
region (Figure 34C). More specifically, the positive correlation was absent in con-
trol rats after one month of abstinence. In addition, less clear effects were found 
in rats that consumed heroin (Figure 34D) and in those that consumed sucrose 
(Figure 34E, F). Such effects could be due to artifacts due to the presence of possi-
ble extreme values. Figure 34 shows the values of the Pearson (r) or Spearman () 
correlations, as well as the contrasts between experimental groups (Zdifference).  
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Figure 34. Changes in the correlation between density of perineuronal nets of different regions. The statistical parameters 
of the correlations are indicated, as well as the location of the regions involved and whether they are changes after early (dashed 
lines) or late (continuous lines) abstinence. 
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3rd Goal: CHANGES IN STRESS RELATED PARAMETERS 
DURING SEEKING INCUBATION 

3.6. PERIPHERAL PARAMETERS 

Weight of animal, liver and spleen. An expected weight gain was observed in the 
animals during the month of withdrawal (Figure 35A). The splenic index was 
higher in the intravenous administration groups than in the oral administration 
groups, possibly due to the effect of catheterization. In addition, an increase in the 
spleen after cocaine consumption was observed (F(2,40)=4.973, p=.012, 2=.071, 
Figure 35C, left).  

Adrenal glands and plasmatic corticosterone. Adrenal hyperplasia was ob-
served after self-administration sessions of drugs of abuse (F(2,41)=6.570, p=.003, 
2=.073, Figure 36A, left), accompanied by elevation, in some animals, of corti-
costerone levels (time effect only: F(1,39)=5.239, p=.028, 2=.106, Figure 36B, 
left). An increase in plasma corticosterone levels was observed between the wd1 
and wd30 groups of sucrose (F(1,29)=5.822, p=.022, 2=.147, Figure 36B, right). 
The average value of corticosterone in the saline and water groups was 50.4±46.9 
and 30.4±32.2 ng/mL plasma (mean±SD).  

Levels of plasmatic amines. The consumption of both cocaine and heroin caused 
a decrease in the plasma L-glutamine/L-ornithine ratio, and abstinence occurred 
with an increase in its value in both groups (F(2,38)=6.107, p=.005 , 2=.197; Fig-
ure 37). The consumption of sucrose did not cause any change in the plasma levels 
of the studied amines. Table 23 shows the absolute data (pmol/mL of plasma) of 
each amine in both experiments. 

 
  

Figure 37. Ratio 
L-glutamine/L-ornithine. 
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L-glutamine/L-ornithine Table 23. Levels of plasma amines in both experiments (mean±SD, N). 

glicina 404,8 ± 236,8 47 490,6 ± 77,8 36

L-alanina 531,5 ± 146,8 47 792,3 ± 146,9 37

L-glutamato 108,3 ± 26,1 47 108,5 ± 17,9 29

L-glutamina 689,0 ± 145,3 47 976,0 ± 133,4 34

L-isoleucina 110,3 ± 26,8 47 234,3 ± 42,4 34

L-ornitina 131,4 ± 24,5 47 119,8 ± 17,2 37

L-prolina 293,5 ± 47,0 47 441,1 ± 95,8 37

L-serina 365,6 ± 59,1 47 632,4 ± 92,1 37

L-treonina 517,6 ± 81,6 47 689,3 ± 104,7 37

taurina 409,8 ± 97,6 47 617,6 ± 141,6 37
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Figure 35. Weight evolution. The weights of the rats (A), their hepatic indices (B) and splenic indices (C) are presented. Mean±SE. 
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Figure 36. Adrenal glands and corticosterone. The adrenal glandular indexes (A) and the 
relative levels of plasma corticosterone (B) are presented. Mean±SE. 
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3.7. NORADRENERGIC RECEPTORS 

Perdurable gene expression changes. We observe lasting changes both after her-
oin and cocaine (Table 24) and after of sucrose consumption (Table 25). 

Gene expression changes during the abstinence. Only after heroin and sucrose 
consumption were changes in the expression of adrenergic receptors found. After 
one month of heroin withdrawal rats exhibit an increase in the expression of 
Adrb1 in BLA (F(2,41)=3.538, p=.038, 2=.141, Figure 38A). In the rats that con-
sumed sucrose we observe a decrease in the expression of Adrb1 in dmPFC 
(F(1,30)=5.980, p=.021, 2=.075, Figure 38B). In addition, the relative expression 
of Adrb1 in dmPFC with respect to its expression in vmPFC and BLA also fell 
(dmPFC/vmPFC: F(1,30)=4.309, p=.047, 2=.092; BLA/dmPFC: F(1,22)=7.264, 
p=.013, 2=.095, Figure 38C, D).  

Correlations between brain regions. Next we compared correlations of these ex-
pressions between groups. After early heroin abstinence, a negative correlation 
was found between the expression of Adrb1 in vmPFC and core, not present in the 
control group or after one month of abstinence (Figure 39A). After a month of ab-
stinence from cocaine, a negative correlation was observed between the expres-
sion of Adra2a in vmPFC and Adrb1 in BLA, neither present in the control group 
nor after a day of abstinence (Figure 39B). Two other effects are also presented, 
possibly due to extreme values (Figure 39C, D).  
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  1 day of withdrawal 30 days of withdrawal ANOVA 
  saline cocaine heroin saline cocaine heroin F(dfM,dfR) p 2 

Adra2a/Adrb1 dmPFC 1.08±0.36 1.50±0.65 1.57±0.49* 1.32±0.51 1.25±0.35 2.13±0.78* F(2,42)=5.948 .005 .199 
Adra1/Adrb1 dmPFC 0.97±0.38 1.06±0.62 1.41±0.58t 1.13±0.47 1.08±0.63 1.50±0.37t F(2,42)=3.153 .053 .129 
Adra2a shell 1.00±0.42 0.93±0.27* 1.17±0.27 1.18±0.22 0.75±0.21* 0.98±0.25 F(2,38)=3.528 .039 .142 

   1 day of withdrawal 30 days of withdrawal ANOVA 
  water sucrose water sucrose F(dfM,dfR) p 2 

