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For thousands of years, people have been taking drugs, for instance to 
elevate mood or to relieve pain. Some of these substances are characterized 
by their unique potential that repetitive exposure ultimately results in 
compulsive drug seeking and taking, a phenomenon called addiction. 
Addiction in humans is a chronic relapse disorder characterized by 
compulsive behavior to drug taking with a narrowing of the behavioral 
repertoire towards excessive drug intake and loss of control over intake 
(World Health Organization 1992; American Psychiatric Organization 
1994). Despite decades of research, available treatments are still relatively 
ineffective because they are compromised by high rates of relapse even after 
prolonged periods of drug abstinence. Hence, this long-lasting vulnerability 
to relapse is thought to be a point where pharmacotherapy may be most 
effectively employed (1). Re-exposure to stimuli (cues) that have become 
associated (learned) with the rewarding effects of the drug, elicits drug 
craving and has been identified as a major cause for relapse to drug intake 
(2, 3). The long-lasting nature of relapse suggests that highly persistent 
memories related to drug-use history are stored in the addicts brain and that 
these memories can be retrieved upon re-exposure to drug-associated cues. 
It is therefore of crucial importance to understand the neurobiological 
underpinnings of cue-induced relapse to drug seeking. In my research, I 
used a rodent model to provide evidence that cue-induced heroin seeking 
involves critical molecular and cellular adaptations in neurotransmission in 
the medial prefrontal cortex (mPFC), a brain area previously implicated in 
cue-induced relapse to drug seeking (4, 5). The identification of these 
neuroadaptations provides new targets for development of 
pharmacotherapies that may reduce the risk of relapse evoked by re-
exposure to heroin-associated cues during periods of heroin abstinence. 
 
Drugs of abuse 
From an evolutionary perspective, brain reward systems have evolved to 
mediate appropriate responses to natural rewards (e.g. food, sex etc.), which 
are important for survival of an organism. Paradoxically, the same neural 
circuitry that is essential for survival can be acted upon by powerful 
reinforcers (e.g. drugs of abuse) to take control over normal behavior by 



Chapter 1 

 12 

producing a state referred to as addiction. The most common types of 
abused substances include the opiates (e.g. heroin, morphine), 
psychostimulants (e.g. cocaine, amphetamine), alcohol, nicotine and 
cannabis. Although the direct pharmacological actions differ between these 
drugs, most of them exert their effect on the central nervous system (CNS) 
to produce changes in mood, adjust levels of awareness or affect perceptions 
and sensations. For most drugs of abuse, the molecular site(s) of action and 
the sequence of cellular events that follow acute drug administration have 
been identified. A similar direct or indirect effect has been observed for 
most drugs on dopamine release. Especially, dopaminergic projections from 
the ventral tegmental area (VTA) to the nucleus accumbens (NA), to the 
prefrontal cortex (PFC), and to the amygdala and ventral pallidum play a 
critical role in the acute effects of drug use (6) (Fig. 1). For instance, opiates 
bind directly to μ-opioid receptors located on presynaptic terminals of 
GABAergic interneurons within the VTA (7). Stimulation of these receptors 
reduces tonic and stimulated release of GABA, thereby increasing the firing 
rate of VTA dopaminergic neurons (8). Amphetamine-like psychostimulants 
elevate extracellular levels of dopamine by inhibiting binding of dopamine 
to the dopamine transporter (9), whereas nicotine increases firing frequency 
of dopaminergic neurons by directly binding to nicotinic acetylcholine 
receptors on dopaminergic cells (10). The common action of most drugs of 
abuse to stimulate dopamine release, or otherwise increase extracellular 
dopamine levels, suggests that the VTA and its dopaminergic target areas, 
referred to as the mesocorticolimbic dopamine system, are a likely substrate 
for drug-induced neuroadaptations that underlie addictive behavior. 

Studies in animals have shown that dopamine release and firing of 
dopaminergic cells is also enhanced after exposure to novel and 
motivationally relevant stimuli (11, 12). These findings suggest that 
increased dopamine release serves to initiate goal directed behavior in the 
presence of an important environmental stimulus. With repeated exposure to 
the same stimulus, release of dopamine diminishes as the organism 
establishes a correct behavioral response (13, 14). This indicates that 
dopamine contributes to neuroplastic changes relevant for the establishment 
of behavioral responding to environmental stimuli, but may not be required 
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for long-term expression of these behaviors, such as relapse to drug seeking 
after periods of drug abstinence. Indeed, recent studies in rodents have 
shown that not only dopaminergic, but also glutamatergic and GABAergic 
neurotransmission in terminal areas of the mesocorticolimbic dopamine 
system play a key role in relapse to drug seeking (5, 15).  

In the following paragraphs, I will first discuss the use of animal models 
that are widely employed to study drug addiction and subsequently 
elaborate on the neural circuitry, neurotransmitter systems and drug-induced 
neuroadaptations that have been implicated in relapse to drug seeking. 

 
 

 
Figure 1: The mesocorticolimbic dopamine system. Dopaminergic cell bodies are 
localized in the VTA and substantia nigra. Depicted in red are dopaminergic projections 
from the VTA to the NA, PFC and amygdala and from the substantia nigra to the dorsal 
striatum. Reprinted, with permission, from the Annual Review of Neuroscience, Volume 29 
(c)2006 by Annual Reviews www.annualreviews.org. 
 
 
Animal models 
Over the past decades, several animal models have been developed to better 
understand the neurobiological underpinnings of addiction. Studying the 
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neurobiology of addiction behavior in humans is difficult for confounding 
factors such as multiple drug use, comorbidity of other neuropsychiatric 
disorders, and ethical reasons. For the latter, human studies are limited to 
non-invasive technical procedures such as (functional) magnetic resonance 
imaging and positron emission topography scanning. Although imaging 
techniques are contributing to the understanding of spatial and/or temporal 
analysis of events occurring during drug addiction, animal models allow 
analysis of in vivo or in vitro neurotransmitter release, neuronal 
connectivity, protein and gene expression, and offer possibilities for 
pharmacological or genetic intervention. Moreover, clinical studies usually 
deal with an already addicted individual, whereas animal models offer the 
advantage that the development of neuroadaptations can be studied from the 
naïve, drug-free state throughout dependence, and that biological events that 
occur during relapse to drug seeking can be mapped. Therefore, animal 
models to study (different phases of) drug addiction are widely employed. 
In general, a prerequisite for a valid animal model is that is should reflect 
one or more symptoms that mimic the human condition. For instance, 
animal models of addiction enable 1) the study of predisposing factors (e.g. 
environmental, genetic) that increase vulnerability to initiate drug 
consumption, 2) to analyze the reinforcing properties of an addictive drug, 
or 3) to identify factors (e.g. environmental cues) that provoke relapse to 
drug seeking. Animal models that encompass all features of the addiction 
state do not exist due to the fact that specific human rewards, such as 
family, friendship and social status, as well as insight in the negative 
consequences of their behavior and the ability to inhibit inappropriate 
behavior are difficult or maybe even impossible to incorporate into an 
animal model. Nevertheless, animal studies have substantially enhanced our 
understanding of the neural circuitry and neuroadaptations involved in drug 
addiction and proved to have high predictive validity for the development of 
medications that contribute to treatment of human drug addicts (16).  
 
Passive versus active drug administration 
Existing animal models can roughly be divided into models in which drugs 
are administered passively (often by the experimenter) or actively (self-
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administration) (17). Although, passive drug administration is useful for 
studying the rewarding and pharmacological effects of drugs of abuse, these 
models do not resemble the human condition given the critical role of 
associative learning and other cognitive processes related to drug intake. 
Therefore, at least two forms of drug-induced neuroadaptations can be 
distinguished: adaptations resulting from direct pharmacological actions of 
drug consumption and those resulting from cognitive processes associated 
with active, drug self-administration (17). Below, I will briefly discuss 
advantages and disadvantages of experimenter- and self-administration 
models that study aspects of addiction. 
 
Psychomotor activity 
A common effect of addictive drugs is their ability to produce long-lasting 
behavioral sensitization (18-20). The animal model that is most frequently 
employed to study this phenomenon utilizes a protocol of repeated drug 
administration (often experimenter administered) resulting in a progressive 
increase in locomotor activity with every subsequent drug exposure. The 
increase in behavioral responding persists for very long-periods and is even 
apparent after a single drug exposure (21, 22). Advantages of this model are 
that it is procedurally relatively simple, and it is useful to investigate the 
development of drug-induced neuroadaptations resulting from the direct 
pharmacological effects of the drug and to causally relate these to 
development of behavioral sensitization. However, as mentioned above, this 
model does not take into account cognitive processes, including 
instrumental learning, decision making etc., associated with active control 
over drug-intake and the only behavioral parameter measured, drug-induced 
locomotion, does not enable analysis of the rewarding properties of the 
drug. Therefore, other animal models are required to assess whether and 
which drug-induced neuroadaptations are responsible for development and 
persistence of drug seeking behavior. 
 
Conditioned Place Preference (CPP) 
CPP is a Pavlovian conditioning procedure that is used to assess associative 
learning processes between the reinforcing properties of a drug and 
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environmental cues (23, 24). In the two-choice procedure, animals 
experience two distinct neutral environments that are subsequently paired 
spatially and temporally with either drug or vehicle administration (by the 
experimenter). These environments can differ in visual, tactile, olfactory or 
auditory cues. In a subsequent drug-free test, the animal is given the 
opportunity to choose between the drug- and vehicle-paired environments. 
A drug is considered rewarding if the animal chooses to spend more time in 
the drug-paired environment compared with the vehicle-paired environment. 
In this case, the previously neutral environmental cues have become 
secondary reinforcers. Similar to the sensitization model discussed above, 
the advantage of this model is that it is relatively simple to execute. In 
addition, CPP enables analysis of associative learning processes, a factor 
that is particularly important with respect to cue-elicited drug seeking. A 
disadvantage, however, is that also this model does not allow investigation 
of higher-order cognitive processes, such as learning the relationship 
between behavioral action and outcome. 
 
Drug self-administration (SA) 
Drugs of abuse are readily self-administered intravenously (or orally in case 
of ethanol) by animals, and drugs that are self-administered 
(psychostimulants, opiates, nicotine, ethanol) correspond well with those 
that have high abuse potential in humans. In the intravenous SA model, 
animals are placed in an operant chamber and self-administer the drug 
through a catheter inserted in the jugular vein upon operant responding 
(nose poking or lever pressing). Hence, the animal has active control over 
drug consumption. Usually, the operant chamber is equipped with two nose 
poke holes (or levers), an active and inactive hole. Responding in the active 
hole results in an intravenous drug infusion, whereas responding in the 
inactive hole is without effect. The distinction between responding in the 
active and inactive hole serves as an index of the instrumental learning 
process and to distinguish motivation to self-administer the drug from a 
general increase in locomotor behavior. Furthermore, drug infusion is often 
paired with a visual (light stimulus) and/or auditory (tone) cue to facilitate 
acquisition of stable responding throughout sessions. This associative 
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learning process allows analysis of the reinforcing properties of drug-
associated cues. Within the range of doses that maintain stable responding, 
animals increase their responding as the drug dose is decreased, whereas 
increasing the dose has the opposite effect. Thus, animals adapt their SA 
rate to compensate for changes in the dose, providing avenues to 
pharmacologically manipulate animals and to analyze subsequent 
motivation to self-administer a drug of abuse. 

Different schedules of reinforcement can be employed that provide 
important control manipulations for nonspecific locomotor or stereotyped 
behavior. The most widely used is the fixed ratio (FR) schedule of 
reinforcement. In a FR schedule, the number of responses required for a 
drug infusion is set at a fixed number. An increase in responding upon 
increasing the FR indicates the animals’ motivation to self-administer the 
drug. A more robust method to evaluate the rewarding and motivational 
efficacy of a drug is the progressive ratio (PR) schedule, in which response 
requirements are increased with each successive drug reinforcement. The 
highest number of responses the animal is willing to perform in order to 
obtain a drug infusion is defined as the breakpoint, an index for the 
reinforcing efficacy of a drug. Finally, to investigate maintenance of drug 
seeking behavior by drug-conditioned cues, a second order schedule of 
reinforcement can be employed (25). In a second order schedule, completion 
of an individual component of the schedule (e.g. responding for the 
presentation of drug-conditioned cues according to a FR schedule) results in 
a drug infusion according to another overall schedule (e.g. within a certain 
time interval). The FR and PR schedules suffer from the disadvantage that 
motivation to alter responding can be confounded by the pharmacological 
effects of the self-administered drug. The second-order schedule 
circumvents this problem by measuring drug seeking during response-
contingent presentations of drug-conditioned cues prior to drug infusion. 
Drug seeking will diminish in absence of response contingent cue 
presentations, but can be reintroduced upon re-exposure to drug-conditioned 
cues. Disadvantages are the introduction of day by day craving, and that the 
second-order schedule does not involve relapse to drug seeking following 
prolonged periods of drug abstinence.  
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Apart from the fact that the drug SA model more closely resembles 
human drug taking behavior, drug SA has several other advantages 
compared to experimenter administered models. For instance, drug SA has 
high sensitivity for low doses of drugs, it enables analysis of both positive 
and negative actions of drugs, drug seeking can be studied in drug-free 
conditions, and the SA procedure allows precise control over interaction of 
environmental cues with drug administration. Disadvantages are largely 
technical, that is, the animals have to be surgically equipped with a jugular 
vein catheter and it requires sophisticated testing instruments. Nevertheless, 
the drug SA model is a reliable and reproducible procedure with high 
predictive value. 
 
