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A B S T R A C T

The purpose of this review is to illustrate the importance of pharmacodynamic and pharmacokinetic factors in
the complexity of the behavioral and neurochemical adaptations that occur following chronic treatments with
drugs of abuse, with a focus on opioids and psychostimulants. As these neuroadaptations are thought to con-
tribute to the pathogenesis and persistence of addiction, it is important to well understand how they can be
modulated. The experimental results clearly show that changes observed are depending on the binding prop-
erties of the ligands, drug administration patterns, brain structures considered, and withdrawal periods. Thus,
pharmacodynamic and pharmacokinetic factors play a key role, and may highly contribute to the great het-
erogeneity of the results reported in the literature regarding neuroadaptations observed following repeated
treatments with drugs of abuse, each investigator using different protocols and/or different ligands, even if their
targets/receptors are the same.

1. Introduction

It is now well admitted that addiction is a brain disease (Leshner,
1997) and that neuroadaptations are a core neurobiological feature of
this pathology. The neuroadaptations are complex and may occur not
only into the mesocorticolimbic dopamine system, a key neuro-
transmitter system involved in addictive behaviors, but also in other
numerous systems (review in Koob and Volkow, 2016). Addiction is
characterized by a compulsive behavior, a continued abuse of drugs
despite negative consequences, craving when drugs are not more
available and high risk of relapse. Moreover addicts may also be drug
tolerant, physically and psychologically dependent. These character-
istics involve persistent changes in the brain’s structure and function
(neuroadaptations). However, not everyone who uses drugs becomes
addicted. Thus, depending on the drugs used, between 10–30% of users
will develop an addictive behavior (Flórez-Salamanca et al., 2013). No
single factor can predict whether a person will become addicted to
drugs. But a combination of factors including psycho-biological factors
(e.g., genetic factors, personality traits, co-morbidities), environmental
factors (e.g., family, peer influence or sociocultural context), and neu-
roadaptations induce by drugs themselves influence risk for addiction.

Several parameters are directly involved in the pharmacological effects
induced by a drug, and consequently in the neuroadaptations that may
occur following repeated administrations: i) the bioavailability of the
drug itself (importance of the route of administration); ii) the transport
across the blood brain barrier (BBB); iii) the rate of delivery to the
brain, and iv) the efficacy of the intracellular responses, depending on
the interactions (e.g., affinity, partial or full agonist) between the ligand
and its target (Fig. 1). This review will summarize the behavioral and
neurochemical neuroadaptations observed following repeated admin-
istration of drugs of abuse with different routes, speeds and patterns of
administration, with a focus on opioid ligands, but also with results
obtained following repeated administration of cocaine or other psy-
chostimulants.

In human, drug use is a voluntary act. In rodents, distinct neuroa-
daptations have been reported in studies comparing active (self-ad-
ministration) versus passive (experimenter-administered, or yoked an-
imals) drug administrations, suggesting that this parameter is also
crucial regarding neuroadaptations induced by drugs of abuse, and
development of drug addiction (Jacobs et al., 2004, 2003, 2005;
Fernàndez-Castillo et al., 2012). Because self-administration paradigm
in rodents involves active drug administration, it mimics some aspects
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of human addiction behavior with a crucial role of cognitive processes
(e.g., reinforcement learning, impulsivity, attention). This model is very
helpfull to try to decipher the cellular and molecular mechanisms in-
volved in drug addiction, even if the doses and the frequencies of ad-
ministration are not controlled, as each animal will have its own be-
havior, and each animal will decide when pressing a lever or poking its
nose into a hole to get drug. However, the main goal of this review is to
demonstrate the importance of pharmacodynamic and pharmacokinetic
parameters in neuroadapations, and thus only studies reporting results
with experimenter-administered drugs of abuse have been considered.
From these studies, the routes of administration, the patterns of ad-
ministration, the pharmacological efficacy of ligands can be directly
compared.

2. Importance of the route of administration

The route of administration will define the plasma concentration
that can be reached, and thus the amount of compound able to cross the
BBB. It is well known that the rewarding effects are dependent on the
peak effect. Thus, imaging studies in human, and preclinical studies in
animals have demonstrated that the speed with which a drug enters and
leaves the brain are important factors in determining its reinforcing
effects. Thus when the Cmax and Tmax are reached few minutes after
absorption, they are related to the intensity of high (subjective ex-
perience of euphoria) that subjects experience. This could be referred to
the peak effect that predicts abuse liability, i.e. when the concentration
of the drug in the brain increases very rapidly, higher is the risk of
dependence (see Volkow et al., 2010; Allain et al., 2015).