Adra1 dmPFC 1.00±0.26 0.66±0.29 0.75±0.25 0.53±0.23 F(1,30)=9.880 .004 .218 
 core 1.00±0.40 0.60±0.24 1.14±0.57 0.75±0.23 F(1,30)=8.402 .007 .213 

Adra2a dmPFC 1.00±0.22 0.82±0.18 0.88±0.35 0.50±0.37 F(1,30)=8.465 .007 .175 
 BLA/dmPFC 1.03±0.29 1.47±0.43 2.35±0.74 5.76±4.76 F(1,22)=8.766 .007 .141 

Adrb1 dmPFC 1.00±0.14 0.86±0.16 0.88±0.19 0.43±0.23 F(1,30)=21.458 .00007 .270 
 dmPFC/vmPFC 1.02±0.23 0.91±0.20 1.07±0.51 0.48±0.36 F(1,30)=9.294 .005 .198 
 BLA/dmPFC 0.96±0.24 1.25±0.37 1.38±0.30 4.22±2.54 F(1,22)=20.416 .0002 .267 

Adra1/Adrb1 core 1.03±0.37 0.79±0.53 1.16±0.51 0.66±0.22 F(1,30)=7.151 .012 .191 

 

Table 24. Adr 
expression 
after drugs 
consumption. 
 

Table 25. Adr 
expression 
after sucrose 
consumption. 
 

** p<.01 versus control 
*** p<.001 versus control 
# p<.05 between drugs 
f.087 p=.087 versus wd1 

ff p<.01 versus wd1 

fff p<.001 versus wd1 

Figure 38. Changes in Adr 
expression during withdrawal. 
Changes in heroin (A) and 
sucrose groups (B-D). Mean±SE. 
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Zwd1, heroin vs saline=2.337, p=.019 
Zheroin, wd1 vs wd30=2.016, p=.044 
 

rsaline wd30=+.302, p=.468 
rcocaine wd1=+.286, p=.492 
rcocaine wd30=-.760, p=.029 
 
Zwd30, cocaine vs saline=2.068, p=.039 
Zcocaine, wd30 vs wd1=2.040, p=.041 
 

rsaline wd30=+.177, p=.676 
rcocaine wd1=+.624, p=.098 
rcocaine wd30=-.940, p=.0005 
 
Zwd30, cocaine vs saline=3.03, p=.002 
Zcocaine, wd30 vs wd1=3.91, p=.0001 
 

rsaline wd1=-.324, p=.478 
rcocaine wd1=+.918, p=.004 
rcocaine wd30=-.181, p=.732 
 
Zwd1, cocaine vs saline=2.704, p=.007 
Zcocaine, wd1 vs wd30=2.303, p=.021 

Figure 39. Changes in the correlation between gene expression of adrenergic receptors. Below the graph are the statistical parameters of 
the correlations after heroin (A) and cocaine (B-D) intake. 
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1st Goal: SELF-ADMINISTRATION AND SEEKING INCUBATION 

4.1. BEHAVIOURAL PREDICTIVE VARIABLES OF SEEKING INCUBATION 

One of the aims of the work was to find predictive variables of the incubation dur-
ing the self-administration sessions and then detect biochemical variables that 
correlate with them. To do this, we performed correlations between behavioural 
parameters of the self-administration sessions and parameters of the extinction 
tests in those rats that underwent both tests (wd1 and wd30). We did not find any 
variable or any combination of variables (using PCA) that correlated enough with 
the calculated incubation rates. With a different paradigm, also with a larger sam-
ple size, Kasanetz et al. (2010) classified rat as addict or non-addict according to a 
criterion adapted from the DSM (implemented by Belin et al., 2009), by subjecting 
the rats to certain diagnostic tests and searching, during 15min unreinforced ses-
sions intercalated throughout the self-administration sessions, differential behav-
iour patterns between both groups with those who calculate an addiction score. 
With this score, they then classify new rats as resistant or vulnerable to addiction, 
without having to submit them to diagnostic tests (Figure 40). It is possible, there-
fore, that in our case the sample size is not high enough, so this objective can be 
pursued by increasing the sample size with future experiments of seeking incuba-
tion. 

 

2nd Goal: CHANGES IN GLUTAMATERGIC AND GABAERGIC 
PARAMETERS DURING SEEKING INCUBATION 

Since our may hypothesis was that the phenomenon of incubation of seeking has 
a common substrate regardless of the substance to which the individual is abste-
mious, we wanted to trace parallel equivalent changes in abstaining rats of the 
three substances studied (cocaine, heroin and sucrose ) in parameters that gave 
us information about the state of activity and about plastic phenomena in the stud-
ied regions (nucleus accumbens core and shell, basolateral amygdala, central nu-
cleus of the amygdala, dorsomedial and ventromedial prefrontal cortex). To this 
end, we analysed the density of excitatory and inhibitory synapses by studying the 
levels of scaffolding proteins of glutamatergic and GABAergic ionotropic receptors 
(PSD95 and gephyrin), and the way in which their levels are correlated between 
functional and anatomically connected regions (parameter which we have called 
synaptic coherence). In addition, we analysed the total levels of glutamate and 
GABA (among other neuroamines) and the gene expression of the main subunits 
of ionotropic NMDA, AMPA and GABAA receptors. Given that the endocannabinoid 
system is the main modulator of these two systems, we analysed the gene expres-
sion of its main receptor, CB1, and the synthesis and degradation enzymes of the 
two main endocannabinoids, anandamide (NAPE-PLD and FAAH) and 2-arachi-
donylglycerol (DAGL and MAGL). Finally, we measured the presence of perineu-
ronal nets in the prefrontal cortex, structures of the extracellular matrix of certain 
GABAergic neurons associated with plastic phenomena. We were looking for com-
mon changes with the different treatments throughout the abstinence or at least 
equivalent changes that, even if they were not exactly the same parameter with 
the same time course, could tell us about the same underlying process. Despite the 
current view that the nucleus accumbens core and its relation to the basolateral 
amygdala and the prefrontal cortex are the axis on which the incubation of the 
seeking is directed, we did not obtain results that would lead us support such 

n=13 n=25 

Figure 40. Differential behaviour patterns during non-reinforced sessions. Based on the behaviour during these sessions, they 
calculate an addiction score by which they are able to classify the rats as resistant or vulnerable to addiction. (Kasanetz et al., 2010). 