Relapse and the reinstatement model 
Relapse to drug-intake can persist for months or even years and can occur 
despite prolonged periods of drug abstinence. The cause of relapse can be 
re-exposure to the previously abused reinforcer, but can also be evoked by 
stressful events or exposure to stimuli (cues) previously associated with 
intake of the drug. A widely used model to study the neurobiological 
mechanisms of relapse to drug seeking is the reinstatement model. This 
model involves the establishment of stable drug SA (most often on a FR 
schedule) followed by extinction sessions, which are identical to SA 
sessions except that operant responding is no longer reinforced by drug 
infusions. After successful extinction of SA behavior, reinstatement of drug 
seeking can be induced by exposing the animal to non-contingent drug 
administration or stressors (16, 26). If extinction sessions were conducted in 
the absence of the drug and drug-conditioned cues, reinstatement can also be 
induced by re-exposure to the drug-conditioned stimuli (26). Different types 
of drug-conditioned cues can be distinguished. Discriminative and 
contextual cues, such as the operant chamber with its spatial and olfactory 
stimuli, predict the availability of the drug and are not paired with each drug 
infusion. Discrete cues, such as an audio or visual cue, are paired with each 
drug infusion during SA. Both cue types can subsequently be used to 
reinstate drug seeking behavior depending on which cue type was no longer 
present during extinction. Recent studies have shown that contextual and 
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discrete cue-induced reinstatement of drug seeking are mediated by partially 
overlapping, but distinct neural circuits (15, 27).  

Disadvantages of the reinstatement model are that it involves extensive 
training procedures and that extinction of drug seeking usually does not 
occur in human drug addicts, also given the fact that a plethora of stimuli 
might be associated with drug abuse. However, a major advantage of the 
reinstatement paradigm is that it is a reliable model to study neurobiological 
mechanisms of drug seeking induced by the drug itself or by non-drug 
stimuli (stressors, cues) even after prolonged periods of drug abstinence. In 
addition, similar to the second-order schedule of reinforcement, cue-induced 
reinstatement after extinction has the advantage that the reinforcing efficacy 
of drug-conditioned stimuli can be analyzed in the absence of the acute 
pharmacological effects of the drug. 
 
Neural substrates implicated in drug addiction 
As discussed above, the availability of animal models that mimic one or 
more aspects of addiction behavior has led to a better understanding of the 
neural circuitry implicated in addiction and the cellular and molecular 
adaptations that occur as a result of drug administration. A complete 
discussion about available literature on drug-induced neuroadaptations 
would be beyond the scope of this thesis, therefore, I will predominantly 
focus on neural substrates underlying relapse to drug seeking after 
prolonged abstinence; i.e. long-lasting neuroadaptations resulting from drug 
self-administration and acute neurobiological mechanisms during relapse to 
drug seeking. 

Drug- and cue-induced reinstatement of drug seeking as assessed by the 
reinstatement model is thought to result from retrieval of memories about 
rewarding properties of the drug or associations between the drug and drug-
conditioned stimuli and translation of those into goal-directed behavior. 
Identification of brain areas and neuroadaptations that are responsible for 
storage and retrieval of these memories, or revealing those forming a critical 
relay station between memory retrieval and behavioral action, is a crucial 
step to better understand the neurobiological underpinnings of relapse to 
drug seeking. Several important factors have to be considered when 
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discussing neuroadaptations underlying reinstatement of drug seeking. First, 
similar to drug seeking behavior, animals respond for natural rewarding 
substances by learning both the behavioral actions required to obtain the 
reward and associations between reward and reward-related stimuli (28). 
Therefore, it is critical that neuroadaptations associated specifically with 
(cue-induced) drug seeking do not generalize to natural reward seeking 
behavior (29-31). Second, the persistence of drug seeking suggests that it is 
maintained by long-lasting neuroadaptations in the neural circuitry 
underlying natural reward learning (28). Hence, it is important to distinguish 
short-term (3 days abstinence or less) or long-term (more than ~10 days 
abstinence) effects of drug administration (32, 33). In addition, a distinction 
should be made between the above-mentioned long-term neuroadaptations 
and acute neuroplasticity that occurs during relapse to drug seeking. Finally, 
a distinction should be made between neuroplasticity underlying drug-, 
stress- and cue-induced reinstatement, as these mechanisms are thought to 
be mediated by partially distinct neural circuits (1, 15). 

In the next sections, I will first focus on neural substrates implicated in 
the different types of reinstatement paradigms, and then focus on drug-
induced long-term neuroadaptations. 
 
Drug-primed reinstatement 
Drug-primed reinstatement denotes resumption of non-reinforced drug 
seeking induced by a non-contingent systemic or i.v. injection of the 
previously self-administered drug. As discussed earlier, a large body of 
evidence indicates that the primary reinforcing effects of drugs of abuse are 
mediated by enhanced dopamine release in terminal areas of the 
mesocorticolimbic dopamine system (34). Hence, first reinstatement studies 
focused on the role of dopamine transmission in drug-primed reinstatement. 
Indeed, it was found that dopamine transmission is involved in cocaine- as 
well as heroin-primed reinstatement of drug seeking (26, 35-38). For 
instance, activation of dopamine D2-like, but not D1-like receptors, 
mediates cocaine-primed reinstatement of cocaine seeking (39-41). Based 
on these studies, it was thought that in particular dopamine transmission in 
the NA is critical for drug-primed reinstatement. However, infusion of a 
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non-selective dopamine receptor antagonist, fluphenazine, in the NA has no 
effect on cocaine-primed reinstatement, suggesting that dopamine 
transmission in other areas of the mesocorticolimbic dopamine system is 
involved in cocaine-induced reinstatement (42). Indeed, it was found that 
inhibition of dopamine transmission in the dorsal mPFC does attenuate 
cocaine-primed reinstatement and intra-mPFC application of dopamine 
reverses the inhibitory effect of VTA inactivation (using a mixture of 
GABA receptor agonists baclofen and muscimol) on reinstatement (43). In 
the NA, cocaine-primed reinstatement of cocaine seeking is associated with 
elevated levels of extracellular glutamate, an effect that can be blocked by 
GABAergic inactivation of the dorsal mPFC (44). In line with this finding, 
GABAergic inactivation of the NA core and intra-NA inhibition of AMPA-
type glutamate receptors prevents cocaine-primed reinstatement (42) 
implicating a critical role for NA glutamate. However, inhibition of NMDA 
type glutamate receptors in either the NA core or shell promotes 
reinstatement of cocaine seeking (45). The authors argue that this difference 
in responding may be explained by activation of pre-synaptic, rather than 
post-synaptic, NMDA receptors possibly resulting in enhanced glutamate or 
dopamine release in the NA. Interestingly, a recent study demonstrated the 
involvement of NA cannabinoid CB1 receptors. Blockade of CB1 receptors 
in the NA inhibited cocaine enhanced glutamate release in the NA, without 
affecting dopamine levels, and attenuated cocaine-primed reinstatement 
(46). Activation of mGluR2/3 autoreceptors that reduce evoked glutamate 
release is thought to underlie the effect of CB1 receptor blockade. Taken 
together, these studies demonstrate that enhanced dopamine release in the 
mPFC and elevated glutamate levels in the NA core by activation of dorsal 
mPFC projections to the NA underlies cocaine-primed reinstatement of 
cocaine seeking behavior. In addition, GABAergic inactivation of the 
ventral pallidum, but not the substantia nigra, ventral mPFC, NA shell, 
amygdala and mediodorsal thalamus, attenuates cocaine seeking induced by 
a cocaine injection (43), suggesting that the VTA, dorsal mPFC, NA core 
and ventral pallidum act as a serial circuit mediating cocaine-primed 
reinstatement. In addition, some studies point to an important role of the 
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amygdala (47, 48) and ventral subiculum (49) in cocaine-primed 
reinstatement.  

In line with these findings, a comprehensive study by Rogers et al., 
(2007) examined the neuronal circuitry underlying reinstatement of heroin 
seeking. Apart from the fact that many brain nuclei (e.g. VTA, NA, mPFC) 
that have been implicated in cocaine-primed reinstatement of cocaine 
seeking also play a critical role in heroin-primed reinstatement of heroin 
seeking, several additional brain regions (e.g. amygdala) were involved in 
mediating reinstatement of heroin seeking (50). Based on these findings, the 
authors suggest that the neural circuit underlying heroin reinstatement is 
more diffusely distributed than that for cocaine. Remarkably, both 
GABAergic (50) as well as tetrodotoxin (TTX)-induced inactivation (51) of 
the basolateral and central amygdala (BLA) attenuates heroin-primed 
reinstatement, pointing to a differential role of the amygdala in drug-primed 
cocaine versus heroin seeking. In a CPP variant of the reinstatement model, 
it was found that 6-hydroxydopamine lesions of the VTA or NA, which 
damage dopaminergic cell bodies and dopaminergic nerve terminals 
respectively, abolish morphine-induced reinstatement of morphine-CPP 
(52). Enhanced noradrenaline release in the mPFC induced by a single 
morphine injection mediates increased extracellular dopamine levels in the 
NA and reinstatement of morphine-CPP (53). These studies point to a 
complex limbic-cortical-striatal circuit in opiate-primed reinstatement of 
drug seeking. 
 
Stress-induced reinstatement 
In human addicts abstained from drug use, a stressful experience can induce 
drug craving and subsequent relapse to drug seeking (54, 55). This behavior 
can be mimicked in the rat reinstatement model by re-exposing drug 
abstained animals to a stressor such as a mild foot-shock or food-deprivation 
(26). It is well known that exposure to a stressor induces the release of 
stress-related hormones such as corticotrophin releasing factor (CRF) and 
corticosterone (56). Hence, these molecules and the neuroanatomical 
substrates on which they act are thought to play an important role in stress-
primed reinstatement. Accordingly, it was found that acute exposure to CRF 
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reinstates heroin seeking in rats (57) and intracerebroventricular or intra-
BNST (bed nucleus of the stria terminalis) injection of a CRF receptor 
antagonist attenuates stress-primed reinstatement of heroin and cocaine 
seeking and morphine-CPP (58-61). In addition, silencing of CRF-
containing projections from the central amygdala to the BNST inhibits 
stress-primed reinstatement of cocaine seeking (62). More recently, it was 
demonstrated that CRF plays a critical role in the VTA by increasing 
extracellular glutamate and dopamine levels upon foot-shock induced 
reinstatement of cocaine seeking (63). A similar role has been observed for 
corticosterone on reinstatement of cocaine seeking. Whereas systemic 
injections of corticosterone precipitate reinstatement of cocaine seeking 
(64), reduction of corticosterone levels by surgical adrenalectomy or 
pharmacological inhibition of corticosterone synthesis attenuates foot-shock 
induced reinstatement of cocaine seeking (60, 65). In contrast, manipulation 
of corticosterone levels do not appear to affect stress-induced reinstatement 
of heroin seeking (57).  

Another hormone that mediates psychological and physiological 
responses to stress is noradrenalin (66). Several studies have shown that 
activation of α-2 adrenoreceptors, known to inhibit firing of noradrenergic 
cells and neurotransmitter release, attenuates foot-shock induced 
reinstatement of heroin and cocaine seeking (67, 68), whereas inhibition of 
these receptors has the opposite effect on methamphetamine and alcohol 
seeking (69, 70). Noradrenergic fibers that mediate reinstatement of drug 
seeking are thought to originate from the lateral tegmental nuclei, but not 
the locus coerulus (LC), as demonstrated indirectly by a lack of effect of 
intra-LC infusion of α-2 adrenoreceptors agonist and selective lesioning of 
LC noradrenergic neurons on stress-primed reinstatement (68, 71). 

In addition to the involvement of stress hormones, exposure to stressors 
also results in activation of the mesocorticolimbic dopamine system (72). 
Unlike its critical role in drug-primed reinstatement, dopamine is thought to 
play only an indirect or modulatory role in foot-shock stress-primed 
reinstatement (26). Nevertheless, manipulation of dopaminergic 
transmission in the NA, mPFC and orbital frontal cortex attenuates stress-
primed reinstatement of cocaine or heroin seeking (38, 73-75). Consistent 
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with these findings, GABAergic inactivation of the dorsal mPFC, NA, 
VTA, BNST and ventral pallidum, but not the ventral mPFC, basolateral 
amygdala and the mediodorsal thalamus, blocks the ability of foot-shock 
stress to induce reinstatement of cocaine seeking (73). Similar to cocaine-
primed reinstatement, cocaine seeking induced by foot-shock stress induces 
dopamine release in the mPFC and glutamate release in the NA core, and 
inactivation of the dorsal mPFC blocks stress-induced glutamate release in 
the core (73). Based on these studies, McFarland and Kalivas proposed a 
model in which exposure to a stressor activates limbic circuitry in the 
central amygdala that in turn stimulates VTA dopaminergic projections to 
the dorsal mPFC, finally initiating reinstatement via glutamatergic 
projections to the NA core. With respect to opiates, an increase in c-fos 
expression, a marker for neuronal activation, was observed in the prelimbic 
area of the mPFC induced by food deprivation stress in rats with a history of 
heroin, but not saline SA (76), supporting the involvement of the mPFC in 
stress-primed reinstatement of heroin seeking. 
 
Cue-induced reinstatement 
Learned associations between rewarding effects of a drug and stimuli that 
are paired with repeated drug intake can function as a trigger for relapse to 
drug seeking even after prolonged periods of drug abstinence. In laboratory 
animals, reinstatement of drug seeking can be induced by cues that predict 
drug availability (discriminative/contextual cues) and cues that are 
associated with the acute rewarding effects of the drug (discrete cues; see 
above). Although some studies have focused on specific contributions of 
each cue type, others used a combination of discrete and discriminative cues 
to obtain a reliable effect on reinstatement. 