Studies investigating the pharmacokinetic properties of morphine
have demonstrated that the relative onset of drug effects and the time
necessary to reach the peak concentration in the brain are increased
from intravenous to intramuscular/subcutaneous, and to oral routes
(Upton et al., 1997). After intravenous administration, morphine brain
concentration is the result of passage from the blood across the BBB to
the brain. After nasal administration, the level of morphine into the

brain could be the result of both distribution across the BBB and
transfer via direct olfactory pathways. Indeed, it has been demonstrated
in rats that morphine is directly and very rapidly transferred from the
nose, via olfactory pathways, to the olfactory bulbs and the brain
hemispheres (Westin et al., 2006). In a study comparing the effects of
intranasal and intravenous heroin self-administration in heroin-depen-
dent patients, it was demonstrated that the reinforcing effects of heroin
are similar by the two routes of administrations, but that intranasal
heroin is less potent than intravenous heroin when the subjective effects
(e.g., “I feel a good drug effect”, “I feel high”) are reported (Comer
et al., 1999).

The psychostimulant methylphenidate is used for the treatment of
attention-deficit/hyperactivity disorder and narcolepsy but it also has a
history of being misused as a ‘smart drug’. Methylphenidate is a blocker
of dopamine and noradrenaline transporters (Gatley et al., 1996). Thus,
this drug is able to increase the synaptic dopamine concentration. The
effects induced by methylphenidate have been compared following ei-
ther intravenous or oral administration. In the striatum the higher
concentration of the psychostimulant was observed 10min after in-
travenous administration (Cmax value), and 90min after oral injection
(Volkow and Swanson, 2003). Both routes of administration are able to
increase dopamine levels in the striatum with the same magnitude, but
the effect is faster following intravenous injection compared to oral
administration. The difference in the delivery rate of methylphenidate
may explain why the oral route did not induce a « high », whereas for
intravenous injection the magnitude of the dopamine increase was as-
sociated with the intensity of the « high » (Volkow and Swanson, 2003).
This is in good agreement with the “peak effect” theory, which iden-
tifies reinforcers with addictive potential as those that have rapid onset
and short time to peak effect (Hatsukami and Fischman, 1996; de Wit
et al., 1993; Abreu et al., 2001; Allain et al., 2015).

3. Importance of the rate of drug delivery to the brain

Besides the route of administration that plays an important role in

Fig. 1. Schematic representation of the parameters involved in the pharmacological impacts of drugs of abuse.
1) Bioavailability of the drugs depending on the route of administration (systemic, nasal, oral administration); 2) Passage across the blood brain barrier (BBB) that
gives the concentration of the drugs that can reach their targets (receptors, monoamine transporters, channels); 3) Binding parameters (affinity and efficacy to
activate the signalling cascade); 4) Intracellular responses leading to pharmacological responses (Images are modified from https://smart.servier.com/image-set-
download/).
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bioavailability of the drug, the speed of administration and the passage
across the BBB are also very important factors. They will determine the
quantity of drugs reaching the brain which will have a strong impact on
the neuroadaptations observed.

The importance of the speed of administration is well illustrated in a
paper published by Comer et al. (2009). They clearly demonstrated a
relationship between rate of infusion and reinforcing strength of the
opioid ligand, oxycodone in humans. Thus, while the same dose of
oxycodone was administered intravenously over 2, 15, 30, 60, or
90min in different groups, it is only when oxycodone was delivered in 2
or 15min that participants reported reinforcing effects. This is in good
agreement with the notion of peak effect, as already evoked above.

The importance of speed of administration was also investigated in a
preclinical study using cocaine. The same dose of cocaine was in-
travenously administered in rats in either 5, 25 or 100 s. In these dif-
ferent conditions, the authors investigated the regulation of c-Fos ex-
pression and behavioral sensitization (Samaha et al., 2004). Whatever
the time of administration, cocaine is able to induce an increase in c-Fos
immunoreactivity particularly in the striatum, but with a much stronger
effect when cocaine is injected in 5 s. Then this increase diminishes as
the duration of injection lengthens.

The authors have also explored the behavioral consequences of the
speed of cocaine administration using the locomotor sensitization
model, a behavior usually observed during repeated administration of
drugs of abuse. On day 1, administrations of cocaine increased the lo-
comotor activity in the same magnitude whatever the infusion rate. On
day 2, a significant behavioral sensitization was observed after in-
travenous administration of cocaine in 5 s, while the same dose of co-
caine administered in 25 or 100 s did not induce this behavioral
adaptation (Samaha et al., 2004). Using a different strategy, we high-
lighted the influence of delivery rate on neuroadaptations with co-
caethylene, a psychoactive metabolite produced from a concomitant
cocaine and ethanol consumption. Indeed, when cocaethylene was
dissolved in an emulsion that is supposed to slow its brain delivery,
instead of saline, behavioral sensitization was less robust (Noble et al.,
2007). Thus it clearly appears that the rate at which cocaine or its
metabolites are delivered influences the development of locomotor
sensitization, an expression of neuroadaptations occurring in the brain
upon repeated drug administration.