82 

 

claim. On the contrary, our results support the hypothesis that the central nucleus 
of the amygdala and its relationship with these glutamatergic regions orchestrate 
the incubation of seeking, which supports previous results published by other re-
search groups (a summary of our results in Figure 41).  

4.2. THE CENTRAL NUCLEUS OF AMYGDALA: COMMON HUB IN SEEKING 
INCUBATION 

Our main finding was that the central nucleus of the amygdala is the region around 
which there are equivalent, if not equal, changes during the incubation of cocaine, 
heroin and sucrose seeking. The paradigmatic example would be the incubation 
of heroin seeking. In these rats we find modifications that seem to indicate: a) an 
increase in the reactivity of CeA; b) increased BLA activity together with strong 
synaptic coherence with CeA; and c) a decrease in the plastic capacity of dmPFC 
and its synaptic coherence with CeA. On the other hand, the incubation of cocaine 
seeking would occur with processes a) and b) and the incubation of sucrose seek-
ing with processes a) and c). We will now discuss these three patterns of effects. 

a) Increased reactivity of the central nucleus of the amygdala 

As discussed at the end of the Introduction (section 1.2.4. Summary of the state of 
the art in seeking incubation), the central nucleus of the amygdala seems to be in-
volved in a general way in the phenomenon of the incubation of seeking. This 
structure is differentially more activated during the late extinction test of cocaine, 
morphine, nicotine and sucrose and also its inhibition affects differentially in the 
cases of cocaine, methamphetamine and sucrose. In our experiments we observed 
changes in this region with the three substances studied. After the incubation of 
both heroin and cocaine we found a lower L-glutamate/L-glutamine ratio without 
changes in the total content of L-glutamate. This could be indicative of a faster 
turnover of the neurotransmitter by the astroglia of the region, affecting local pha-
sic responses. Incubation of cocaine seeking after a self-administration protocol 
similar to ours is associated with an increase in NR1 levels (Lu et al., 2005a) in this 
region. We have not observed any alteration in Grin1, Grin2a or Grin2b, although 
it is true that changes in protein expression can occur without the need for 
changes at the level of gene expression. These results could translate into faster 
phasic responses but with greater sensitivity. 

In parallel, after the consumption of sucrose, the NMDA activity in CeA increases 
(this is evident from the increases observed in D-serine, coagonist of these recep-
tors) while decreasing the net excitation in a lasting manner (decreases in L-glu-
tamate/GABA ratio). Here we find apparently antagonistic results which could be 
responsible for less activity in the region, but more reactivity to certain stimuli. In 
addition, during the incubation of sucrose seeking the levels of Mgll increase, the 
main enzyme that degrades 2-AG. In the study by Cates et al. (2018), using RNA-
Seq after the incubation of methamphetamine seeking, the authors observe, alt-
hough with little statistical power due to the low sample size, the same increases 
in Mgll in CeA. This could translate into a greater capacity to degrade the endocan-
nabinoid 2-AG once generated and therefore a lower phasic response of it through 

Actb, Grin1, Gria1,
Gabra1, Gabra2,

Gabra1/Gabra2

MgllL-aspartate

Grin2a/Grin2b

Napepld

(L-glutamate) L-glutamate/L-glutamine L-glutamate/L-glutamine

Napepld/Faah Napepld/Faah
Actb

medial prefrontal cortex

amygdalanucleus
accumbens

D-serine/L-glutamate

Gabrd

SUCROSE

COCAINE HEROIN

dmPFC

vmPFC

CeA

BLA

core

shell (L-glutamate/GABA)(taurine)

(Gabrg2/Gabrd)

(Gria1)

Faah, Dagla

(Gabra1/Gaba2)

Figure 41. Summary of the 
main results. The results of 
Figures 23, 26 and 29 are 
presented superimposed. 

CeA 



83 

 

its CB1 receptor. The inhibition of MAGL activity in CeA provokes the decrease of 
anxious-like behaviours and alcohol consumption in dependent rats (Serrano et 
al., 2018) so that the increase found could have the opposite effect. 

The fact that after the incubation of the seeking of sucrose and methamphetamine 
increases Mgll in CeA and that treatment with a mGluR2/3 agonist in CeA prevents 
the expression of the incubation of both sucrose seeking (Uejima et al., 2007) and 
cocaine (Lu et al., 2007) suggests that the decrease in the L-glutamate/L-gluta-
mine ratio after the incubation of cocaine and heroin seeking has a net effect 
equivalent to the increase in Mgll. 

b) Increased activity of the basolateral amygdala 

As we discussed previously, the basolateral amygdala does not seem to be in-
volved in the expression of seeking incubation. However, it could have a role in its 
development. After the incubation of both cocaine and heroin seeking, we ob-
served a lower concentration of anandamide, according to the decrease in the 
Napepld/Faah ratio, accompanied by increases of 2-AG in the case of heroin. These 
changes are preceded by changes in the glutamatergic (cocaine; and Lu et al., 
2005a) and GABAergic systems (heroin). The decrease of anandamide and the in-
crease of 2-AG are associated with the activation of BLA (Hill and Tasker, 2011), 
so that this alteration could represent a more active basal state after the incuba-
tion of the seeking. In studies with heroin addicts in prolonged abstinence, Li et al. 
(2013a) observed a greater reactivity of the amygdala before the presentation of 
cues related to the drug, although they do not distinguish between BLA and CeA. 
As the extinction tests do not activate BLA differentially between both withdrawal 
times but CeA, one possibility is that this increased cue-reactivity of the amygdala 
is located in CeA. On the other hand, after the consumption of sucrose, a decrease 
in the L-glutamate/GABA ratio in BLA was observed, which increased to normal 
during the month of abstinence. In both cases, although by different processes, this 
structure move from a less active state to a more active one. 