The involvement of the VTA and NA in drug- and stress-primed 
reinstatement suggests that these brain regions may also play a role in cue-
induced relapse to drug seeking. Indeed, it was recently found that discrete-
cue-induced reinstatement of heroin seeking is attenuated by TTX 
inactivation of the VTA or NA (77). More specifically, stimulation of 
cholinergic transmission in the VTA augmented reinstatement, whereas 
enhancement of NA cholinergic transmission attenuated cue-induced heroin 
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seeking (77). In contrast to this study, GABAergic inactivation of the NA 
core, but not the VTA and NA shell, attenuated discrete cue-induced 
reinstatement of heroin seeking (50), arguing for a dissociable effect of 
silencing specific brain regions with TTX or GABA receptor agonists. 
Furthermore, discrete cue-induced reinstatement of heroin seeking is 
associated with enhanced neuronal activation in the NA and dorsal striatum, 
as assessed by the expression of immediate early genes (IEG, markers of 
neuronal activation) (29, 31). The importance to distinguish reinstatement 
triggered by different cue-types was recently demonstrated, as a dissociable 
role of NA shell and core D1 signaling was observed in context versus 
discrete cue-induced reinstatement of heroin seeking (27) and reducing 
evoked glutamate release in the VTA or NA shell impairs contextual cue-
induced reinstatement of heroin seeking (78, 79). With respect to cocaine 
relapse, the role of the NA is less clear. Initial observations suggested that 
TTX inactivation of the NA as a whole has no effect on discrete cue-
induced reinstatement of cocaine seeking (80). However, similar to heroin 
seeking, a subsequent study by the same group showed that selective 
GABAergic inactivation of the NA core, but not shell, attenuates discrete 
cue-induced cocaine seeking (81). More recently, it was demonstrated that 
GABAergic inactivation of the NA shell enhances cocaine seeking (82), 
whereas inhibition of AMPA or NMDA receptors in the NA core attenuates 
cue-induced reinstatement of cocaine seeking (83). Hence, a number of 
studies suggest that specifically the NA core plays an important role in 
discrete cue-induced reinstatement of cocaine and heroin seeking.  

Numerous studies have shown that the amygdala plays a crucial role in 
associative learning for aversive and appetitive reinforcers (84, 85). In line 
with these studies, reversible or excitotoxic lesions of the BLA attenuates 
contextual, discriminative and discrete cue-induced relapse to cocaine 
seeking (4, 80, 86-88) and discrete cue-induced reinstatement of heroin 
seeking (51). A similar effect was observed on discrete cue-induced 
reinstatement of cocaine seeking following TTX inactivation of the central 
amygdala (89). In particular, dopaminergic transmission in the BLA is 
thought to play an important role, as intra-BLA infusions of dopamine 
receptor antagonists, but not glutamate receptor antagonists, attenuate 
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discrete cue-induced reinstatement of cocaine seeking (90) and intra-BLA 
infusion of amphetamine enhanced reinstatement (91). Re-exposure to 
discriminative cues that predict cocaine availability increase dopamine 
release and Fos expression in the BLA, effects that could be reversed by 
application of a D1 receptor antagonists (92, 93), confirming the 
involvement of dopamine in neuronal activation within the BLA. In 
addition, blockade of muscarinic or NMDA receptors during the formation 
of drug-cue associations attenuates subsequent cue-induced reinstatement of 
cocaine seeking (94, 95), supporting a role of BLA cholinergic and 
glutamatergic transmission in the initial formation of drug-cue associations. 
The amygdala is also thought to play a critical role in “incubation of cocaine 
craving”, a term that refers to the progressive increase in responding of 
animals to cocaine-conditioned cues during abstinence (96). Recently, it was 
shown that incubation of cocaine craving depends on activation of the ERK 
signaling pathway in the central amygdala, but not BLA, upon re-exposure 
to cocaine-conditioned cues (97). 

The amygdala is heavily interconnected with the mPFC and 
hippocampus, brain areas that are also thought to play an important role in 
discrete and contextual cue-induced reinstatement of drug seeking (87, 98). 
Whereas unilateral GABAergic inactivation of either the BLA, dorsal mPFC 
or hippocampus has no effect on contextual cue-induced reinstatement of 
cocaine seeking, unilateral inactivation of the BLA combined with ipsi- or 
contralateral inactivation of the dorsal mPFC or contralateral inactivation of 
the hippocampus attenuates reinstatement (98), indicating that information 
processing within this neural circuit is critical for cocaine seeking induced 
by re-exposure to the drug-conditioned context. Furthermore, bilateral TTX 
inactivation of the dorsal hippocampus attenuates contextual, but not 
discrete, cue-induced reinstatement of cocaine seeking (87). In contrast, 
GABAergic inactivation of the ventral hippocampus does attenuate discrete 
cue-induced cocaine seeking (99), pointing to a differential role of the dorsal 
and ventral hippocampus.  

In human addicts, cue-evoked cocaine or heroin craving is associated 
with increased neuronal activation, as assessed by enhanced metabolic 
activity or blood flow in prefrontal cortical areas (100-102), pointing to an 
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important role of the PFC in the processing of drug-conditioned cues. In 
agreement with these findings, bilateral TTX inactivation of the dorsal, but 
not ventral, mPFC prevents contextual and discrete cue-induced 
reinstatement of cocaine seeking in the rat reinstatement model (4, 87). 
Further evidence supporting involvement of the mPFC is the finding that 
infusion of brain-derived neurotrophic factor (BDNF) in the dorsal mPFC 
immediately after the last cocaine SA session attenuates subsequent cue-
induced cocaine seeking after 22 hours as well as 6 days of abstinence 
(103). Moreover, discrete cue-induced reinstatement of heroin seeking is 
associated with increased IEG expression in the mPFC (29, 31), an effect 
that did not generalize to cue-induced reinstatement of natural reward 
seeking, suggesting that it is drug-specific. Although the latter study points 
to involvement of the mPFC in the processing of heroin-conditioned cues, a 
differential effect of GABAergic inactivation of the mPFC was observed on 
cue-elicited heroin seeking in two studies (29, 50). Whereas Schmidt and 
co-workers found that silencing of the prelimbic area of the mPFC enhances 
discrete-cue-induced reinstatement of heroin seeking, Rogers et al. (2007) 
found the opposite effect when GABA receptor agonists were micro-
injected in the dorsal and ventral mPFC. Although a clear explanation for 
these dissociable effects is lacking, it may result from a difference in the 
selective inactivation of the prelimbic area (29) versus inactivation of the 
anterior cingulate (dorsal mPFC) and prelimbic/infralimbic area (ventral 
mPFC) (50). Alternatively, the difference may have been caused by the 
length of the reinstatement sessions that were employed (15 minutes versus 
3 hours), and therefore may reflect a differential role of the prelimbic area in 
initiation versus maintenance of heroin seeking by heroin-conditioned cues. 
Moreover, extinction mechanisms are more likely to occur during longer 
reinstatement sessions. 

Finally, it was found that GABAergic inactivation of the dorsal striatum, 
but not the dorsal mPFC or BLA, prevents reinstatement of cocaine seeking 
when cocaine SA was followed by a period of abstinence in the home-cage 
as well as following a period of extinction training (104). The authors 
suggest that the mPFC and BLA play different roles in reinstatement of 
cocaine seeking after abstinence versus extinction. Although this 



Chapter 1 

 28 

explanation is interesting, reinstatement after abstinence was induced by re-
exposure to contextual, but not discrete cues and therefore does not exclude 
the involvement of the mPFC and BLA in discrete-cue induced 
reinstatement. Moreover, a recent study specifically pointed to the 
involvement of the ventral mPFC and BLA, but not the dorsal mPFC, in 
spontaneous recovery of cocaine seeking after a period of extinction training 
followed by abstinence in the animal’s home cage (105), emphasizing the 
importance of these brain areas in the behavioral response to drug-
conditioned stimuli. 
 
 

 
Figure 2: Neural circuitry mediating relapse to drug seeking. Drug-, stress and cue-
induced relapse is thought to be mediated by a final common pathway consisting of a series 
of projections from the mPFC to the NA and to the ventral pallidum. Adapted from ref. (1). 
 
 
Summary 
Significant progress has been made towards understanding of the neural 
circuitry underlying relapse to drug seeking. Although mediated by 
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overlapping, yet distinct neural circuits, a comprehensive number of studies 
point to a role of a final common pathway of glutamatergic projections from 
the mPFC to the NA core underlying drug-, stress and cue-induced 
reinstatement of drug seeking (1) (see figure 2). Moreover, reinstatement by 
all three modalities of reinstating stimuli requires dopamine transmission in 
the mPFC rather than the NA, although dopamine transmission in the NA 
core may be differentially involved in reinstatement of psychostimulant 
versus opiate seeking (27, 106). Hence, the mPFC is thought to act as a 
critical relay station between memory retrieval and initiation of drug seeking 
behavior upon re-exposure to the previously abused drug or drug-
conditioned cues. Identification of neuroadaptations in the mPFC induced 
by drug SA may thus be critical for the development of pharmaceuticals that 
reduce the risk of relapse to drug seeking. 
 
Long-term drug-induced neuroadaptations and synaptic plasticity 
Accumulating evidence indicates that addiction should be viewed as a 
pathological condition that develops using cellular and molecular 
mechanisms of synaptic plasticity similar to traditional models of learning 
and memory. Therefore, studies that focus on long-lasting drug-induced 
adaptations at the level of the synapse are thought to hold strong promise to 
reveal neurobiological underpinnings of relapse behavior. Well studied is 
the ability of drugs of abuse to produce long-lasting changes in neuronal 
connectivity in areas of the mesocorticolimbic dopamine system. For 
instance, an increase in number of dendritic spines and dendritic branching 
was found in the mPFC and NA one month after cessation of cocaine, 
amphetamine and nicotine self-administration (107-109). In contrast, 
morphine SA induces a long-lasting decrease in spine density and dendritic 
branching in these brain areas (110), providing further evidence that 
different molecular and cellular events may underlie psychostimulant and 
opiate addiction (see above). The observed long-term structural adaptations 
induced by drug administration may reflect a reorganization of synaptic 
connectivity in the mesocorticolimbic dopamine system, altering the 
processing of motivationally relevant stimuli. To date, however, it is not 
known whether these changes are causally related to relapse behavior. 
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Other studies have analyzed the effect of drug administration on 
synaptic function by analyzing expression of long-term potentiation (LTP) 
and long-term depression (LTD), cellular substrates of learning and 
memory. Repeated experimenter administered cocaine results in long-term 
potentiation of AMPA receptor mediated transmission in the NA shell, an 
effect that can be abruptly reversed to synaptic depression after a single re-
exposure to cocaine (111). The latter effect may be mediated by regulated 
clathrin-mediated endocytosis of GluR2 AMPA receptors upon re-exposure 
to the drug, which was found to mediate the expression of behavioral 
sensitization to amphetamine (112). Recently, it was found that expression 
of LTD is abolished specifically in the NA core after 21 days of abstinence 
from cocaine SA, but not food SA or non-contingent cocaine administration 
(113). Failure to induce LTD points to an already depressed state of NA 
core glutamatergic synapses induced by cocaine SA, and likely results from 
a reduction in AMPA receptor number or function (112, 114).  

At the molecular level, a long-lasting reduction in glial-cystine 
glutamate exchange in the NA core after cocaine abstinence was observed to 
underlie reduced basal extracellular glutamate levels, further contributing to 
a long-term decrease in glutamate transmission within the NA core after 
cocaine SA (115). Normalization of glutamate levels by intra-NA core 
administration of N-acetylcysteine attenuates cocaine-primed reinstatement 
(115), likely by preventing cocaine-primed increase in glutamate release in 
the NA core (44). Related to these findings, it was found that abstinence 
from cocaine SA results in enhanced expression of activator of G-protein 
signaling 3 (AGS3) in the mPFC (116). Bowers and co-workers showed that 
viral-vector mediated up-regulation of AGS3 in the mPFC leads to 
decreased NA glutamate levels under basal conditions and that cocaine-
primed relapse could be attenuated by preventing increased AGS3 
expression during cocaine abstinence. In contrast to the decrease in NA 
glutamate transmission observed following cessation of cocaine SA, 
extinction training up-regulates GluR1 and GluR2 AMPA receptors in the 
NA shell (117). This increase in AMPA receptors is thought to restore 
glutamatergic tone in the NA as viral-vector mediated over-expression of 
GluR1 and GluR2 in the NA shell facilitates extinction of cocaine seeking 
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and attenuates stress-primed reinstatement (117). The reduction in 
glutamatergic output from the mPFC to the NA during cocaine abstinence, 
may point to a decrease in neuronal activity within the mPFC. In support of 
this, it was found that in human addicts withdrawal from cocaine 
administration results in long-lasting prefrontal cortical hypoactivity and 
reduction of cortical D2 receptors (100). Consistent with these observations 
in humans, repeated cocaine administration results in a long-lasting 
reduction in the excitability of mPFC neurons and reduced D2 receptor 
signaling in rats (118).  

The ‘incubation of cocaine craving’ suggests that time-dependent 
molecular adaptations may underlie the increase in behavioral responding to 
cocaine-conditioned cues. Indeed, a time-dependent increase in BDNF 
expression was observed in the VTA, NA and amygdala during the first 90 
days of abstinence from cocaine, but not sucrose SA (119). Moreover, intra-
VTA BDNF infusions immediately after cessation of cocaine SA enhanced 
cocaine seeking for up to 30 days (120), supporting the role of BDNF-
mediated neuroadaptations in the persistence of relapse to cocaine seeking 
induced by cocaine-conditioned cues. Apart from BDNF, time-dependent 
(up to 90 days) changes in AMPA and NMDA receptor subunit abundances 
have been observed in the VTA, NA and amygdala during cocaine 
abstinence (121, 122). 