The second important factor, which will define the concentration of
the drug at the site of action in the brain, is the permeability of the BBB.
This layer protects the brain and is composed of endothelial cells joined
together with tight junctions. These cells express transporters that may
either prevent intracellular accumulation into the brain of circulating
compounds and drugs (efflux pumps), or facilitate their entrance (influx
pumps) (review in Theodorakis et al., 2017).

Among the efflux pumps, P-glycoprotein (Pgp ; MDR1 ; ABCB1)
significantly contributes to BBB functions, both preventing the influx of
agent from the blood into the brain and facilitating the efflux of com-
pounds from the brain into the blood. Using Pgp knockout mice, Xie
et al. (1999) nicely demonstrated that this efflux pump participates in
regulating the amount of morphine transport across the BBB. Thus,
while the brain to plasma morphine concentration ratio was 0.5 for
wild-type animals, it was of 1.1 in knockout mice. This has an impact on
the pharmacological responses induced by morphine that involved su-
praspinal structures. In Pgp knockout mice, a leftward shift of the
morphine dose-response curve was observed in the tail flick test as
compared to wild-type animals (King et al., 2001). All these results
suggest that Pgp is able to decrease the permeability of BBB to mor-
phine.

In the same way, using a selective inhibitor of Pgp, PSC833, we have
also observed a leftward shift of the dose-response curve of morphine in
the hot plate test in mice. Interestingly, no difference was observed in
presence or absence of Pgp inhibitor on the analgesic responses ob-
tained with heroin strongly suggesting that while morphine is a Pgp
substrate, heroin is not (Seleman et al., 2014). Inhibiting Pgp has

consequences not only on the analgesic effects of morphine, but also on
regulation of gene expression. We have investigated the regulation of
different genes including Rnd3, which is known to regulate actin cy-
toskeleton, and is an early common effector of several drugs of abuse
(Marie-Claire et al., 2007; Seleman et al., 2014). At a dose of morphine
unable to regulate Rnd3 expression, co-administration of the Pgp in-
hibitor PSC833 + morphine, revealed an effect, similar with the one
obtained when heroin was administered alone or in association with
PSC833 (Seleman et al., 2014). Finally, regarding the rewarding effects
of morphine, it clearly appears in the conditioning place preference
(CPP) that co-administration of the selective Pgp inhibitor with mor-
phine, potentiated the rewarding effects of this opioid agonist (Seleman
et al., 2014).

Very interestingly chronic morphine treatment in rats was able to
increase the levels of Pgp in different brain structures, including the
cortex and the hippocampus, without modification of the integrity of
the BBB (Yousif et al., 2008). This increase could be interpreted as a
protective reaction to avoid excessive stimulation by morphine, by
preventing entry of large amount of the opioid ligand into the brain.

In human positron-emission tomography (PET) was used to in-
vestigate Pgp function in the BBB of patients with depression, schizo-
phrenia or progressive neurodegeneration (de Klerk et al., 2010, 2009;
Bartels et al., 2009), but to the best of our knowledge never in addiction
field. These investigations could be very interesting as Pgp may mod-
ulate the entrance into the brain of different opioid ligands, and thus
may also explain variability in the responses to opioid maintenance
treatment (Linnet and Ejsing, 2008).

4. Importance of interactions with receptors

Receptors bind drugs (also referred to as ligand), with a relatively
high degree of specificity, and after binding of the ligand, initiate a
signalling cascade. Membrane receptors, when activated, usually result
in activation of secondary enzymes or ion channels via the hetero-
trimeric G proteins. The pharmacological responses will depend on two
main factors: affinity and efficacy. The affinity refers to the ability of a
given drug to bind to its receptor by direct chemical interactions with
the receptor binding site. It is an intrinsic property of the drug. The
efficacy can be defined as the ability of a drug, once bound to its re-
ceptor, to activate it and thus initiate cellular signalling pathways that
lead to pharmacological responses. A relative efficacy may be defined,
as the relative maximum response from the drug. Drugs that produce
less than the maximum activation of a given receptor are referred to as
partial agonists (in opposite to full agonists, that lead to the maxima
responses) (review in Strange, 2008).

Opioid receptors are members of the G protein-coupled receptor
(GPCR) superfamily, and several receptors have been cloned : mu
opioid receptor (MOR), kappa opioid receptor (KOR), delta opioid re-
ceptor (DOR), and ORL1/nociceptin receptor (Dhawan et al., 1996). At
the cellular level, opioid receptors are mainly coupled to Gi/o and Gq
proteins and their activations lead to inhibition of adenylyl cyclase
activity and voltage-gated Ca2+ channels, increase in mitogen-acti-
vated protein kinase (MAPK) phosphorylation and in the activity of
inwardly rectifying K+ channels and phospholipase C beta. In general,
studies show that MOR- or DOR-selective agonists can induce both
analgesia and reward (Abdallah and Gendron, 2017; Klenowski et al.,
2015; Matthes et al., 1996). The use of transgenic mice has provided
greater insight into the potential roles of individual opioid receptor
subtypes. These studies indicate that the analgesic effects and the re-
warding properties of opioids such as morphine are primarily mediated
by the activation of MOR (Charbogne et al., 2014). However, DOR has
been shown to have a role in the regulation of emotional responses
associated with opioid use (Peppin and Raffa, 2015).