… in parallel to a strong BLA-CeA synaptic coherence 

But as we mentioned before it is possible that BLA may not be playing a role in the 
expression of the incubation of the seeking but in its development. This region of 
the amygdala is involved in the early habituation of cocaine use behaviour. How-
ever, as the learning progresses, CeA takes control to maintain this memory 
(Murray et al., 2015). BLA also has the capacity to set memories in other systems 
under stress situations (Roozendaal et al., 2009). Some equivalent process could 
be responsible for the change of sign in the observed synaptic coherence between 
BLA and CeA during the incubation of cocaine and heroin seeking: one could be 
moving from a cue-induced seeking through BLA>core>SNpc>DS to another one 
in which the path CeA>SNpc>DS plays a preferential role. 

c) Depletion in plasticity of the dorsomedial prefrontal cortex 

The involvement of the medial prefrontal cortex in the incubation of the seeking 
is not clear either. In fact, it seems that it does not have a general implication but, 
if it did, it would be substance specific. A possible explanation for the negative re-
sults may be that this region is not necessary for the expression of the incubation 
of the seeking because it suffers from some hypofunction that would actually fa-
vour the increase of seeking. In the aforementioned study by Li et al. (2013a) the 
authors observe by fMRI that, after prolonged heroin abstinence, the presentation 
of stimuli associated with heroin had less capacity to activate the prefrontal cortex. 
After the consumption of both drugs of abuse, the rats of our experiments show 
reduced levels of Cnr1 in dmPFC that last during the month of abstinence. During 
that month, the rats that consumed cocaine show decreases and increases in dif-
ferent subunits of AMPA and NMDA receptors and those that consumed heroin 
decreases in D-serine/L-glutamate ratio, reflecting a possible decrease in NMDA 
activity. On the other hand, rats that consumed sucrose show a strong gene deple-
tion in dmPFC, enhanced after the month of abstinence. In addition, these rats 
have fewer perineuronal nets in that region (observed changes in Gabra1/Gabra2 
ratio could be related to the change in PNNs). Although perdurable increases in 
DAT have been reported in mPFC after cocaine use (Grimm et al., 2002), in this 

BLA 

BLA>CeA 

dmPFC 

core CeA

SNpc
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study the control group is composed of rats that consumed sucrose. It is likely that 
such an increase is actually due to a decrease in DAT in the mPFC of the rats that 
consumed sucrose. In fact, other authors have not been able to see changes in DAT 
after cocaine abstinence (Ben-Shahar et al., 2006). Therefore, it is possible that at 
least the incubation of heroin and especially sucrose seeking will lead to a hypo-
function of dmPFC.  

… in parallel to a depleted dmPFC-CeA synaptic coherence 

Perhaps such a hypofunction explains why in people undergoing diets in which it 
is not possible to reduce craving, there is less control of dlPFC over the amygdala 
when food-related stimuli are presented to the probands (Kahathuduwa et al., 
2018) . In addition, this hypofunction could be responsible for the loss of synaptic 
coherence between dmPFC and CeA observed after the incubation of heroin and 
sucrose seeking. Since the lack of cortical inhibition has been postulated as one of 
the causes of addiction (Everitt and Robbins, 2016), such a proposal fits quite well 
with contemporary literature. 

Therefore, and depending on the paradigm and/or substance studied and/or the 
level of incubation reached, after prolonged abstinence we find a central nucleus 
of the amygdala especially reactive to the cues associated with consumption, and 
at the same time (Figure 42): 
- a basolateral amygdala with increased basal activity; and/or 
- a dorsomedial prefrontal cortex incapable of inhibiting CeA responses. 

4.3. CHANGES IN THE NUCLEUS ACCUMBENS DURING THE INCUBATION OF 
SEEKING 

As we discussed in the Introduction, the nucleus accumbens is undoubtedly the 
region that has received the most attention in the literature on incubation of seek-
ing. However, almost all studies have been conducted with cocaine and those who 
have used other non-psychostimulant substances have not measured the same pa-
rameters. Its core region appears involved in the incubation of psychostimulants 
seeking but it does not seem to be involved in incubation of seeking of a natural 
reinforcer such as sucrose. We did not find any differential change in the rats that 
incubated cocaine seeking compared to those of early abstinence. The only 
changes we have seen appear on the first day of abstinence and last up to following 
month. There are increases in the levels of L-glutamate and L-aspartate, possibly 
due to decreases in GLT1 transporter levels (Fischer-Smith et al., 2012). In the 
shell found increases in the Gria1/Gria2 ratio (which could result in increases in 
CP-AMPAR), decreases in Napepld/Faah, and may be the establishment of a 
BLA>shell synaptic coherence, all of them lasting effects. We also found effects re-
lated to abstinence per se, namely increases of the ratio Gabrg2/Gabrd after con-
sumption that normalizes after the month of abstinence during which the levels of 
Napepld descend. 

The use of heroin, meanwhile, led to declines in the expression of Actb and in-
creases in its synaptic coherence with dmPFC during the month of abstinence. This 
last result is reminiscent of that observed by Luís et al. (2017) after the use of co-
caine, in which they found a strengthening of this path after the consumption that 
lasted during the abstinence (they argue that this connection increases through-
out the abstinence, but they do not prove it statistically). Furthermore, in the shell 
there were perdurable increases in the levels of Grin2a, Grin2b, Gria1 and Actb. 

The major perdurable changes related to core were after the consumption of su-
crose: increases in the ratios L-glutamate/GABA and PSD95/gephyrin accompa-
nied by decreases in Gria2 and Napepld associated with GABAergic synapses (as 
evidenced by the decrease in variable F'13 of the PCA, composed of these two 
genes and the four subunits of GABAA studied). That is, after sucrose consumption, 
the nucleus accumbens core undergoes a GABAergic depletion in favour of glu-
tamatergic. This change could be related to the synaptic coherence observed be-
tween vmPFC and core after the consumption of sucrose. The only changes 
observed after sucrose seeking incubation were decreases in L-aspartate levels 
and the disappearance of synaptic coherence with dmPFC, as was the case with 
CeA. In the shell region we observed taurine increases only after a day of 

CeA

Figure 42. Proposed model based on 
the results of the 2nd goal.  