In contrast to psychostimulant administration, much less is known about 
long-lasting neurophysiological or molecular adaptations as a consequence 
of opiate administration. Although it was found that experimenter 
administered morphine or heroin induces acute or short-term (within 48 
hours) changes in glutamatergic synaptic strength within the VTA, NA shell 
and hippocampus (123-125), it is not known whether these changes are 
long-lasting (more than 10 days abstinence) and whether synaptic plasticity 
is also altered after opiate SA. At the molecular level, heroin SA, but not 
non-contingent (passive) heroin administration, induced long-term (up to 3 
weeks) changes in the expression of genes coding for neuronal functioning 
and structure in the NA shell (126). In support of this finding, most of the 
transcripts regulated after heroin SA were also altered by cocaine SA (126). 
Moreover, transcripts that were down-regulated in the NA shell, appeared to 
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be up-regulated in the NA core independent of response contingency (127), 
suggesting that cognitive processes associated with heroin SA direct gene 
expression specifically in the NA shell. 

Recent advances in the development of sensitive high-throughput 
proteomics technology enable the analysis of drug-induced adaptations at 
the subcellular level, such as the synaptic proteome. The analysis of changes 
in protein levels that occur specifically at the synapse offers several 
advantages, but may be most importantly, alterations in synaptic protein 
levels (e.g. membrane receptors) can be more closely related to changes in 
synapse physiology. In addition, adaptations in protein levels are more 
likely to have a functional consequence than adaptations in transcript levels, 
as several studies have pointed out that changes in gene expression do not 
necessarily reflect changes in protein expression (128, 129).  First studies 
have been undertaken that examined changes in the synaptic membrane 
proteome and post-synaptic density (PSD) following short-term abstinence 
from experimenter administered morphine (130, 131) and during several 
stages of morphine CPP (132). For instance, using isotope coded affinity tag 
(ICAT) reagents to quantify relative changes in protein abundance, Moron 
et al. (2006) found that morphine exposure induced changes in the levels of 
proteins in a hippocampal PSD fraction, that were not present in a 
hippocampal total protein homogenate. This finding indicates that drugs of 
abuse can induce changes that are only apparent at the level of the synapse 
and may result from alterations in protein trafficking or local protein 
synthesis without affecting gene expression. However, it remains to be 
studied whether drug-induced changes in the synaptic proteome are long-
lasting and whether these adaptations underlie relapse to drug seeking 
during prolonged periods of abstinence. The use of proteomics technology 
to examine alterations in the synaptic proteome holds strong promise for the 
elucidation of drug-induced neuroadaptations that mediate relapse to drug 
seeking. 
 
Aims  
Great progress has been made towards elucidation of cellular and molecular 
adaptations in animal models of relapse to drug seeking, however, available 
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pharmacotherapy is relatively ineffective. Many of the identified drug-
induced neuroadaptations share striking similarities with mechanisms of 
synaptic plasticity underlying traditional models of learning and memory 
(133, 134), arguing for a thorough analysis of molecular adaptations that 
occur at the synaptic level. Previous studies have implicated a critical role 
for the mPFC in relapse to drug seeking, suggesting it is a substrate for 
long-lasting drug-induced neuroadaptations. However, supporting evidence 
at the level of the synapse is lacking. 

In this thesis I aim to elucidate the molecular and cellular mechanisms 
that are at the basis of (i) long-term neuroadaptations after self-
administration of heroin, and (ii) synaptic plasticity that occurs during 
reinstatement of drug seeking. 

As a first step, I investigated neuroadaptations that underlie natural 
reward learning, as these might eventually enhance our understanding of the 
neurobiological underpinnings of drug addiction. In chapter 2, I specifically 
examined long-term changes in total protein expression in the mPFC during 
abstinence from sucrose SA, a natural reward. Although sucrose SA is often 
used as a direct control for drug-induced molecular changes, it was not 
known whether sucrose SA results in long-term adaptations in the 
mesocorticolimbic dopamine system. I set out to measure total protein 
changes in the mPFC 21 days after cessation of sucrose SA using two-
dimensional gel electrophoresis (2D-PAGE) combined with mass-
spectrometry and demonstrate that natural reward learning is indeed 
associated with long-term adaptations in the mPFC. This data indicates that 
apart from sucrose SA, additional control groups (e.g. saline SA) should be 
studied to distinguish neuroadaptations underlying natural reward learning 
from adaptations specifically associated with drug SA. 

In a second series of experiments (chapter 3), I tested the hypothesis that 
heroin SA induces long-lasting alterations in the mPFC synaptic proteome. 
To this end, a highly novel iTRAQ-based proteomics approach was used 
together with immunohistochemical and neurophysiological techniques that 
showed that heroin SA altered the abundance of several extracellular matrix 
(ECM) proteins surrounding GABAergic interneurons in the mPFC, an 
effect that may underlie enhanced firing of GABAergic interneurons upon 
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re-exposure to heroin-conditioned cues. Normalization of levels of ECM 
constituents attenuates cue-induced heroin seeking. 

Cue-induced relapse to heroin seeking, but not sucrose seeking, is 
associated with enhanced neuronal activation in the mPFC (29, 31), pointing 
to altered synaptic transmission in this brain region upon re-exposure to 
drug-conditioned cues. I hypothesized that cue-induced relapse to heroin 
seeking is associated with rapid changes in the synaptic proteome of the 
mPFC (chapter 4). Using a combination of iTRAQ-proteomics, 
neurophysiology and molecular intervention, we provide evidence that cue-
induced relapse to heroin seeking critically depends on acute synaptic 
depression of glutamatergic synapses in the ventral mPFC. 

Finally, these findings are discussed in the context of previous 
observations and I propose a model in which a combination of heroin-
induced long-term neuroadaptations and acute cue-induced neuroplasticity 
results in reduced excitability of pyramidal neurons in the ventral mPFC, 
likely diminishing excitatory output from the ventral mPFC and leading to a 
loss of inhibitory control over responding to heroin-conditioned cues. 
Identification of these long-term neuroadaptations and synaptic plasticity 
events in the rat reinstatement model provides new targets for the 
development of pharmaceutical agents that may reduce the risk of relapse to 
heroin use in humans. 
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Abstract  
The medial prefrontal cortex (mPFC) is involved in the processing and 
retrieval of reward-related information. Here, we investigated long-lasting 
changes in protein composition of the mPFC in rats with a history of sucrose 
self-administration. Protein levels were analyzed using 2-D PAGE and 
MALDI-TOF sequencing. From ~1500 spots, 28 regulated proteins were 
unambiguously identified and were involved in cytoskeleton organization, 
energy metabolism, oxidative stress, neurotransmission, and neuronal 
outgrowth and differentiation. For several proteins, this change was also 
found as a long-lasting alteration in gene expression. We show that self-
administration of sucrose produces long-lasting molecular neuroadaptations 
in the mPFC that may be involved in reward-related information processing. 
 
Introduction 
Appropriate responses to natural rewards are important for survival of an 
organism and distinct brain systems have evolved to direct goal-directed 
behaviors. It is well recognized that reward-related incentive learning 
depends on the mesocorticolimbic DA system, comprising the ventral 
tegmental area (VTA) with dopaminergic projections to the nucleus 
accumbens (NAc), amygdala, and medial prefrontal cortex (mPFC). 
Incentive learning for natural rewards is in many aspects similar to incentive 
learning for drugs of abuse (1), albeit with pronounced differences in the 
long-term effects on behavior (2). Nevertheless, the incentive value of 
sucrose-associated stimuli is maintained and even intensifies over long 
periods of time (3-5). The enduring nature of natural reward-related 
memories suggests that it is generated by persistent changes at the molecular 
and cellular level (6).  

Numerous studies have implicated the mPFC in reward processing and 
the mediation of goal-directed behaviors. For instance, it was shown that the 
mPFC supports electrical intracranial self-stimulation, and intracranial self-
administration of dopamine and cocaine (7). In addition, firing of mPFC 
cells can be very closely time-locked to water reinforcement (8). Within the 
mPFC, dopamine- and glutamate receptors seem to play an important role in 
appetitive instrumental learning, as was shown by local infusion of D1 and 
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NMDA receptor antagonists (9, 10). At the molecular level, enhanced Fos 
expression was found in prefrontal regions when rats were re-exposed to 
natural reward-related contextual stimuli (11). Taken together, the 
aforementioned studies seem to underscore an important role of the mPFC 
as a molecular and cellular substrate for reward-related learning (1, 12). 

Although many studies have focused on the molecular and cellular 
adaptations long after drug-related rewards (13-17), little is known about 
changes that occur after intake of natural rewards. This is particularly 
surprising because in many behavioral studies on the effect of drug-rewards, 
natural rewards are used as a control (3, 16, 18-20). Initial studies on the 
effects of sucrose SA showed changes in dopamine receptor binding (21), as 
well as changes in dopamine receptor and opioid-peptide gene expression in 
the nucleus accumbens (22, 23), similar to those observed for drugs of 
abuse. Furthermore, although morphological alterations in the mPFC after 
sucrose SA were not observed, one month abstinence from sucrose intake 
did result in a change in spine density in the orbital frontal cortex and 
hippocampus (24). Therefore, as a first step towards identifying molecular 
adaptations in the mPFC long after self-intake of a natural reward, we used a 
proteomics approach. We examined the effects on the cellular proteome in 
the rat mPFC after 21 days of sucrose abstinence, a time point at which 
reinstatement to sucrose seeking behavior, as measured by the number of 
nose-poke responses upon cue exposure, is at its peak level (5, 25). 
 
Results 
 
Acquisition of sucrose self-administration (SA).  
Nose-poking during the sucrose SA phase increased only in the active hole 
(Figure 1), and was significant for treatment and session (ANOVA; all 
p<0.001). Sucrose SA rats showed a stable preference for the active hole 
from the 4th session onwards (Newman-Keuls, p<0.05). After the final 
session, sucrose rats had received an average of 783 (± 98) sucrose pellets. 
Sucrose control rats did not develop a preference for the active hole (data 
not shown). 
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Figure 1. Self-administration of sucrose (n=6). During 16 daily sessions, the number of 
nose-pokes in the active and inactive holes for SA was registered. Responses in the active 
hole rapidly increased over sessions, whereas responses in the inactive hole remained 
stable. 
 
 
Protein expression profiling by 2-D PAGE.  
For each rat (n=6 Sucrose, n=5 Sucrose control), the mPFC was dissected 
precisely (Figure 2) and proteins were extracted and separated on a 2-D gel. 
Overall, the 2-D gel protein spot patterns across all gels were qualitatively 
and quantitatively similar. With the detection limits set, ~1500 spots were 
detected per gel (Figure 3A) of which 75-80% was matched between gels in 
each set. We found that long-term abstinence from sucrose SA resulted in 
66 spots that significantly differed between the experimental and control 
groups. 
 
Identification of regulated proteins.  
For identification of proteins of the differentially regulated spots (reward vs. 
control), spots were excised from the Coomassie stained preparative gel and 
subjected to MALDI MS/MS analysis. Some of the faint silver stained spots 
were not detectable on the Coomassie gel and could therefore not be 
identified. In total, 28 proteins, meeting the selection criteria (described in 
Materials and Methods section), were identified that were regulated after 
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long-term abstinence from sucrose SA (Table 1; Figure 3). The molecular 
weight (MW) and iso-electric point (pI) of all of these proteins correspond 
roughly to their position on the 2-D gel, with the exception of all tubulin and 
two actin (3S and 4S) spots. The predicted MWs of these tubulin and actin 
forms are higher than their corresponding positions on the 2-D gel. 
Furthermore, several structural proteins were identified at multiple spot 
positions (e.g. β-tubulin, γ-actin, GFAP), which is most likely due to 
different isoforms or posttranslational modifications of these proteins (32, 
33). In these cases however, the regulation of the spots was similar (Table 
1). A complete list is available as supplementary information (see 
supplementary Table 2). 
 
Functional grouping of proteins regulated after sucrose SA.  
Long-term withdrawal from sucrose SA led to the identification of 28 
proteins (11 down-regulated and 17 up-regulated) that were differentially 
expressed in mPFC (p<0.05) (see Table 1). The largest groups of regulated 
proteins were cytoskeletal components (4 down-regulated, 5 up-regulated) 
and proteins involved in energy metabolism (1 down-regulated, 4 up-
regulated). Among the up-regulated products were multiple forms of actin 
and tubulin. Sucrose-regulated proteins could be grouped into proteins 
involved in neurotransmission (SNAP25, complexin I, synapsin II and G-
protein β subunit), molecular chaperones (Heat shock 70 kDa protein 8 
(Hspa8)), oxidative stress (thiol-specific antioxidant protein (Prdx6), 
dimethylarginine dimethylaminohydrolase 1 and 2 (Ddah1, Ddah2), protein 
disulfide-isomerase A3 precursor (GRP58)), differentiation and outgrowth 
(glia maturation factor-beta (GMFβ), dihydropyrimidinase related protein-2 
(Dpysl2, also named TOAD-64) and -5 (Dpysl5)) and transcription (C-
terminal binding protein 1 (Ctbp1). Furthermore, we found that the 
expression of mu crystallin (Crym), a thyroid hormone-binding protein, is 
up-regulated in the mPFC after sucrose abstinence. 
 