Thus, to demonstrate the importance of the binding parameters in
the neuroadaptations that may be induced by chronic treatments with
opioid agonists, we will review the differences that can be observed
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with 3 different opioid agonists : morphine, methadone, and bupre-
norphine, and we will give results essentially on MOR.

These 3 MOR agonists are largely used in humans, as methadone
and buprenorphine are used in the treatment of opioid addiction. It is
also important to compare the long-term effects of morphine, metha-
done and buprenorphine as they show differences in their binding
parameters. Buprenorphine has a unique profile, significantly different
from morphine, or methadone. It has a high affinity for MOR but low
intrinsic activity, with partial agonist properties.

To complexify the picture, most of the compounds administered in
animals are subjected to biotransformations that generate active and
inactive metabolites. This is well illustrated with heroin which displays
a low affinity towards MOR (Inturrisi et al., 1983) and whose action is
mediated by its main metabolites produced sequentially : 6-mono-
acetylmorphine and morphine (review in Rook et al., 2006). Heroin is
thereby considered as a prodrug. Morphine is in turn transformed into
morphine-3-glucuronide (review in De Gregori et al., 2012), which has
a low affinity and activity on MOR (Frölich et al., 2011; Roeckel et al.,
2017). In humans, morphine is also transformed in morphine-6-glu-
curonide (review in De Gregori et al., 2012), an active metabolite
(Handal et al., 2002). 6-monoacetylmorphine has an affinity for MOR
comparable to morphine (Inturrisi et al., 1983) and behaves as a partial
agonist (with an higher efficacy than morphine) (Selley et al., 2001).
Methadone is also metabolized, but its main metabolite, 2-ethylidene-
1,5-dimethyl-3,3-diphenylpyrrolidine, has a poor affinity for MOR
(Ki > 1 μM) (Lötsch et al., 2006). Buprenorphine is mainly metabo-
lized in norbuprenorphine, and both ligands have a similar affinity for
MOR, DOR and KOR. Norbuprenorphine behaves as a partial agonist
toward MOR (but with an higher efficacy than buprenorphine), DOR
and KOR (Huang et al., 2001). However, its contribution to buprenor-
phine effects in vivo is very modest as its passage to brain is limited by
the BBB (Ohtani et al., 1995). Buprenorphine and norbuprenorphine
are subjected to glucuronidation that generates buprenorphine-3-glu-
curonide, buprenorphine-6-glucuronide and norbuprenorphine-3-glu-
curonide, norbuprenorphine-6-glucuronide, respectively (Bruce et al.,
2006). Despite the fact that these metabolites display high affinity to-
wards opioid receptors, they have modest pharmacological effects
(Brown et al., 2011). In summary, except when the opioid is a prodrug
such as heroin, all these metabolites will play a modest role in phar-
macological effects and it is more likely the variability in the metabo-
lism that will influence the responses by changing the availability of the
active compounds.

4.1. Binding parameters and signalling

Whereas morphine and methadone bind to MOR, with high affi-
nities (in the nanomolar range), buprenorphine has an higher affinity
(around 0.1 nM) and more importantly, it also binds DOR and KOR
contrary to morphine and methadone (Lutfy and Cowan, 2004). On
KOR, buprenorphine is usually described as an antagonist that mediates
its anti-depressant effects (Falcon et al., 2016), but a recent study also
suggests a role of MOR in these effects (Robinson et al., 2017). Bu-
prenorphine is also unique as once bound to the receptor, it slowly
dissociates (Rance, 1979). We investigated this characteristic ex vivo by
measuring the ability of [3H]-D-Ala2, N-MePhe4, Gly-ol5-enkephalin
(DAMGO), a selective MOR ligand to displace buprenorphine on rat
brain membranes. We found that in membranes pre-incubated with
buprenorphine, [3H]-DAMGO was not able to completely displace bu-
prenorphine. The same results were obtained with [3H]-naltrindole (a
DOR ligand) and [3H]-CI977 (a KOR ligand) but to a lesser extent
(Mégarbane et al., 2006). This slow dissociation of buprenorphine from
the MOR, resulting in a long residence time of the ligand on the re-
ceptor, could explain why the intensity of withdrawal signs is lower
after chronic buprenorphine treatment as compared to morphine or
methadone (Fig. 2) (Marie and Noble, unpublished results). This might
have consequences on the ability of buprenorphine to promote

behavioral sensitization (see below 5.1).
Although, morphine, methadone, buprenorphine are MOR agonists,

they have different efficacies to couple receptor to G protein and to
mobilize intracellular pathways. Indeed, in most of the studies mea-
suring second messengers, morphine and methadone are usually being
considered as full agonist with methadone > morphine, whereas bu-
prenorphine is depicted as a partial agonist (Saidak et al., 2006).