85 

 

abstinence, and lasting changes in the levels of Grin1, Grin2a/Grin2b, Gabrg2 and 
Gabrg2/Gabrd (decreases) and of Gabrd, Cnr1 and Faah (increases). In summary, 
our results seem to indicate that the core region presents a greater activity in a 
lasting way during abstinence, at least after the consumption of cocaine and, espe-
cially, of sucrose. In addition, it seems that the shell region shows greater activity, 
also in a lasting way, after the consumption of the drugs of abuse but lower after 
sucrose. 

It is not at all surprising that we have not found similar changes in the three sub-
stances studied. In the literature on the subject we find shell and core manipula-
tions at short or long abstinence times capable of modifying the response rate in 
animals (Conrad et al., 2008; Lee et al., 2013; Li et al., 2013b; Loweth et al., 2014; 
Wang et al., 2018). However, by studying the incubation of sucrose seeking, the 
injection of a D1 receptor inhibitor in core or shell reduced the responses equally 
to both withdrawal times (Grimm et al., 2011). It has been shown that cocaine 
seeking incubation occurs with increases in CP-AMPAR levels in both core and 
shell (Conrad et al., 2008), although the origin of these synapses is uncertain (Ma 
et al., 2014), and the same happens with methamphetamine (Scheyer et al., 2016), 
another psychostimulant. However, by studying the incubation of seeking of nat-
ural reinforcers we find disparate results. Studies using food as reinforcer have 
shown increases in AMPAR/NMDAR ratio, as with cocaine, induced by CP-AMPAR 
increases in the case of normal animal food but by CI-AMPAR in the case of fatty 
food (Dingess et al., 2017). Furthermore, decreases are observed in this ratio 
when sucrose was the reinforcer studied (Counotte et al., 2014). 

Therefore, we believe that the changes observed in the experiments studying psy-
chostimulants are only relevant to the incubation of the seeking of such sub-
stances or even more, that they are effects of prolonged abstinence in pathways 
related to the seeking but that are not related to the incubation phenomenon. 

 

3rd Goal: CHANGES IN STRESS RELATED PARAMETERS 
DURING SEEKING INCUBATION 

During the sacrifice and dissection of the rats we noticed that the adrenal glands 
of some of them were larger than normal. Therefore, in addition to studying pa-
rameters related to glutamatergic and GABAergic transmission, we decided to an-
alyse parameters related to stress, given the relationship between stress and 
substance use, and given that its relationship with the incubation of seeking is not 
clear. We focused on those variables for which we had data from all the experi-
mental groups, such as the weight of the adrenal glands, the plasma levels of cor-
ticosterone and several amines (taking advantage of the capillary electrophoresis 
technique) and the levels of expression of adrenergic receptors. It is noteworthy 
that certain brain areas (including some of the ones that we have studied) regulate 
the stress response. In addition, the endocannabinoid system, analysed in the pre-
vious goal, also regulate stress-related procesess. For these reasons, in this section 
we will return to discuss some results mentioned in the previous one, this time 
from the point of view of stress. 

4.4. ACTIVITY OF THE HYPOTHALAMIC-PITUITARY-ADRENAL AXIS 

In drug users there is an affectation of stress systems, understood in its broadest 
sense. For example, in cocaine and alcohol users, stress and the cues related to 
consumption are able to induce craving and anxiety and activate the autonomic 
nervous system (ANS) and the hypothalamic-pituitary-adrenal (HPA) axis. More-
over, these changes are greater in the case of high frequency consumers (Fox et al., 
2005). It has been observed in both humans and laboratory animals that drug con-
sumption alters the activity of the ANS and the HPA axis itself (Goldfarb and Sinha, 
2018; Ulrich-Lai and Herman, 2009). Heroin consumption causes inactivation of 
the HPA axis, while cocaine use activates it. Moreover, abstinence from both sub-
stances causes hyperactivity in the HPA axis in consumers (Brown et al., 2006). In 
addition, rats that consume cocaine following extended access protocols have 
higher levels of plasma corticosterone than those with restricted access, probably 
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because increased exposure to the drug leads to greater activation of the HPA axis 
(Mantsch et al., 2003; Figure 43). In parallel, drug users have a dysfunctional HPA 
axis, with higher levels of plasma cortisol and higher plasma responses (Goldfarb 
and Sinha, 2018). 

On the contrary, the consumption of natural reinforcers, when contingently pre-
sented, decreases the level of activation of the ANS and the HPA axis, unless the 
cues associated with its consumption are presented in the absence of the rein-
forcer: in this case they are also activated (Ulrich-Lai and Herman, 2009). In some 
studies on craving incubation in humans, parameters related to the activation of 
ANS induced by cues and baseline anxiety of the subjects are measured (Figure 3). 
It is observed that this activation of the ANS (cardiovascular stress) does not pre-
sent the same kinetics as the incubation of craving methamphetamine, heroin, to-
bacco or alcohol. On the other hand, baseline anxiety experiences a parallel 
incubation in the case of methamphetamine but this effect is not observed in the 
case of heroin or alcohol. None of the studies measures changes in cue-induced 
anxiety. 

In studies of incubation of seeking carried out with rats, increases in plasma cor-
ticosterone are observed during the early abstinence of cocaine that normalizes 
three weeks later (Thiel et al., 2012). When the substance used is sucrose, no 
change is observed (Grimm et al., 2016). However, in this study the rats are anes-
thetized before blood collection so it is possible that any effect, if present, could be 
blunted by the anesthesia. In our rats we observed an adrenal hyperplasia after 
self-administration sessions of both drugs of abuse, not always accompanied by 
increases in plasma corticosterone. This may be due to the fact that the effect is 
not consistent or that there was a lot of variability in the morning time at which 
the animals were sacrificed.The rats that consumed sucrose, on the contrary, did 
not suffered changes in the size of the adrenal glands. However, plasma corti-
costerone levels were altered. After a day of abstinence their average levels were 
below the mean level of the control group and above the controls after a month of 
abstinence. Therefore, we can conclude that the use of cocaine and heroin strongly 
activated the HPA axis, leading to a hypertrophy of the adrenal glands. Conversely, 
sucrose abstinence occurred concomitantly with an increase in HPA axis activa-
tion. 