Sucrose SA induced gene expression changes.  
Real-time quantitative PCR was used to analyze whether changes in protein 
expression could be correlated to changes in gene expression. We 
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synthesized cDNA from total RNA isolated from the mPFC from an 
independent group of animals (sucrose n=7; control n=8). Primers were 
designed for 17 transcripts encoding proteins regulated by sucrose SA. From 
these, 5 genes (~29%) were found differentially expressed after sucrose SA. 
These genes encoded SNAP25, Ddah1, Ddah2, Grp58 and Crym (Figure 4). 
The remaining group of genes was not significantly regulated at the mRNA 
level after sucrose SA. 
 
 
 

Figure 2. Tissue dissection of the mPFC. Shown are three (A, first; B, middle; C, last 
section) representative thaw-mounted coronal sections from which the mPFC, comprising 
the anterior cingulate, infra-limbic and pre-limbic area (Bregma coordinates +2.7 to +3.7 
mm), was dissected free-hand. 
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Spot Protein identity Gene name 
SC Intensity 

(mean ± SEM) 
S Intensity 

(mean ± SEM) R P 
 cytoskeletal organization 
1S Tubulin beta-3 Tubb3 731 ± 130 1483 ± 100 2.0 0.0190 
2S Tubulin beta chain 15 Tubb1 1113 ± 184 1891 ± 129 1.7 0.0173 
3S Beta-actin Actb 295 ± 46 91 ± 17 -3.2 0.0043 
4S Gamma-actin Actg1 104 ± 32 436 ± 107 4.2 0.0087 
5S Gamma-actin Actg1 96 ± 16 180 ± 26 3.3 0.0303 
6S Glial fibrillary acidic protein GFAP 40 ± 15 133 ± 31 3.3 0.0087 
7S Glial fibrillary acidic protein alpha GFAP 996 ± 62 491 ± 142 -2.0 0.0303 
8S Tropomyosin 2, beta Tpm2 227 ± 27 105 ± 19 -2.2 0.0043 
9S Lamin A Lmna 1242 ± 82 652 ± 44 -1.9 0.0043 
 (energy) metabolism 
10S Similar to ubiquinol-cytochrome c 

reductase core protein 1 
Uqcrc1 36 ± 9 73 ± 7 2.0 0.0303 

11S Pyruvate dehydrogenase E1 component 
beta subunit, mitochondrial precursor 

Pdhb 11 ± 3 66 ± 9 6.0 0.0043 

12S NAD+-specific isocitrate 
dehydrogenase alpha-subunit 

Idh3a 1839 ± 297 3240 ± 175 1.8 0.0087 

13S ATP synthase beta subunit Atp5b 116 ± 61 379 ± 68 3.3 0.0303 
14S ATPase, H+ transporting, lysosomal 

70kD, V1 subunit A, isoform 1 
Atp6v1a1 7053 ± 390 4356 ± 513 -1.6 0.0043 

 neurotransmission 
15S SNAP25, synaptosomal-associated 

protein, 25 kDa 
Snap25 363 ± 91 113 ± 28 -3.2 0.0087 

16S Synaphin 2 / Complexin 1 Cplx1 166 ± 15 73 ± 22 -2.3 0.0173 
17S Synapsin II Syn2 1490 ± 146 782 ± 68 -1.9 0.0087 
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18S G protein beta subunit Gnb 223 ± 29 402 ± 25 1.8 0.0079 
 (oxidative) stress 
19S Thiol-specific antioxidant protein 

(Peroxiredoxin 6) 
Prdx6 3377 ± 611 6452 ± 995 1.9 0.0303 

20S Dimethylarginine 
dimethylaminohydrolase 1 

Ddah1 1552 ± 219 2823 ± 169 1.8 0.0043 

21S Dimethylarginine 
dimethylaminohydrolase 2 

Ddah2 129 ± 22 217 ± 27 1.7 0.0303 

22S Protein disulfide-isomerase A3 
precursor 

Grp58 234 ± 55 545 ± 93 2.3 0.0173 

 differentiation and outgrowth 
23S Glia maturation factor-beta Gmfb 411 ± 48 206 ± 44 -2.0 0.0173 
24S Dihydropyrimidinase related protein-2 

(DRP-2, CRMP-2, TOAD-64) 
Dpysl2 1129 ± 136 666 ± 70 -1.7 0.0173 

25S Dihydropyrimidinase related protein-5 
(DRP-5) 

Dpysl5 241 ± 37 136 ± 22 -1.8 0.0303 

 molecular chaperones 
26S Heat shock 70 kDa protein 8 Hspa8 161 ± 46 451 ± 76 2.8 0.0197 
 transcription 
27S C-terminal binding protein 1 Ctbp1 139 ± 33 289 ± 25 2.1 0.0173 
 miscellaneous 
28S Mu crystallin Crym 57 ± 13 129 ± 20 2.3 0.0173 

Table 1. Sucrose SA induced long-term changes in protein expression. Spot numbers correspond to spot numbers in Figure 3. SC, 
Sucrose Control group; S, Sucrose group; SEM, standard error of mean; R, regulation (fold change); P, p-value (Mann Whitney U-test).  
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Figure 3. Proteomics analysis of sucrose SA. A, Shown is a representative 2-D gel as was 
run for each sample (sucrose, n=6; sucrose control, n=5). Molecular weight (kDa), and 
charge (pI) are indicated along the y- and x-axis, respectively. B, Magnification of the gel 
area around spot 11S (box in A), showing the up-regulation of this protein spot in sucrose 
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treated animals. Left upper box, bar graph presenting the intensities of spot 11S as 
determined by densitometry (OD).  
 
 
 

 
Figure 4. Genes regulated after sucrose SA. In total, 5 out of 17 transcripts, coding for 
proteins found with 2-D PAGE, were differentially expressed as determined by real-time 
quantitative PCR (Mann Whitney U test, *P < 0.05; **P < 0.01). The fold regulation, i.e. 
the relative abundance of transcripts in sucrose (S; n=7) compared to control (SC; n=8) 
samples is indicated. 
 
 
Discussion 
Crucial in the understanding of the molecular mechanisms of reward 
processing and retrieval is the elucidation of persistent neuronal adaptations 
that occur in response to self-administration of natural rewards. Although 
important progress has been made in delineating some of the morphological 
and molecular adaptations that occur in the brain after drug administration 
(13-15, 34-38), little is as yet known of the effects on protein expression in 
the mPFC long-term after cessation of self-administration of a natural 
reward.  

Here, we showed that rats trained to self-administer a natural reward, 
such as sucrose, reveal long-term changes in mPFC protein expression at a 
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time-point at which cue-induced reinstatement to sucrose seeking behavior 
is at its peak level. These proteins are involved in cytoskeleton organization, 
energy metabolism, neurotransmission, oxidative stress and differentiation 
and outgrowth. Regulation of these proteins points to neuronal 
rearrangements and morphological changes. Alterations in energy 
metabolism might be necessary to initiate and maintain changes in neuronal 
morphology resulting from reward training. Of relevance for this is the 
recent finding that the number of mitochondria is directly and reciprocally 
related to the number of active synapses (39). The long-term up-regulation 
of cytoskeleton proteins (e.g. different forms of β-tubulins) may as well 
implicate morphological changes, i.e. the dynamic microtubules are 
essential for the formation and maintenance of neurite extension, as their 
polymerization and subsequent stabilization leads to net extension and 
consolidation of the growing neurite (32). For this, tubulin proteins are 
subjected to several types of posttranslational modifications (40), most 
likely explaining their various locations on the 2-D gel. Regulation of 
cytoskeleton genes and proteins has been found in several paradigms 
involving exposure to drugs of abuse. For instance, acute exposure to 
morphine results in altered expression of genes encoding metabolism and 
cytoskeleton-related proteins (41). Furthermore, the down-regulation of the 
axonal guidance collapsin response mediator proteins CRMP/Dpysl-2 and 
CRMP/Dpysl-5 (42), as well as proteins involved in neurotransmitter 
release may point to a decrease in axonal outgrowth and in the number of 
presynaptic terminals. 

Previously, long-term morphological changes in the mPFC have been 
reported due to abstinence from drugs of abuse (24, 35-37, 43-46). Although 
it was found recently that abstinence from sucrose SA leads to an increase in 
spine density in the orbital frontal cortex and CA1 area of the hippocampus, 
morphological changes in the mPFC after sucrose intake were not observed 
(24). In particular the different type of morphological effects in the same 
region by different drugs of abuse (24, 35), prompts the question as to the 
cell type specificity of these effects. In this study we showed that sucrose 
SA leads to long-term regulation of cytoskeletal, outgrowth-related and 
synaptic proteins, but also to regulation of glial proteins, such as GFAP and 
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GMFβ. GFAP, a protein marker for astroglia is also regulated after long-
term withdrawal from cocaine (47). In addition, GMFβ has indirectly effect 
on neuronal outgrowth by release of NGF and BDNF (48), and is involved 
in some aspects of learning (49). The discrepancy between the apparent 
absence of morphological changes in the mPFC (24) and our results might 
be explained by the visualization techniques used. Crombag and co-workers 
(24) made use of a Golgi-Cox staining, which visualizes only a subset of 
pyramidal neurons, whereas we analyzed total protein content of mPFC 
tissue including all types of neuron and glia. Taken together, the up-
regulation of proteins of the cytoskeleton and the down-regulation of 
proteins involved in differentiation and outgrowth, as well as synaptic 
proteins, may indicate that sucrose SA has a cell type-specific effect on 
connectivity (47). 

Furthermore, sucrose SA resulted in the altered expression of several 
proteins known to protect from oxidative stress, such as Grp58/Pda3, 
Ddah1, Ddah2, peroxiredoxin 6, and Hspa8/Hsp70. Previously, sucrose-
intake, leading to induced heat-shock protein gene expression, was 
suggested to alter tolerance to stress (50). Induced expression of Hsp70 is 
enhanced by the production of nitric oxide (NO)(51). Interestingly, Ddah 1 
and 2 (up-regulated after sucrose SA) can induce NO synthesis by 
hydrolyzing inhibitors of NO synthase (52). 

Real-time quantitative PCR confirmed the regulation of a limited set 
(~29%) of proteins also at the level of gene expression. These results 
corroborate the 2-D PAGE approach in detecting long-term molecular 
alterations. There are several possible explanations why not all changes in 
protein expression were correlated with changes in mRNA levels. First, 
changes in gene and protein expression might follow different time-courses. 
Gene expression differences might return to basal levels once protein levels 
are altered. Second, the proteins of which gene expression was not altered 
might actually only be regulated at the protein level. These proteins might 
be regulated at the level of post-translational modifications (see above), or at 
the level of translation of mRNA into functional proteins. These two 
explanations are supported by previous studies that have pointed out that a 
one to one relation between gene and protein levels is absent in many 
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instances (53-55).  Alternatively, the protein expression changes observed 
after sucrose SA may be from pre-synaptic origin meaning that the coding 
transcripts are expressed in different areas of the brain. 

 
Conclusion 
Using 2-D PAGE and subsequent mass spectrometry as proteomics tools, 
we analyzed ‘whole cell’ protein content of the mPFC. This revealed that 
enduring protein regulation after natural reward-related incentive learning of 
sucrose is substantial. Because the cell body is the main source of protein 
synthesis, it is obvious that many of the differentially regulated proteins are 
high abundant proteins with a general cellular function. However, several of 
the regulated proteins in our paradigm are from (pre-) synaptic origin, 
suggesting substantial regulation of protein levels in afferent neurons at 
mPFC synaptic sites, in line with changes in synaptic transmission. Indeed, 
long-term sucrose-induced changes in receptor-binding and connectivity 
have been reported previously (21, 24). Therefore, this study prompts the 
need for extended quantitative analyses of the synaptic proteome to uncover 
long-term molecular alterations induced by natural rewards. Gaining a better 
insight in the functioning of natural brain reward systems will enhance our 
understanding of the neuronal adaptations underlying reward-related 
memory consolidation. 
 