4.2. Transcriptional responses

Using morphine, methadone and buprenorphine we investigated
changes in gene expression over time (30min, 1 h and 4 h after drug
administration) in three cerebral brain structures, the thalamus in-
volved in analgesic responses observed with opioid ligands (Dong et al.,
1999; Yen et al., 1989; Saadé et al., 1997), and the ventral (nucleus
accumbens) and dorsal striatum, both implicated in the transition from
recreational drug use to compulsive consumption of drugs of abuse
(Lesscher and Vanderschuren, 2012). The dose of morphine (10mg/kg
s.c.) used was based on previous studies in the same rat strain showing
gene regulations and conditioned place preference (Garcia et al., 1995;
Benturquia et al., 2008; Marie-Claire et al., 2003; Gutstein et al., 1998).
This dose corresponded to 3 x ED50 value of morphine determined in
the tail-flick assay (Belkaï et al., 2013). The corresponding buprenor-
phine (0.2mg/kg) and methadone (3.7mg/kg) doses are within range
commonly used in studies investigating their rewarding properties in
the conditioned place preference (Rowlett et al., 1994; Steinpreis et al.,
1996; Tzschentke, 2004). Regulations of some immediate early genes
(Fos, Egr1, Arc and Homer1) (Fig. 3) as non-specific markers of neural
activation, and of six opioid system genes (encoding peptides and re-
ceptors) (Figs. 4 and 5) were investigated (Belkaï et al., 2013; Belkaï
et al., unpublished results). The overview of the results shows that the
regulations are opioid ligand-dependent, time-dependent, and brain
structure-dependent.

Regarding Fos mRNA expression, 30min after acute administration
of buprenorphine, a decrease was observed in the nucleus accumbens,
while an increase was quantified in the thalamus 1 h after treatment
compared to saline-treated rats. With morphine and methadone, a de-
layed regulation of Fos mRNA was observed, with an increase 4 h after
administration of the opioid ligands in the nucleus accumbens, dorsal
striatum and thalamus (Fig. 3). For the other immediate early genes
investigated, differences in the regulation of Egr1 induced by morphine,
methadone and buprenorphine were also observed depending on the
brain structure and the withdrawal period after acute administration. In
the thalamus, only methadone was able to increase the Egr1 gene

Fig. 2. Naloxone-precipitated withdrawal after opioids chronic treatment.
Mice were treated (intraperitoneal route) or not (Sal) with equally effective
doses of morphine (10mg/kg, Morph), methadone (5mg/kg, Meth) or bupre-
norphine (0.1 mg/kg, Bup) for 5 days, once a day. The 5th day, all animals
received naloxone (1mg/kg, intraperitoneal route) 90min after the last injec-
tion and withdrawal signs were measured for 20min and expressed as a global
score (mean ± sem). (One-way ANOVA, F (3,75)= 9.123, p < 0.0001; *
p < 0.01, ** p < 0.05 vs Sal group; ## p < 0.01, ### p < 0.001 vs Bup
group; Tukey’s multiple comparison test; n= 20 animals/group).
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expression 1 h after injection, while 4 h after, the three opioid ligands
increased expression of this immediate early gene. Moreover, 4 h after
administration morphine and methadone induced an increase of Egr1 in
the dorsal striatum, while a decrease was observed with buprenorphine
in the nucleus accumbens. Arc was also regulated by acute adminis-
tration of the opioid agonists, but here again these regulations are li-
gand-, structure- and time-dependent. A reduction in Homer1 expres-
sion was only observed in the dorsal striatum, 4 h after buprenorphine
administration. Currently the functional consequences of these complex
regulations are not known, but they could be involved in neuroa-
daptations induced by opioids, as for instance Homer1 as been shown to
tune synaptic plasticity in excitatory neurons by regulating the synaptic
distribution of GluA2-containing AMPA receptors (Rozov et al., 2012).

Acute injection of the three opioid ligands modulated the expression
of the genes encoding endogenous opioid peptides (Pdyn, Penk, POMC)
(Fig. 4) and receptors (Oprm1, Oprd1 and Oprk1) (Fig. 5) with different
time courses and intensities in the three brain structures studied. The
expressions of the genes studied were modulated preferentially in the
thalamus and nucleus accumbens at the earliest time point, and in the
dorsal striatum at the latest time point studied. Interestingly, metha-
done and buprenorphine did not produce any common gene expression
regulations in the three tested brain structures at any time studied.
Moreover the regulations observed suggest that the transcriptional ef-
fects of methadone resemble those of morphine more closely than those
of buprenorphine in these structures (Belkaï et al., 2013) probably
because buprenorphine is not a MOR selective agonist.