4.5. STRESS RELATED CENTRAL CHANGES 

a) Equivalences with chronic stress in the expression of eCB system 

Adrenomegaly is usually found in rats subjected to chronic stress (Ulrich-Lai and 
Herman, 2009). These protocols, as well as the administration of corticosterone, 
are also capable of inducing changes in the central endocannabinoid system 
(Bowles et al., 2012; Gray et al., 2016; Häring et al., 2012; McLaughlin and Gobbi, 
2012; Ramikie and Patel, 2012). The general effect is usually decreases in anan-
damide and increases in 2-AG. For example, in BLA the above-mentioned manipu-
lations can cause long-lasting decreases in anandamide tone due to increases in 
FAAH, its main degradation enzyme, and increased 2-AG responses that return to 
baseline (Ramikie and Patel, 2012). The rats in our experiments present lasting 
changes in the eCB system that are observed on the first day of abstinence and last 
at least until the month of abstinence. The consumption of both drugs of abuse 
resulted in dmPFC declines in Cnr1. In addition, cocaine consumption induced de-
creases in Napepld/Faah in shell and heroin increases in Faah in the vmPFC. This 
is compatible with potential decreases in the levels of AEA. Surprisingly, the con-
sumption of sucrose also caused changes in the same direction: in dmPFC in-
creases in Dagla/Mgll, in the core decreases in Napepld and in the shell increases 
in Faah and Cnr1. Consequently, we may suggest that there could be increases in 
2-AG and decreases in AEA. 

ShA LgA 

Figure 43. Daily levels of plasma 
corticosterone. The plasma levels of 
corticosterone measured at three times 
during the days of self-administration with 
restricted access (ShA, left) or extended 
(LgA, center) to cocaine, as well as the 
evolution of the area under the curve 
(AUC) of this parameter throughout the 
sessions (right). (Mantsch et al., 2003). 
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It is not clear if the changes observed in the endocannabinoid system are partially 
or totally related to the activity (increased or decreased) of the HPA axis. However, 
due to the direction of the changes, this axis is a good candidate. 

b) Involvement of the eCB system in stress and anxiety 

Regardless of whether the changes in the eCB system derive from the activity of 
the HPA axis or not, this is not the only relationship between the two elements. 
Indeed, just as the HPA axis is capable of regulating the expression of the eCB sys-
tem, this system is also capable of modulating stress and anxiety (Häring et al., 
2012; Hill and Tasker, 2011). Anandamide in the basolateral amygdala has been 
postulated to be the gatekeeper of HPA axis activation (Hill and Tasker, 2012). An 
increased activity of FAAH, leading to decreased levels of the endocannabinoid, is 
necessary for the HPA axis to be activated. On the other hand, MAGL activity in 
CeA has anxiogenic properties (Serrano et al., 2018). In addition, the activation of 
CB1 in both regions of the amygdala has antagonistic effects on anxiety 
(McLaughlin and Gobbi, 2012). Moreover, the interaction between the CB1 recep-
tor of the prefrontal cortex and corticosterone is one of the mechanisms to termi-
nate such activation (Ulrich-Lai and Herman, 2009, Hill and Tasker, 2012). 
Therefore, the effects on the eCB system observed after the consumption of the 
different substances in the amygdala and in the prefrontal cortex could be altering 
the ability of the animals to control behaviour under stress and/or anxiety (Figure 
44).  

Found two patterns in our experiments: the one observed after the consumption 
of cocaine and heroin and the one observed after the consumption of sucrose. 
Firstly, the intake of both drugs of abuse caused decreases of Cnr1 in dmPFC while 
prolonged abstinence decreases the Napepld/Faah ratio in BLA. This could trans-
late into a lower capacity of the cortex to terminate the stress signal (through the 
corticosterone-CB1 interaction) for a prolonged period accompanied, after one 
month of abstinence, by a greater capacity of BLA to activate the HPA axis (due to 
an increased anandamide degradation capacity).  

In addition, the sucrose intake caused increases in the Dagla/Mgll ratio in dmPFC 
accompanied, after one month of abstinence, by increased Mgll in CeA. In contrast 
to drugs of abuse, an increase in the ability of dmPFC to synthesize 2-AG would 
give rats greater cortical control over the termination of the stress signal. This may 
explain why they have somewhat lower levels of corticosterone after a day of ab-
stinence. However, after one month of abstinence the decreases in 2-AG in CeA 
could render them more anxious. 

c) Changes in noradrenaline reactivity in BLA-dmPFC 

Another effect of chronic stress, which affects the structures mentioned in the pre-
vious section, is the amygdala hyperresponsiveness and the hyporesponsiveness 
of the prefrontal cortex (Roozendaal et al., 2009). This is not surprising if we con-
sider how activity is regulated in situations of stress, when noradrenaline (NA) 
levels increase momentarily. Both regions, BLA and PFC, receive NA from the locus 
coeruleus, unlike the nucleus accumbens shell and CeA that receive NA from the 
nucleus of the solitary tract (Kvetnansky et al., 2009). Both regions express NA 
receptors of high (2) and low affinity (1, 1), which will be activated depending 
on the concentration of NA. In normal situations only those with high affinity (2) 

Figure 44. Activation of the HPA axis by the basolateral amygdala. In situations of stress, FAAH activity (A) is induced, causing anandamide 
levels to decrease in BLA, which promotes activation of the HPA axis (B). The subsequent rise of corticosterone will promote the termination of the 
signal thanks, among other mechanisms, to its interaction with the endocannabinoid system in the PFC (C) (Hill and Tasker, 2012). 