Materials and Methods 
 
Animals. Male Wistar rats (Harlan, The Netherlands) weighing 280-300 g 
at the start of the experiment were housed 2 per cage in macrolon cages on a 
reversed 12-h light-dark cycle with standard food (Hope Farms, Woerden, 
The Netherlands) and water available ad libitum. Rats were accustomed to 
the housing facilities for at least 7 days prior to the beginning of the 
experiments. All experiments were approved by the Animal Users Care 
Committee of the Vrije Universiteit. 
Self-administration and abstinence. A group of sucrose self-administering 
rats (n=6 for proteomics, n=7 for gene expression) and their controls (n=5 
for proteomics, n=8 for gene expression) were subjected to a training 
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procedure in operant conditioning chambers (TSE, Bad Homburg, 
Germany). Rats received once daily sessions (1 h) during the lights-off 
period of the diurnal cycle for a total of 16 sessions. At opposing walls an 
active and inactive nose-poke hole was present. Responding in the active 
(rewarding) hole resulted in the delivery of a sucrose pellet (45 mg, 
maximum of 100 pellets per session). Responding in the inactive hole had 
no consequences. A house light and a red cue light above the active nose-
poke hole were turned on at the beginning of each session and indicated 
availability of the reward. Nose poking in the active hole was followed by a 
time-out period of 15 sec, during which nose pokes were ineffective and the 
house light and the red cue light were turned off. During the pellet delivery 
a yellow cue light placed inside the active hole was switched on. Stable 
sucrose SA was acquired without any need for food deprivation or other 
manipulations. The sucrose control group was never rewarded upon nose-
poking in the active hole, but received all the cues. After the final SA 
session rats were left undisturbed in their home-cages for a period of 21 
days. On the 21st day of reward abstinence, rats were decapitated and brains 
were rapidly frozen using ice-cold (-50° C) isopentane. Brains were stored 
at -80° C until further use. 
Statistical analysis. For comparison of acquisition, active vs. inactive nose 
poke responses were analyzed with repeated-measures ANOVAs with 
treatment as the between-subjects factor, and post-hoc Newman-Keuls 
analysis.  
Tissue preparation. For mPFC dissection, the protocol as described by 
Koya and co-workers was used (26). In short, a series of coronal sections 
(200 µm) was cut on a cryostat at -20° C. From these sections the medial 
prefrontal cortex (mPFC) comprising the anterior cingulate, infra-limbic and 
pre-limbic area (Bregma coordinates +2.7 to +3.7 mm) was dissected free-
hand at -20° C (Figure 2). Tissue was collected and stored at -80° C. 
2-D gel electrophoresis. 2-D gel electrophoresis was carried out as 
described previously(27, 28). In brief, mPFC tissue was homogenized using 
a plastic pestle in 500 µL lysis buffer (8 M urea, 4% CHAPS, 10 mM Tris 
pH 7.5, 1% DTT), lysed for one hour, and then centrifuged at 14,000 x g for 
5 min. Protein concentrations of the supernatant were measured using a 
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Bradford assay (Biorad). A sample volume corresponding to 250 µg protein 
was transferred to a new tube and lysis buffer was added to a total volume 
of 500 µl. To each sample 2.5 µL of 0.5% IPG buffer 3-10 was added and 
450 µL of sample was used for the rehydration and simultaneously loading 
of the proteins to an IPG strip (Immobiline 24 cm DryStrip 3–10 NL, 
Amersham Pharmacia Biotech), at 30 V for 12 hr. The voltage was 
increased to 8,000 V and focused for a total of 65,000 Vhr. Immediately 
after being focused, IPG strips were wrapped in plastic foil and stored at -
80º C. Prior to SDS-PAGE, IPG strips were equilibrated in (6 M urea, 2% 
SDS, 1% DTT, 50 mM Tris, pH 8.4, 30% glycerol) for 15 min, followed by 
equilibration in (6 M urea, 2% SDS, 2.5% iodoacetamide, 50 mM Tris, pH 
8.4, 30% glycerol) for 15 min. The second dimension separation was run 
overnight using the EttanDALT System (Amersham Pharmacia Biotech) in 
1.5 mm 11% gels (Duracryl, Genomic Solutions) at 1.5 W per gel at 30º C. 
After electrophoresis, gels were fixed and stained using silver. For the 
preparative gel, 500 µg protein lysate from mPFC tissue was loaded on an 
IPG strip and the gel was first stained with sypro-ruby and then further 
stained with Coommassie blue for optimal visualization of the protein spots.   
Computer assisted spot detection and analysis. 2-D gel analysis software 
(PDQuest version 7.3) was used in this study for spot detection, gel 
matching and spot quantification. A non-parametric Mann Whitney U test 
(p<0.05) was applied to determine significant regulation of protein spots in 
gels derived from individual control and experimental rats (n=6)(29). All 
spots that were considered as significantly regulated by the software were 
visually verified.  
Digestion of proteins. All differentially expressed protein spots were 
manually excised with a round bottom dermal slicer of 3 mm diameter, or 
with a small razer blade (for the smaller spots) to prevent contamination 
from neighboring spots. The gel pieces were destained in 50% acetronitrile, 
50 mM ammonium bicarbonate buffer, pH 8.5, and dehydrated with 100% 
acetonitrile. The shrunken gel pieces were reswollen in 25 mM ammonium 
bicarbonate buffer, dehydrated again in 50% acetronitrile, 50 mM 
ammonium bicarbonate buffer, and dried in a speedvac. The gel pieces were 
rehydrated in 9 µL trypsin solution (20 µg/mL) for 15 min, followed by 
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addition of 20 µL 50 mM ammonium bicarbonate buffer to completely 
immerse the gel pieces. After incubation overnight at room temperature, 50 
µL of a 1% trifluoroacetic acid (TFA) solution was added to extract the 
peptides from the gel pieces. Supernatant containing the peptides was 
transferred to a new sample tube and 100 µL of 50% acetonitril/50% water 
containing 0.1% TFA was added to the gel pieces to extract the remaining 
peptides. Supernatant was again transferred to the new sample tube and the 
samples were partially dried in a speedvac to a volume of ~20 µL. Samples 
were loaded into a C18 Ziptip according to the manufacturer (Millipore) to 
purify the peptide solutions. Bound peptides were eluted from the Ziptip 
using 2.0 µL of α-cyano-4-hydroxycinnamic acid matrix from which 0.8 µL 
was directly deposited onto a MALDI target. The α-cyano-4-
hydroxycinnamic acid matrix concentration was 5 mg/mL in 60% 
acetonitrile/40% water containing 0.15 mg/µL ammonium citrate dibasic.  
Mass spectrometry. The mass spectrometer utilized for protein analysis 
was an Applied Biosystems 4700 Proteomics Analyzer with TOF/TOFTM 
Optics as used previously (28). For peptide mass fingerprint analyses each 
mass spectrum was the averaged signal generated from 1500 laser shots. On 
average, 9 peptides that matched to the identified protein were determined 
from the first mass spectrum. A mass tolerance of 20 ppm with internal 
calibration and one missing cleavage site were allowed. From these, each 
protein hit was confirmed using MS/MS of on average 3 peptides, in which 
5000-7500 laser shots per sample were used to increase signal to noise ratio. 
Mono-isotopic masses were used, and MS/MS tolerance of 0.5 Da and one 
missing cleavage sites for MS/MS search were allowed. All mass spectra 
were searched using the Mascot engine, against the NCBI rodent database. 
In all cases, oxidation of methionine residues was considered. The 
probability score calculated by the software was used as criterion for correct 
identification, and was typically >99%. For some protein spots, the 
sequence of the peptides could not always unambiguously be related to a 
specific protein isoform. Therefore, these spots were assigned general 
protein names (Table 1).  
Real-time quantitative PCR. For total RNA isolation, primer design and 
real-time quantitative PCR, the protocol as described by Koya and co-
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workers was used (26). RNA integrity was checked before and after DNAse 
treatment using a Bioanalyzer (Agilent technologies), followed by cDNA 
synthesis. Transcript specific primers (see supplementary Table 1) were 
designed for a selection of 17 of the 28 identified proteins (including 
specific primer sets for G-protein beta 1 and 2). Primer efficiencies were 
analyzed by LinReg software (30). All primer sets ranged from 1.85 to 2.0 
copies per cycle and were consistent in all individual samples. SYBR Green 
PCR measurements (10 µL; ABI PRISM 7900, Applied Biosystems) were 
performed on cDNA corresponding to ~15ng RNA. To correct for 
differences in total input material (amount of cDNA), transcript levels were 
normalized to the expression levels of GAPDH and NSE. For all statistical 
calculations (Mann Whitney U-test), the absolute amount of normalized 
transcript of interest, C * E−Ct / NF (C = 107) was used, as described by Dijk 
and co-workers (31). 
 
References  
1. A. E. Kelley, Neuron 44, 161 (Sep 30, 2004). 
2. C. Dias, S. Lachize, V. Boilet, E. Huitelec, M. Cador, Psychopharmacology (Berl) 

175, 414 (Oct, 2004). 
3. J. W. Grimm, Y. Shaham, B. T. Hope, Behav Pharmacol 13, 379 (Sep, 2002). 
4. J. W. Grimm, A. M. Fyall, D. P. Osincup, Physiol Behav 84, 73 (Jan 31, 2005). 
5. T. J. De Vries, W. De Vries, M. Jansen, A. N. M. Schoffelmeer, Behav Brain Res  

(2005). 
6. J. Chao, E. J. Nestler, Annu Rev Med 55, 113 (2004). 
7. T. M. Tzschentke, Amino Acids 19, 211 (2000). 
8. J. Y. Chang, P. H. Janak, D. J. Woodward, J Neurosci 18, 3098 (Apr 15, 1998). 
9. A. E. Baldwin, M. R. Holahan, K. Sadeghian, A. E. Kelley, Behav Neurosci 114, 

84 (Feb, 2000). 
10. A. E. Baldwin, K. Sadeghian, A. E. Kelley, J Neurosci 22, 1063 (Feb 1, 2002). 
11. B. E. Schroeder, J. M. Binzak, A. E. Kelley, Neuroscience 105, 535 (2001). 
12. J. D. Jentsch, J. R. Taylor, Psychopharmacology (Berl) 146, 373 (Oct, 1999). 
13. E. H. Jacobs, T. J. de Vries, A. B. Smit, A. N. Schoffelmeer, Faseb J 18, 200 (Jan, 

2004). 
14. E. H. Jacobs et al., Faseb J 16, 1961 (Dec, 2002). 
15. S. Spijker et al., Faseb J 18, 848 (May, 2004). 
16. L. Lu, J. W. Grimm, Y. Shaham, B. T. Hope, J Neurochem 85, 1604 (Jun, 2003). 
17. H. E. Nye, E. J. Nestler, Mol Pharmacol 49, 636 (Apr, 1996). 
18. J. W. Grimm et al., J Neurosci 23, 742 (Feb 1, 2003). 
19. L. J. Vanderschuren, B. J. Everitt, Science 305, 1017 (Aug 13, 2004). 
20. R. A. Chambers, D. W. Self, Neuropsychopharmacology 27, 889 (Dec, 2002). 
21. C. Colantuoni et al., Neuroreport 12, 3549 (Nov 16, 2001). 



Reward-induced molecular changes in mPFC 

 59 

22. R. Spangler et al., Brain Res Mol Brain Res 124, 134 (May 19, 2004). 
23. A. E. Kelley et al., Physiol Behav 76, 365 (Jul, 2002). 
24. H. S. Crombag, G. Gorny, Y. Li, B. Kolb, T. E. Robinson, Cereb Cortex 15, 341 

(Mar, 2005). 
25. L. Lu, J. W. Grimm, B. T. Hope, Y. Shaham, Neuropharmacology 47 Suppl 1, 

214 (2004). 
26. E. Koya et al., Brain Res Mol Brain Res 137, 184 (Jun 13, 2005). 
27. C. R. Jimenez et al., J Neurochem 81, 735 (May, 2002). 
28. K. W. Li et al., J Biol Chem 279, 987 (Jan 9, 2004). 
29. L. Paulson et al., Proteomics 4, 819 (Mar, 2004). 
30. C. Ramakers, J. M. Ruijter, R. H. Deprez, A. F. Moorman, Neurosci Lett 339, 62 

(Mar 13, 2003). 
31. F. Dijk, E. Kraal-Muller, W. Kamphuis, Invest Ophthalmol Vis Sci 45, 330 (Jan, 

2004). 
32. J. Rosenbaum, Curr Biol 10, R801 (Nov 2, 2000). 
33. A. M. Zambito, L. Knipling, J. Wolff, Biochim Biophys Acta 1601, 200 (Dec 16, 

2002). 
34. M. S. Bowers et al., Neuron 42, 269 (Apr 22, 2004). 
35. T. E. Robinson, G. Gorny, V. R. Savage, B. Kolb, Synapse 46, 271 (Dec 15, 

2002). 
36. T. E. Robinson, B. Kolb, Eur J Neurosci 11, 1598 (May, 1999). 
37. T. E. Robinson, B. Kolb, Synapse 33, 160 (Aug, 1999). 
38. T. Z. Shaw-Lutchman et al., J Neurosci 22, 3663 (May 1, 2002). 
39. Z. Li, K. Okamoto, Y. Hayashi, M. Sheng, Cell 119, 873 (Dec 17, 2004). 
40. D. J. Field, R. A. Collins, J. C. Lee, Proc Natl Acad Sci U S A 81, 4041 (Jul, 

1984). 
41. A. V. Loguinov, L. M. Anderson, G. J. Crosby, R. Y. Yukhananov, Physiol 

Genomics 6, 169 (Aug 28, 2001). 
42. J. E. Minturn, H. J. Fryer, D. H. Geschwind, S. Hockfield, J Neurosci 15, 6757 

(Oct, 1995). 
43. T. E. Robinson, B. Kolb, J Neurosci 17, 8491 (Nov 1, 1997). 
44. T. E. Robinson, G. Gorny, E. Mitton, B. Kolb, Synapse 39, 257 (Mar 1, 2001). 
45. B. Kolb, S. Pellis, T. E. Robinson, Brain Cogn 55, 104 (Jun, 2004). 
46. T. E. Robinson, B. Kolb, Neuropharmacology 47 Suppl 1, 33 (2004). 
47. M. S. Bowers, P. W. Kalivas, Eur J Neurosci 17, 1273 (Mar, 2003). 
48. N. J. Pantazis et al., Brain Res 865, 59 (May 19, 2000). 
49. R. Lim et al., Brain Res 1024, 225 (Oct 22, 2004). 
50. H. Kageyama et al., Biochem Biophys Res Commun 274, 355 (Aug 2, 2000). 
51. E. Suzuki et al., Cell Mol Neurobiol 23, 907 (Dec, 2003). 
52. R. J. MacAllister et al., Br J Pharmacol 119, 1533 (Dec, 1996). 
53. G. Chen et al., Mol Cell Proteomics 1, 304 (Apr, 2002). 
54. A. Izzotti, M. Bagnasco, C. Cartiglia, M. Longobardi, S. De Flora, Int J Oncol 24, 

1513 (Jun, 2004). 
55. T. I. Lee et al., Science 298, 799 (Oct 25, 2002). 
 