5. Importance of administration patterns

5.1. Behavioral and cellular neuroadaptations induced by morphine,
methadone and buprenorphine

Very few studies have investigated the influence of the drug ad-
ministration pattern on both behavioral and neurochemical levels. So,
we conducted a series of experiments to explore this factor using two
patterns of treatment: one daily repeated injection (ODRI) (one daily
injection for 5 or 7 days) or multiple daily repeated injection MDRI
(MDRI) (three daily injection for 5 or 7 days) with morphine, metha-
done or buprenorphine. After the ODRI or MDRI treatment, animals
were challenged after different periods of withdrawal either with the
same opioid used for the repeated treatment (homologous sensitization)
or a different opioid (heterologous sensitization). The three opioids
were injected intraperitoneally and except for morphine, equiactive
doses of methadone and buprenorphine were used to design the treat-
ment regimen and animals received the same amount of drugs in ODRI
and MDRI treatments.

We found that ODRI treatments promoted a more robust behavioral
sensitization for all the three opioid agonists as compared to the MDRI
patterns. The most important differences were reported with bupre-
norphine (Allouche et al., 2013; Le Marec et al., 2011). Indeed, no
behavioral sensitization was observed with the MDRI treatment that
may be due to a lack of withdrawal periods with this pattern of treat-
ment (see above), a state well known to play a key role in the acqui-
sition of sensitization (Rothwell et al., 2010). However, a study

Fig. 3. Time-course of changes in mRNA encoding immediate early genes.
Sprague-Dawley rats were treated with saline, morphine, methadone or buprenorphine and killed 30min, 1 h and 4 h after the drug injections. The brains were
rapidly removed and the nucleus accumbens, dorsal striatum and thalamus were dissected. Real-time quantitative PCR were performed. (n= 9–12 per group)
(modified from Belkaï et al., 2013).
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conducted by Trujillo and co-worked demonstrated that a continuous
morphine or fentanyl administration using either osmotic pump or
pellets produced locomotor sensitization (Trujillo et al., 2004). Thus,
one might argue that the lack of behavioral sensitization with the MDRI
buprenorphine treatment is rather due to the partial agonist property of
the compound as compared to morphine or fentanyl. Interestingly, the
MDRI morphine treatment promoted a transient behavioral sensitiza-
tion but with a delay (after 14 days of withdrawal), while after one day
of withdrawal a reduction of locomotor activity was observed in mice
repeatedly treated with morphine. This could be qualified as a tolerance
to locomotor effect induced by morphine (Le Marec et al., 2011). This
tolerance was probably attributed to the administration pattern, indeed
when the same dose of morphine was administered in a ODRI regimen,
no tolerance was observed (Le Marec et al., unpublished results).

In order to investigate if some neurochemical modifications could
correlate with these behavioral modifications, we measured D1 and D2
dopamine receptor densities in striatum following ODRI and MDRI
treatments using radioligand binding assays on brain slices. With
morphine, we found that D1 receptors were increased when behavioral
sensitization was observed whereas D2 receptors were diminished in
the same time. In parallel, when tolerance to locomotor effects of
morphine was observed on WD (withdrawal day) 1 after the MDRI
treatment, an increase in D2 receptors with a decrease in D1 receptors
were measured (Le Marec et al., 2011). These data are in accordance
with a role for D1 receptors in acute effects of morphine in locomotion
(Serrano et al., 2002). Concerning D2 receptors, our data might be in
apparent contradiction with literature where D2 receptor antagonists
were found to block morphine sensitization (Serrano et al., 2002). D2
receptors are expressed as two isoforms, D2L mainly described as a
post-synaptic receptor and D2S described as a pre-synaptic receptor
responsible for the negative feedback on dopamine release (De Mei
et al., 2009). One might hypothesize that we detected a decrease of D2S

that would reduce the brake on DA release thus facilitating locomotor
activity. We also found that MOR was down-regulated in the ventral
tegmental area after chronic MDRI morphine treatment. This would
reduce inhibitory action of opiates on GABA interneurons, leading to a
decrease on dopamine neurons activity, contributing to a lower loco-
motor activity (tolerance) (Fig. 6).

With the opioid substitution treatments, we found that both ODRI
and MDRI treatments induced regulation of D1 and D2 receptors in the
striatum with the ODRI treatment promoting a higher number and long-
lasting modifications. For instance, ODRI buprenorphine or methadone
regimen promoted an increase of D1 receptors and a decrease of D2
receptors at WD35, respectively (Allouche et al., 2015). Whereas cor-
relations between striatal expression of D1 and D2 receptor and sensi-
tization were found with morphine, no evidences for such links were
demonstrated with methadone and buprenorphine. One day after
withdrawal, an increase in D1 receptors concomitant to a decrease in
D2 receptors were measured following buprenorphine and methadone
treatment (except for the ODRI methadone treatment) but no beha-
vioral sensitization was observed suggesting a decoupling between
dopamine receptor expression and sensitization.