A B C 
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will be active. However, when the NA concentration increases, those 
with low affinity will enter into action (1, 1). In the prefrontal cor-
tex, the activation of 2 receptors in normal situations allows a cor-
rect functioning of the region, but when the /1 receptors are 
activated in situations of stress this region is silenced (Arnsten, 2009). 
On the contrary, in BLA, these receptors have opposite effects to the 
ones they have in the prefrontal cortex, so in stress situations this re-
gion will be overactive (Roozendaal et al., 2009). Therefore, the rela-
tive expression of these receptors (especially those of low affinity) in 
BLA and PFC can have consequences on the activity of these regions 
during high arousal situations (Figure 45). 

After the consumption of the substances studied in this Thesis, the 
rats suffered different changes in the levels of expression of Adra1, 
Adra2a and Adrb1, depending on the substance consumed and the 
time of abstinence. Only sucrose intake caused perdurable changes in 
the expression of these genes. These changes consisted on decreases 
in the levels of the three genes in dmPFC, in accordance with the gen-
eralized gene depletion observed in this region. In addition, after the 
month of abstinence, the depletion of Adrb1 was even greater, (along 
with an increase in BLA of the same gene). Therefore, although the 
ability of norepinephrine to inactivate dmPFC potentially decreased 
(as also decreased the ability to  activate this region in normal situa-
tions), it did so by increasing in parallel its ability to activate BLA. Af-
ter the incubation of heroin seeking we found increases in Adrb1 in 
BLA, possibly enhancing the ability of the amygdala to become active 
during stressful situations. Finally, after the incubation of cocaine 
seeking we observed that the levels of Adrb1 in BLA and dmPFC are 
related in such a way that the higher their rise in BLA (and therefore 
their ability to be activated) the lower their levels in dmPFC (and 
therefore, its capacity to be inactivated) and vice versa. 

It seems, therefore, that, with the exception of rats that consumed 
heroin, the increases in Adrb1 in BLA are accompanied by changes of 
Adrb1 in dmPFC in the opposite direction, although it is true that in 
the case of sucrose abstinence they go accompanied by a general 
hypofunction of dmPFC. This hypofunction, as we saw, was accompa-
nied by a depletion in the density of perineuronal nets. Recently, it 
has been reported that subjecting adolescent rats to chronic stress 
produces, as well as that observed after the consumption of sucrose, 
decreases in plasma corticosterone levels and in perineuronal nets in 
dmPFC (de Araújo Costa Folha et al., 2017). 
 
In spite of the fact that in the previous section we concluded that BLA 
does not seem necessary for the expression of the incubation of seek-
ing, the changes in the expression of the 1 receptor in BLA are inter-
esting since they open the possibility that in the presence of elevated 
noradrenaline increased activation of BLA is able to eclipse the phar-
macological inhibitions that are targeted to this area (Morena et al., 
2016a). As it happens in experiments on seeking performed in NAc, 
we can find different effects depending on the pharmacological tool 
that is used to inactivate a region (Yun et al., 2004). In fact, the late 
positive potential (LPP), used by Parvaz et al. (2016) as a neurophys-
iological record of craving in abstinent cocaine addicts when study-
ing craving incubation in humans, seems to depend on the activation 
of the 1 receptors of the basolateral amygdala (de Rover et al., 2012).   

C 

D 

A 

B 

Figure 45. Effects of noradrenaline on 
the activity of the prefrontal cortex. In 
normal situations, the prefrontal cortex 
functions normally (C) because only the 
high affinity noradrenaline receptors (A) 
are active. In situations of stress, it loses 
activity in favour of the amygdala (D) 
when low affinity receptors are activated 
(B) (Arnsten, 2009). 
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4.6. ADDITIONAL OBSERVED CHANGES 

Other aspects not directly related to the incubation of cue-induced seeking will 
now be succinctly discussed. 

a) Escalation 

One of the differences between the protocols of restricted access and extended 
access is that the latter promote the escalation in the consumption of drugs of 
abuse (Ahmed et al., 2000; Ahmed and Koob, 1999). They also differ in that ex-
tended access leads to greater activation of the HPA axis (Mantsch et al., 2003), 
and may even cause adrenal hyperplasia, as in our case. Given that stress favours 
the formation of habits (Everitt and Robbins, 2016), it would be plausible that 
such escalation was due to the degree of exposure to corticosterone suffered by 
these rats. In fact, the administration of corticosterone in the dorsolateral striatum, 
involved in the formation of habits, promotes them, something that does not hap-
pen if it is administered in the dorsomedial region (Siller-Pérez et al., 2017). The 
authors point to the interaction between corticosterone and the CB1 receptor as a 
possible mechanism, since their levels are much higher in the lateral part of the 
striatum than in the medial part (Van Waes et al., 2012; Figure 46). However, it 
has been recently suggested that the addictive phenotype, including escalation, 
does not depend on the formation of habits since it can be induced with protocols 
that, even if involving extended access, prevent their formation (Singer et al., 
2017). Therefore, although habit formation is not necessary for the escalation, it 
is possible that in the protocols of extended access habit-formation is facilitated. 

b) Anhedonia 

People addicted to psychostimulants usually suffer from anhedonia (Leventhal et 
al., 2010), a fact that has been reproduced in laboratory animals under extended 
access paradigms (Mantsch et al., 2014). Animals subjected to stress also experi-
ment this condition. In these animals, the administration of FAAH inhibitors or 
CB1 agonists prevents anhedonia (Morena et al., 2016b). In humans, anhedonia is 
negatively correlated to the activity of several limbic areas, including the nucleus 
accumbens (Keller et al., 2013). Studies on anhedonia in animals focusing in this 
region have shown that the concentration of shell anandamide is related to the 
hedonic pleasure of natural reinforcers (Mahler et al., 2007; Shinohara et al., 
2009). Therefore, the decrease in shell of the Napepld/Faah ratio experimented 
by the rats that consumed cocaine could result in a reduction of anandamide in 
the region and be responsible for the expected anhedonia in these rats. In fact, it 
is already been suggested that rats with extended access to cocaine, unlike those 
with restricted access, have decreased basal anandamide levels (trend, Figure 47) 
(Orio et al., 2009). After one month, the levels of Napepld fall further so it is possi-
ble that prolonged abstinence potentiates anhedonia. As for the natural reinforc-
ers, the capacity of these to evoke dopamine increases in shell habituated quickly. 
Since THC, through CB1, is able to provoke again those dopamine increases in shell 
with a previously used (De Luca et al., 2012), the changes observed in the eCB sys-
tem in shell after sucrose intake (increases of Faah and Cnr1) could be reponsible 
for this habituation. 