 



 

 60 

Supplementary Tables 
 
Gene name Genbank Forward primer Reverse primer 
Reference genes       
GAPDH NM_017008 TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA 
NSE NM_139325 ACGTGGTTCCATTTCAAGATGAC CGAGCTTCAGTTAGTGCACCAA 
Genes coding for proteins found with 2-D PAGE   
Tubb3 NM_139254 GCACCCTCAAGCTGGCTACA TGACTCCGCTCATGGTAGCA 
Actb NM_031144 TGACCCAGATCATGTTTGAGACC AGTGGTACGACCAGAGGCATACA 
GFAP L27219 GGCCCCATTCCCTTTCTTATG CAACGTGGTTCAGTTTCCCAA 
SNAP25 NM_030991 GACACCCAGAATCGCCAGAT CACGTTGGTTGGCTTCATCA 
Cplx1 NM_022864 CCCTGTTTCTGGACTTGTTGGA ACAGCTGGACAAAGTATGCAAGG 
Syn2 NM_019159 GCTTGGACATCTGTGCAGTCAA TCAGTGGCATGCTACAGTCCAT 
Gnb1 NM_030987 CTTTGCATCTGAGGCAACCA CAGAACACTGCTGTCCAAACG 
Gnb2 NM_031037 CACGAATCGGACATCAATGCT AGGTCAAACAGGCGACATGTG 
Prdx6 NM_053576 AGGGTCTGTGATCAGCAAGGTAGT TGGTTCTCCACAATGGGTAACA 
Ddah1 NM_022297 CTCGAACTCTGGATACCCTCCTAAC CTCCAACCAGCCACTCTGATTT 
Ddah2 NM_212532 CCGTCTAGGGAGTAGAATCAGGTAA TTTGACAGAGAAGACTCACCCACT 
Grp58 NM_017319 GCAAGGACTTACTCACGGCTTACTA TGTGTCCAGCATCAAGGAATGT 
Gmfb NM_031032 GGTAACAGAAAGCACCTCCTAACGT ACTGGCAGTGTAGGAGTCTGAAGC 
Dpysl2 (TOAD64) Z46882 CTATTCGCTGCACGTGGACA TACCCCGTGGTCCTTCACC 
Dpysl5 NM_023023 TTGACCCCTGGTTCAGTTTCTATC CTACCTAGGCAAGGCTTTGTCTCA 
Hspa8 NM_024351 GGTTCGATGATGCTGTTGTTCA GGCCTGCCTGCATCGTT 
Ctbp1 NM_019201 GAGGCGGATAGAGACCATACGA TGGATGTCACCTCTGCACACTT 
Crym NM_053955 AAACGCTGGCTCAGTGTCTAGATC AGGGTAGGTAATGTGGCCATCA 

Supplementary Table 1: Transcript specific primer sequences used for RT-qPCR. 
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Nr Protein name 
Gene 
name acc nr. 

Mw 
on gel 
(Da) 

predicted 
Mw (Da) 

pI 
on 
gel pI 

SC mean ± 
sem  

S mean ± 
sem 

p-
value 

Fold 
change 

# 
pept 
MS 

# 
pept 
MS/
MS 

prot 
C.I. 
(%) 

ion 
C.I. 
(%) 

 Structural proteins                             

1S Tubulin beta-3 Tubb3 Q9ERD7 30000 50419 5.4 4.8 731 ± 130 1483 ± 100 0.019 2.0 11 7 100 100 
2S Tubulin beta chain 15 Tubb1 P04691 37000 49963 5.5 4.8 1113 ± 184 1891 ± 129 0.017 1.7 17 4 100 100 
3S Beta-actin Actb O35248 30000 49585 4.7 5.2 295 ± 46 91 ± 17 0.004 -3.2 3 1 99.6 99.2 
4S Gamma-actin Actg1 P63260 26000 41793 5.3 5.3 104 ± 32 436 ± 107 0.009 4.2 15 4 100 100 
5S Gamma-actin Actg1 P63260 40000 41793 5.1 5.3 96 ± 16 180 ± 26 0.030 3.3 7 3 100 100 
6S Glial fibrillary acidic 

protein 
GFAP Q9Z2S0 45000 49957 5.1 5.4 40 ± 15 133 ± 31 0.009 3.3 7 3 100 100 

7S Glial fibrillary acidic 
protein alpha 

GFAP Q9R1Q3 50000 49957 5.4 5.4 996 ± 62 491 ± 142 0.030 -2.0 24 6 100 100 

8S Tropomyosin 2, beta Tpm2 P58774 37000 32837 4.6 4.7 227 ± 27 105 ± 19 0.004 -2.2 7 2 100 100 
9S Lamin A Lmna Q91WF2 70000 74237 6.2 6.5 1242 ± 82 652 ± 44 0.004 -1.9 10 1 100 99.8 
  (Energy) metabolism               
10S Similar to ubiquinol-

cytochrome c reductase 
core protein 1 

Uqcrc1 Q8K2S8 21000 28718 5.5 6.1 36 ± 9 73 ± 7 0.030 2.0 3 1 100 100 

11S Pyruvate 
dehydrogenase E1 
component beta 
subunit, mitochondrial 
precursor 

Pdhb Q99LW9 27000 34836 5.6 5.6 11 ± 3 66 ± 9 0.004 6.0 4 1 99.9 99.4 

12S NAD+-specific 
isocitrate 
dehydrogenase a-
subunit 

Idh3a Q99NA5 37000 39613 5.6 6.5 1839 ± 297 3240 ± 175 0.009 1.8 13 6 100 100 

13S ATP synthase beta 
subunit 

Atp5b P10719 45000 50770 4.9 4.9 116 ± 61 379 ± 68 0.030 3.3 17 7 100 100 

14S ATPase, H+ 
transporting, lysosomal 
70kD, V1 subunit A, 
isoform 1 

Atp6v1
a1 

Q8CHX2 70000 68326 5.4 5.4 7053 ± 390 4356 ± 513 0.004 -1.6 18 4 100 100 
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  Neurotransmission               
15S synaptosomal-

associated protein, 25 
kDa 

Snap25 P60881 25000 23315 4.6 4.7 363 ± 91 113 ± 28 0.009 -3.2 14 3 100 100 

16S Complexin 1 Cplx1 P63041 15000 15122 4.8 4.9 166 ± 15 73 ± 22 0.017 -2.3 4 1 98.7 89.4 
17S Synapsin II Syn2 Q63537 70000 63456 8.8 8.7 1490 ± 146 782 ± 68 0.009 -1.9 5 2 100 100 
18S G protein beta subunit Gnb P62880 30000 37331 5.6 5.6 223 ± 29 402 ± 25 0.008 1.8 2 1 99.3 99.4 
  Oxidative stress               
19S Thiol-specific 

antioxidant protein 
Prdx6 O35244 24000 24687 5.6 5.6 3377 ± 611 6452 ± 995 0.030 1.9 17 6 100 100 

20S Dimethylarginine 
dimethylamino- 
hydrolase 1 

Ddah1 O08557 34000 31295 5.6 5.8 1552 ± 219 2823 ± 169 0.004 1.8 19 5 100 100 

21S dimethylarginine 
dimethylamino- 
hydrolase 2 

Ddah2 Q6MG60 27000 29688 5.5 5.7 129 ± 22 217 ± 27 0.030 1.7 11 3 100 100 

22S Protein disulfide-
isomerase A3 precursor 

Grp58 P11598 60000 56623 5.5 5.9 234 ± 55 545 ± 93 0.017 2.3 23 6 100 100 

  Differentiation and 
outgrowth 

              

23S Glia maturation factor-
beta 

Gmfb Q9CQI3 16000 16592 5.3 5.1 411 ± 48 206 ± 44 0.017 -2.0 10 3 100 100 

24S Dihydropyrimidinase 
related protein-2 
(CRMP-2, TOAD-64) 

Dpysl2 P47942 65000 62278 5.8 5.9 1129 ± 136 666 ± 70 0.017 -1.7 15 6 100 100 

25S Dihydropyrimidinase 
related protein-5  

Dpysl5 Q9JHU0 70000 61540 6.8 6.6 241 ± 37 136 ± 22 0.030 -1.8 7 1 100 99.5 

  Molecular chaperones               
26S Heat shock 70 kDa 

protein 8 
Hspa8 P63018 70000 71055 5.5 5.4 161 ± 46 451 ± 76 0.020 2.8 10 4 100 100 

  Transcription               
27S C-terminal binding 

protein 1 
Ctbp1 Q9Z2F5 46000 46628 5.9 6.2 139 ± 33 289 ± 25 0.017 2.1 4 1 99.4 86.6 

  Miscellaneous               
28S Mu crystallin Crym Q9QYU4 26000 33554 5.3 5.3 57 ± 13 129 ± 20 0.017 2.3 2 2 99.8 99.9 
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Supplementary Table 2: Sucrose SA induced long-term changes in protein expression. 
Spot numbers correspond to spot numbers in Figure 3. Abbreviations: SC = sucrose control; 
S = Sucrose; Mean = average spot intensity; sem = standard error of mean; C.I. = 
confidence interval 
 
 
Author contributions to chapter 2 
MCvdO, ANMS, ABS, SS, TJdV: designed the research 
RB: executed behavior experiments 
MCvdO, SS, KWL, RCvdS, YG, EK: executed molecular experiments 
MCvdO, CRJ, SS: analyzed data  
MCvdO, ABS, SS, TJdV: wrote the manuscript 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 64 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 65 

Chapter 3 
 

● 
 

The prefrontal cortex extracellular matrix is implicated in vulnerability 
to relapse to heroin seeking 

 
 

Michel C. Van den Oever, Ka Wan Li, Natalia A. Goriounova, Roel C. Van 
der Schors, Maarten Loos, Joost Wiskerke, Rob Binnekade, Anton N.M. 

Schoffelmeer, Huibert D. Mansvelder, August B. Smit, Taco J. De Vries and 
Sabine Spijker 

 

 
Submitted 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 66 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



ECM: mediator for vulnerability to heroin relapse 

 67 

Abstract 
Neuroadaptation in the medial prefrontal cortex (mPFC) is thought to play a 
crucial role in vulnerability to relapse to drug seeking, but the precise 
molecular and cellular mechanisms remain largely unknown. Quantitative 
analysis of the synaptic proteome of mPFC after long-term abstinence of 
heroin self-administration showed that extracellular matrix (ECM) proteins, 
in particular components of perineuronal nets (PNNs), were most 
prominently down-regulated. These PNNs exclusively surround GABAergic 
interneurons, suggesting that ECM adaptation might alter synaptic 
transmission of these neurons. Indeed, an increase in spontaneous inhibitory 
postsynaptic current frequency was observed in pyramidal cells in mPFC 
slices from rats re-exposed to heroin-associated cues. Moreover, recovering 
levels of ECM constituents by FN-439 treatment attenuated cue-induced 
relapse to heroin seeking. Together, these data provide evidence for a novel 
neuroadaptive mechanism, in which ECM proteins surrounding synapses at 
GABAergic interneurons modulate excitatory output from the mPFC, 
thereby enhancing responsivity to heroin-associated cues. 
 
Introduction 
One of the major problems of addiction is the high incidence of relapse to 
drug-taking during periods of drug abstinence. Otherwise neutral 
environmental stimuli, such as paraphernalia associated with drug-taking, 
become over time associated with the drugs’ rewarding effects (1). 
Exposure to these drug-conditioned cues can provoke drug craving and 
subsequent relapse to drug use even after prolonged abstinence periods (1, 
2). During the last decade, it has become clear that exposure to drugs of 
abuse leads to long-lasting changes in neuronal circuitry that mediates 
processing of motivationally relevant stimuli (3, 4). However, the molecular 
mechanisms underlying these changes, as well as how they contribute to 
relapse to drug seeking remain largely unresolved. 

With respect to opiate drugs, changes in neuronal connectivity and 
neuronal physiology have been observed. For instance, morphine exposure 
leads to changes in the complexity of dendritic branching on cells in the 
neocortex and hippocampus during development (5) and changes the 
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number of synaptic spines and dendritic arborizations of neurons in the 
mPFC and NA (6, 7). In addition to structural changes, opiate exposure 
leads to a change in synapse physiology of neurons in the ventral tegmental 
area (8), hippocampus (9) and NA (10), and long-lasting changes in 
dopamine and acetylcholine release at nerve terminals in the striatum (11-
13). These and other findings of drug-induced adaptations have led to the 
concept that addiction might be viewed as a pathological process that 
involves plasticity mechanisms similar to those implicated in neuronal 
models of learning and memory (14-16). 

Drug-induced neuroadaptations in mPFC and NA, brain areas thought to 
play a pivotal role in relapse to opiate seeking during periods of drug 
abstinence (17-20), might be intrinsic to the synapse, e.g. glutamate 
receptor-based plasticity, or extrinsic, e.g. by changing the ECM. Recently, 
the role of the ECM and more specifically the role of matrix molecules in 
PNNs, both in neural development and synaptic plasticity, has gained much 
attention (21, 22). In particular, studies on the role of the ECM in plasticity 
of the visual cortex (22, 23) and hippocampal-dependent learning (24) 
provided the intriguing possibility that the ECM contributes similarly to 
plasticity mechanisms resulting from repeated drug exposure. 

In the present study, we used a rat model for relapse to heroin seeking 
(25), in which animals self-administer heroin in the presence of compound 
cues (18), to identify long-lasting changes during drug abstinence in the 
synaptic proteome in rat mPFC and NA. We quantified changes of a broad 
range of synaptic and synapse–associated proteins using isobaric Tags for 
Relative and Absolute Quantification (iTRAQTM) combined with two 
dimensional liquid chromatography and tandem mass spectrometry (2D LC-
MS/MS), a powerful and reliable technology for quantification of neuronal 
proteins simultaneously from multiple samples (26, 27). We show that 
heroin SA leads to critical changes in constituents of PNNs surrounding 
GABAergic interneurons in mPFC. This long lasting neuroadaptation is 
accompanied by an increase in spontaneous IPSC frequency upon re-
exposure to heroin-conditioned cues, pointing toward a role for ECM-
mediated synaptic adaptations at GABAergic interneurons after prolonged 
abstinence from heroin SA. Indeed, interference of the ECM by FN-439 
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treatment attenuated cue-induced heroin seeking paralleled by increases in 
ECM protein levels. 
 