Overall, our data demonstrated that short term (5 or 7 days) re-
peated treatments with morphine and more importantly with metha-
done and buprenorphine were able to promote long-lasting neuro-
chemical and behavioral changes in a dynamic way. It can be
speculated that these changes also occur in patients, who are very often
treated for many years. Our results also strongly suggest that more than
the dose, the administration pattern is crucial to influence these
changes. This is emphasized by the pioneer works of Vanderschuren
and colleagues where they observed a higher behavioral sensitization in
rats after a morphine ODRI regimen as compared to the MDRI treat-
ment despite the fact that the rats received a greater amount of mor-
phine in the MDRI regimen (Vanderschuren et al., 1997).

Fig. 4. Time-course of changes in mRNA encoding endogenous opioid peptides.
Sprague-Dawley rats were treated with saline, morphine, methadone or buprenorphine and killed 30min, 1 h and 4 h after drug injections. The brains were rapidly
removed and the nucleus accumbens, dorsal striatum and thalamus were dissected. Real-time quantitative PCR were performed. (n= 9–12 per group) (modified from
Belkaï et al., 2013).
Legends: POMC, Pro-opiomelanocortin; Penk; Proenkephalin; Pdyn, prodynorphin.
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5.2. Behavioral and cellular neuroadaptations induced by cocaine

Cocaine is a widely abused drug in the world, and addiction to this
drug is a major public health problem since there is a lack of specific
medication. While the acute effect of this psychostimulant is well
characterized (i.e., increases of monoamine levels in the synaptic space
by inhibiting their reuptake into presynaptic terminals), the neuroa-
daptations following a repeated intake remain highly complex. Analysis
of literature clearly shows many discrepancies in the results that may be
due to distinct experimental procedures. As described above, different
patterns of opioid treatment induced distinct behavioral and neuro-
chemical consequences with different time-course (Le Marec et al.,
2011; Allouche et al., 2015), thus it could also be speculated that the
patterns of cocaine injections play a key role in the development of
neuroadaptations observed. To investigate this hypothesis a recent
series of experiments have been performed with two different patterns
of cocaine treatments. Animals were treated by an ODRI (one admin-
istration per day) or a MDRI (three administrations per day) pattern.

As expected, an acute cocaine challenge, one day after the last in-
jection of the chronic treatment (WD1) induced a behavioral sensiti-
zation. But more interestingly, the expression of cocaine-induced be-
havioral sensitization was related to the profile of administration. The
MDRI treatment led to sensitization of locomotor effects of cocaine,
whereas the ODRI treatment did not (Puig et al., 2012). These results
are in good agreement with the literature, showing that the duration
and intensity of sensitization are dependent on the administration
patterns (Kalivas and Duffy, 1993; Davidson et al., 2002; King et al.,
1994b). Interestingly, the locomotor sensitization observed in the MDRI
group was associated to a dopamine release sensitization in the nucleus
accumbens after a cocaine challenge (Puig et al., 2012). As previous
studies showed that D1 and D2 dopamine receptors play a role in the
development and expression of behavioral sensitization (Li et al., 2000;

McCreary and Marsden, 1993; Nelson et al., 2012; Sim et al., 2013;
Tobón and Kuzhikandathil, 2014; Thompson et al., 2010), it was also
interesting to evaluate the consequences of the ODRI and MDRI cocaine
administration patterns on dopamine receptor regulations, in different
brain structures forming the two major dopaminergic pathways in the
brain: the ventral tegmental area and the nucleus accumbens for the
mesolimbic pathway, and the substantia sigra and the caudate putamen
for the nigrostriatal pathway. These two pathways play a key role in the
rewarding effects (Hyman, 1996) and the locomotor adaptations
(Kalivas et al., 1992) following repeated administrations of cocaine. On
WD1, using autoradiography approaches we observed modifications of
D1 receptors after the MDRI chronic cocaine treatment pattern in the
substantia nigra (increase) and in the caudate putamen and nucleus
accumbens (decrease), while no modifications were observed after the
ODRI pattern, suggesting that multiple daily injections are needed to
induce early D1 receptor modifications (Puig et al., 2014). Regarding
regulation of D2 receptors, densities were modified by both cocaine
administration patterns, and interestingly they were opposite de-
pending on the administration patterns, in the four brain structures
studied (Puig et al., 2014). Regulations of dopamine receptors are long
lasting, as on WD14 densities of D1 and D2 receptors were still different
in cocaine treated animals as compared to control rats. Surprisingly the
modifications observed were different from those observed on WD1 for
both cocaine administration patterns, leading to the down-regulations
of D1 and D2 receptors in most of the brain structures studied (Puig
et al., 2014). Interestingly, these changes in dopamine receptor den-
sities are certainly indirect via modulation of synaptic dopamine con-
centrations, as cocaine is not a dopamine ligand, but inhibits dopamine
reuptake via blockade of the transporter located on the presynaptic
neurons.