c) Stress-induced seeking incubation 

Even if BLA is not involved in the expression of cue-induced seeking incubation, it 
is possible that it has a role in the incubation of stress-induced seeking. As we saw 
in the Introduction, stress-induced seeking incubates in the case of heroin (Shalev 
et al., 2001) but not methamphetamine (Shepard et al., 2004). In addition, volun-
tary abstinence promoted by giving the rats the choice to consume food, which in 
itself should be anxiolytic, prevents the expression of seeking induced by meth-
amphetamine cues (Caprioli et al., 2017) but not heroin (Venniro et al., 2017). It 
seems, therefore, that in the case of heroin, the stress response is enhanced after 
a month of abstinence. This could be related to the increase in Faah and Adrb1 that 
we have observed in the BLA. 
  

Figure 46. Expression of CB1 
receptor in rat dorsal striatum. The 
shades of gray indicate the areas of 
highest density of expression of the 
CB1 receptor, measured in the 
rostral, medial and caudal striatum, 
in rats of 25, 40 and 70 days of life 
(Van Waes et al., 2012). 

p=.10 

Figure 47. AEA and 2-AG basal 
levels in shell. The extended access 
to cocaine (LgA) caused a downward 
trend in the levels of AEA compared 
to rats with restricted access to 
cocaine (ShA) (Orio et al., 2009). 
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PROPOSED MECHANISM OF SEEKING INCUBATION 

Depending on the specific approach, several mechanisms could be linked to the 
incubation of seeking. First, we suggest a situation with a hyperreactivity of the 
central nucleus of the amygdala to cues together with a basolateral amygdala also 
more reactive and/or a dysfunctional dorsomedial prefrontal cortex. There could 
also be a role for a more reactive basolateral amygdala and/or a less reactive or 
dysfunctional medial prefrontal cortex in high arousal situations, when noradren-
aline increases. Finally, a more 'anxiogenic’ central nucleus of the amygdala to-
gether with a basolateral amygdala of a similar profile and/or a dorsomedial 
prefrontal cortex activity associated to decrease anxiety could also be suggested 
to operate in the phenomenon. Separately, any of the three possible interpreta-
tions could be responsible for the phenomenon of seeking incubation. An interest-
ing question is:  but, among all these proposed mechanisms, what is the most 
likely?  

We propose an explanation that focuses on the central nucleus of the amygdala, 
and that gives importance to noradrenaline as a key piece in relapse during pro-
longed abstinence. Importantly, the involved NA would not be the one released in 
the extended amygdala (Smith and Aston-Jones, 2008) but the noradrenaline re-
lease induced by CeA. During the self-administration sessions the basolateral 
amygdala could promote the association between the cues and the reinforcer ob-
tained, as well as associated procedural memories, helped by the activation of the 
HPA axis (Roozendaal and McGaugh, 2011). By bringing the animals back to the 
operant conditioning boxes, the contextual clues promote an arousal state as a 
consequence of a heightened cue-reactivity of the CeA, aided by a BLA that is also 
more reactive and/or by a blunted activity of the dmPFC. In this new state, with 
the release of noradrenaline by the locus coeruleus (LC) induced by CeA (Bouret 
et al., 2003) to take advantage of the situation predicted by contextual cues, the 
behaviour will be guided by the CeA>SNpc>DS and/or BLA>core>SNpc>DS path-
ways, according to the protocol used and the sensitivity of BLA to norepinephrine. 
This state of alert will last longer, increasing the number of unsuccessful attempts 
during extinction test, due to a dmPFC with less capacity to stop it and to extin-
guish the behaviour. 

In a paradigm of CPP, by bringing the animals back to the pair of chambers, the 
alert state will promote visits and more time spent at chamber where the rein-
forcer was received. In a protocol of locomotor sensitization the key could be the 
injection itself, which the animal associates with the effects of the drug. Thus, the 
locomotor sensitization will be increased thanks to the arousal state induced by 
CeA. Finally, in a paradigm of incubation of conditioned fear, the cues associated 
with punishment will also provoke a state of alert that will enhance the fear re-
sponse. 
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CONCLUSIONS 

1. We have not found behavioural variables during the self-administration ses-
sions that predicted the degree of incubation of seeking. 

2. We have not found any biochemical variable that is equally affected during the 
incubation of the seeking of the three substances. 

3. Among the parameters related to the glutamatergic, GABAergic and endocanna-
binoid systems, which showed changes during the incubation of seeking, we found 
equivalences between the three substances in the central nucleus of the amygdala, 
after one month of abstinence: 

     a) Decreases of L-glutamate/L-glutamine after one month of withdrawal of co-
caine and heroin; 

     b) Mgll increases after one month of withdrawal of sucrose. 

4. We also find, after the month of abstinence, equivalences between pairs of sub-
stances: 

     a) Napepld/Faah ratio decreases in BLA and a positive synaptic coherence ap-
pears between BLA and CeA after one month of cocaine and heroin withdrawal; 

     b) Lack of synaptic coherence between dmPFC and CeA and decreases in 
NMDAR transmission in dmPFC and after one month of heroin (D-serine/L-gluta-
mate) and sucrose (Grin1) withdrawal. 

5 Among the parameters related to stress we find: 

     a) Adrenal hyperplasia after the consumption of cocaine and heroin and plasma 
corticosterone increases during the incubation of sucrose seeking; 

     b) Differential changes in the levels of Adrb1 in BLA and dmPFC. 

6. In addition, the consumption of sucrose caused a depletion of perineuronal nets 
in dmPFC accompanied by a more acute general gene depletion after the incuba-
tion of the seeking. 
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