All together, these results show that the behavioral and neuro-
chemical adaptations induced by chronic cocaine treatments are

Fig. 5. Time-course of changes in mRNA encoding opioid receptors.
Sprague-Dawley rats were treated with saline, morphine, methadone or buprenorphine and killed 30min, 1 h and 4 h after drug injections. The brains were rapidly
removed and the nucleus accumbens, dorsal striatum and thalamus were dissected. Real-time quantitative PCR were performed. (n= 9–12 per group) (modified from
Belkaï et al., 2013).
Legends: Oprm1, mu opioid receptor; Oprd1, delta opioid receptor; Oprk1, kappa opioid receptor.
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depending on the cocaine administration patterns, the brain structures
considered, and the withdrawal periods as described in other studies
(King et al., 1994a; Izenwasser and French, 2002; Calipari et al., 2013,
2014; Zhou and Kreek, 2015). As previously described with opioid li-
gands, the changes observed are dynamic as they develop in a time-
dependent manner.

6. Conclusions

The neuroplasticity, both at behavioral and neurochemical levels,
observed following chronic opioid or cocaine treatments (even for short
period) are dynamic and long lasting, and are dependent on numerous
factors. The objectives of this review were to illustrate that the com-
plexity of the neuroadaptations and the divergent results reported in
the literature following chronic treatments with drugs of abuse are
specific to the agonists used, the patterns of administration, and the
withdrawal periods. The behavioral and neurochemical

neuroadaptations are different on early, intermediate and protracted
abstinence. They develop in a dynamic way, and they are also depen-
dent on several factors, including pharmacodynamic factors (e.g.,
binding parameters of different ligands on the same target/receptor),
and pharmacokinetic factors (e.g., speed and route of administration,
transport across the BBB, patterns of administration). This review was
focused on the results obtained with experimenter-administered drugs
of abuse, the only method to control the exact doses and frequencies of
administration. Other data in the literature also report different neu-
roadaptations depending on the temporal pattern of drug administra-
tion in a model of self-administration in rats, with short-, long- and
intermittent-access to the drugs (Calipari et al., 2013, 2014; Allain
et al., 2015), highlighting the importance of pharmacokinetics in the
molecular and cellular mechanisms critical for addiction.

As the same factors of variability are also encountered in drug users,
they can certainly largely contribute to the heterogeneity of patients
and explain the difficulties encountered by clinicians in the therapeutic

Fig. 6. Mechanisms leading to sensitization or tolerance following different patterns of chronic morphine treatment.
The main mechanism for opioid to increase locomotor activity is through their activation of MOR in GABAergic interneurons in VTA. Indeed, MOR activation will
decrease interneurons activity and thereby release the brake on the DA VTA neuron. It will result a dopamine release that will activate striatal D1R to increase
locomotor activity (A). The behavioral sensitization following morphine ODRI and MDRI treatments was accompanied by a decrease of D2R in striatum that could be
D2S (B, C). This down-regulation would reduce the negative feedback on DA release thus contributing to hyperactivity. Sensitization after MDRI regimen also
correlated with a D1R increase that would directly favor hyperlocomotion (C). The transient tolerance to morphine locomotor effect observed after MDRI treatment
might be due to (D): a decrease of MOR in VTA that would disinhibit GABAergic interneurons and thus reduce DA neurons activity; an increase of D2R (presumably
D2S) in striatum that would increase negative feedback on DA release; a decrease of D1R that reduce directly reduce locomotor activity.
Legends: DA: dopamine; D1R: dopamine D1 receptor; D2S: short isoform of dopamine D2 receptor (presynaptic); D2L: long isoform of dopamine D2 receptor (mostly
postsynaptic); GABA: γ-aminobutyric acid; GABA-R: ionotropic GABA receptors; MOR: mu opioid receptor; Opioids: morphine (A, B, C, D), methadone (A) or
buprenorphine (A); VTA: ventral tegmental area. ODRI: one daily repeated injection; MDRI: multiple daily repeated injections.
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management. The clinical challenge is to stratified the patients with
biological and/or behavioral markers, to propose a personnalized
treatment adapted to specific neuroadaptation developed, certainly the
only way to reduce relapse, and to aid in recovery from addiction. This
is a huge challenge, because the full medical history of drug-dependent
patients is rarely available. One way to improve this aspect would be to
systematically include questionnaires about their drug consumption
(e.g., quantities, frequencies) in the interviews.
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