Results 
 
Acquisition of heroin SA 
Heroin SA rats developed a significant preference for the active hole 
(ANOVA, p<0.0001) with a stable significant preference from the 5th 
session onwards (Tukey-Kramer, p<0.05, Fig. 1). Increases in number of 
nose-pokes were observed when the fixed ratio (FR) was doubled (FR1, 
FR2, FR4), indicative of a motivational drive to self-administer heroin. 
Nose-poking in the active hole differed significantly between heroin and 
saline animals for session (ANOVA, p<0.0001). 
 
 

 
Figure 1 Acquisition of heroin SA. Data represent mean ± SEM of responses in active 
(heroin-paired) or inactive (unpaired) holes (n=6). During the acquisition phase, nose-pokes 
increased as requirements for obtaining heroin increased from FR1-FR4. Inactive hole-
responses remained low during all sessions. Control animals did not develop a preference 
for the active (saline-paired) hole (data not shown). 
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Acces. nr. Protein ID 
Gene 

Symbol 

nr. of 
unique 

peptides 
Ratio 

Her-Sal 

Extracellular matrix     
P55068 Brevican core protein 

precursor 
Bcan 5 0.80 

6981668 Tenascin R Tnr 11 0.80 
P03994 Hyaluronan and proteoglycan 

link protein 1 precursor 
Hapln1 8 0.84 

Ion transport    

34854665 
calcium channel beta-4 
subunit 

Cacnb4 3 1.44 

Regulation of cell growth   
P07936 Neuromodulin (Axonal 

membrane protein GAP-43) 
Gap43 20 1.14 

109504667 similar to G protein-regulated 
inducer of neurite outgrowth 1 

Gprin1 24 1.10 

Table 1: Heroin SA induced changes in ECM proteins, Cacnb4 and growth promoting 
proteins in the mPFC. All proteins (indicated by name and gene symbol) showed a 
significant (p<0.05) and substantial regulation (Reg; > average ± σ), expressed as ratio for 
heroin vs. saline samples (log2) in the mPFC. The number of unique peptides measured is 
indicated. Accession numbers were derived from rat SwissProt and NCBI databases. See SI 
Table 2 for entire list of regulated proteins in the mPFC and NA. 
 
 
iTRAQ-based proteomics: identification and quantification 
To identify relatively persistent heroin-induced changes in the synaptic 
proteome, the mPFC and NA were dissected from rats 21 days after the final 
heroin SA session. It is known that at this time-point reinstatement to heroin 
seeking behavior is at its peak level (18). For each brain region, 2 pools 
heroin SA and 2 pools saline SA (n=3, each) were generated to perform a 
duplicate measurement within a single iTRAQ experiment (supporting 
information (SI) Fig. 1). For mPFC, 486 proteins were identified, whereas 
362 proteins were identified for NA (SI Table 1). We found 79% overlap in 
identified proteins for NA and mPFC, thus enabling a comparison of heroin 
induced synaptic alterations of both brain regions (for criteria of 
identification and quantification, see Methods). For both mPFC and NA, the 
average heroin to saline ratio of all quantified proteins was approximately 
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zero (respectively -0.01 and 0.01 (log2)) with a σ of 0.13 (mPFC) and 0.15 
(NA). In total, long-term abstinence from heroin SA resulted in significant 
(p<0.05) and substantial regulation (> average ± σ) of 27 proteins in mPFC 
and 15 proteins in NA that could be classified into proteins involved in cell 
adhesion and ECM proteins, signal transduction, regulation of cell growth, 
neurotransmitter secretion and metabolism (SI Table 2). In terms of 
magnitude of regulation, proteins of the ECM stood out. Since these 
proteins have been reported to play an important role in neuronal plasticity 
but have not been described before in terms of regulation by drugs of abuse, 
they were selected for in depth studies. 
 
Confirmation of regulation by immunoblotting and Real-Time 
quantitative PCR 
Immunoblotting and Real-Time quantitative PCR (RT-qPCR) were used to 
validate regulations found with iTRAQ-based proteomics at the protein and 
transcript level. In line with the observed down-regulation of ECM proteins 
in mPFC synapses after heroin SA, immunoblotting showed a 35% and 50% 
decrease in respectively the 160 and 180 kDa isoforms of tenascin-R and a 
30-40% decrease in the abundance of the brevican 145 kDa isoform and its 
80 kDa truncated product in mPFC synaptosomes (SMP) as determined in 
an independent group of rats that self-administered heroin (Fig. 2). 
Abundance of the 120 kDa brevican isoform was unaltered. Transcript 
levels of brevican and tenascin-R in mPFC, as well as levels of the 
corresponding proteins in total mPFC homogenate, were not altered by 
heroin SA (Fig. 2), indicating that the observed down-regulation of these 
proteins occurs specifically in a synaptic fraction. In line with iTRAQ 
proteomics, immunoblotting showed that brevican and tenascin-R levels in 
NA SMP fractions were not significantly altered by heroin SA. In addition, 
we confirmed the increased abundance of the auxillary calcium channel beta 
4 subunit (Cacnb4) by immunoblotting (~200%) in mPFC synapses after 
heroin SA. This is of interest since previously a possible interaction between 
the ECM and L-type calcium channels was discovered (28, 29). Cacnb4 
protein could not be detected in total mPFC homogenate or in NA SMPs, 
suggesting that this protein is enriched at mPFC synapses. The increased 
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Gap43 protein levels at the synapse coincided with increased transcript 
levels of Gap43 in the mPFC (Fig. 2D), whereas the abundance of Gprin1 
mRNA was unchanged in the mPFC after heroin SA. 
 
 

 
Figure 2 Heroin SA induced changes found with iTRAQ-based proteomics were confirmed 
by Western Blotting. (A) Synaptosomal fractions (SMP) and total proteins were isolated 
from mPFC and NA of independent sets of animals and analyzed by immunoblotting using 
antibodies against tenascin-R (Tnr), brevican (Bcan) and calcium channel beta 4 subunit 
(Cacnb4). (B) Levels of immuno-detected bands were normalized to proteins on a 
coomassie stained gel that was run in parallel. (C) Optical densities (blot, coomassie) were 
analyzed and set to the saline control. A significant decrease was detected in the abundance 
of Tnr (180 kDa and 160 kDa isoforms) and Bcan (145 kDa isoform and 80 kDa truncated 
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form) in mPFC SMPs, whereas in the same animals the expression of Cacnb4 was 
increased. Tnr and Bcan protein levels were unaltered in the total mPFC homogenate and 
NA SMPs. (D) Heroin induced changes in relative transcript levels of Tnr, Bcan, Gap43 
and Gprin1 in mPFC were studied using RT-qPCR. In line with the observed up-regulation 
of Gap43 protein abundance in the mPFC synaptic proteome, a significant induction of 
Gap43 mRNA was observed in mPFC after heroin SA. The mRNA level of ECM proteins 
Tnr and Bcan and outgrowth related protein Gprin1 was unaltered. All data are mean ± 
SEM. * p<0.05 (Mann Whitney U-test). 
 
 
Colocalization of tenascin-R and brevican in the mPFC 
Previously, a direct interaction between brevican and tenascin-R (30) and 
colocalization of brevican and tenascin-R immunoreactivity in PNNs in 
mid- and hindbrain was found (31). To establish that brevican and tenascin-
R colocalize in PNNs around mPFC neurons, we performed a double-
staining for both proteins on brain sections of naïve rats. Although tenascin-
R and brevican immunoreactivity could be observed at low levels 
throughout the entire frontal cortex, we observed an intense staining and 
complete overlap of brevican and tenascin-R proteins condensed in PNNs 
surrounding a subset of neurons within the mPFC (Fig. 3A). Next, 
identification of the neuronal subtypes covered by PNNs in mPFC was 
performed using wisteria floribunda agglutinin (WFA), an ubiquitous 
marker for CSPG (chondroitin sulfate proteoglycan) positive PNNs (22, 29), 
combined with the GABAergic interneuron marker parvalbumin. WFA-
positive PNNs mainly surround parvalbumin expressing interneurons in 
neocortex (32), but some PNNs envelope pyramidal neurons, the frequency 
of which differs between various regions of the cortex and even within 
subfields of cortical areas (33, 34). We found that WFA positive PNNs in 
infralimbic, prelimbic and anterior cingulate area of the mPFC always 
localized around parvalbumin expressing interneurons. This excludes the 
possibility that mPFC pyramidal neurons are also surrounded by PNNs (Fig. 
3B), and implies that the observed change in ECM proteins occurs 
specifically at synapses on GABAergic interneurons. 
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Figure 3 Immunohistochemical identification of PNNs in the mPFC. (A) Colocalization of 
tenascin-R and brevican in PNNs in the mPFC. Sections were double-stained using 
tenascin-R (Tnr; green) and brevican (Bcan; red) specific antibodies and analyzed by 
confocal microscopy. Immunoreactivity of tenascin-R and brevican is colocalized (merged 
image) in PNNs (white arrows) surrounding a subset of neurons in the anterior cingulate, 
prelimbic and infralimbic area of the mPFC. (B) PNNs are associated exclusively with 
parvalbumin expressing mPFC interneurons. Biotinylated-WFA (green) was used to detect 
CSPG-containing PNNs in combination with a parvalbumin-specific antibody (red). In the 
entire mPFC, all PNNs are localized around parvalbumin-positive interneurons (merged 
image). Scale bar: 20 μm. 
 
 
GABAergic transmission is increased after cue-induced reinstatement 
Recently, it was shown that chondroitinase ABC-induced degradation of 
PNNs increased the excitability of fast-spiking GABAergic interneurons in 
primary cultures (35). Moreover, GABAergic modulation in the prelimbic 
area enhances cue-induced reinstatement of heroin seeking behavior (18). 
Thus, the long-lasting decrease of PNNs surrounding GABAergic 
interneurons in mPFC could provide a mechanism by which previously  
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Figure 4 Cue-induced enhancement of GABAergic inhibition of mPFC pyramidal neurons. 
(A) Example traces of whole-cell recordings from mPFC pyramidal neurons in control and 
heroin SA animals that were re-exposed (cue) or un-exposed (no cue) to the cues. (B) 
Average IPSC frequency in all neurons recorded during a 3-minute period (10 second bins). 
(C) Summary data and statistical analysis: average IPSC frequency was significantly higher 
in heroin animals upon cue re-exposure. An ANOVA with treatment (heroin/saline) and cue 
(cue/no cue) as between factors revealed a significant treatment effect (F(1,72)= 4.78; 
P=0.032), an effect of cue (F(1,72)= 5.74, P=0.019), and an interaction for treatment and cue 
(F(1,72)= 7.73, *: P=0.007). IPCS amplitude and decay time constant remained unaltered 
upon cue re-exposure. 
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heroin-conditioned cues regain value due to altered GABAergic 
transmission. Therefore, we investigated whether GABAergic synaptic 
transmission in the mPFC was altered after long-term cessation of heroin 
SA and immediately after cue-induced reinstatement of heroin seeking (SI 
Fig. 2). Animals with a history of saline SA served as controls. Whole-cell 
recordings were made from pyramidal neurons in acute brain slices of 
mPFC and spontaneous inhibitory postsynaptic currents (IPSCs) were 
monitored (Fig. 4). We found that IPSC frequency was almost doubled in 
animals re-exposed to heroin-conditioned cues (ANOVA, p<0.01, Fig. 4). 
The frequency of IPSCs did not differ between heroin SA animals that were 
not cue-exposed and saline control animals (Fig. 4B, C), indicating that 
specifically the presentation of heroin-conditioned cues strongly increased 
inhibition of mPFC pyramidal neurons. IPSC amplitude and decay time 
constant were unchanged by heroin SA and cue presentation (Fig. 4C). 
 
FN-439 attenuates cue-induced heroin seeking 
Degradation and remodeling of the ECM is determined by the action of 
metalloproteinases (MMPs), a group of zinc-containing proteolytic enzymes 
and their endogenous antagonists, the tissue inhibitors of MMPs. In order to 
show a direct relationship between the long-lasting down-regulation of 
ECM proteins and reinstatement of heroin seeking, we injected animals with 
the broad spectrum metalloproteinase inhibitor FN-439 (36), via 
intracerebral ventricular (ICV) microinjection 90 min before the first 
reinstatement test (37). A second reinstatement test was performed 24 hrs 
later. Presentation of cues in control rats reliably reinstated responding in 
the active hole both on the first and the second test day (Fig. 5A). A 
repeated measures ANOVA with treatment (FN-439) as between factor and 
test day as within factor revealed a significant treatment effect (p<0.05), an 
effect of test day (p<0.01), but no interaction between treatment and test 
day, indicating that FN-439 treated animals showed an overall reduction in 
cue-induced reinstatement of heroin seeking (Fig. 5A). To determine the 
consequence of the FN-439 treatment on ECM protein levels in mPFC 
synapses, we analyzed brevican and tenascin-R levels in mPFC SMP 
fractions of these animals 3 hours after the last reinstatement test. Indeed, in 
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FN-439 treated animals, different isoforms of tenascin-R and brevican were 
present at higher levels compared with vehicle-treated animals (Fig 5B, C), 
indicating that restoring expression levels of ECM proteins that were 
previously down-regulated by heroin reduces responding to heroin-
conditioned cues. 
 
 

 
Figure 5 FN-439 treatment attenuates cue-induced heroin seeking. (A) ICV injection of 
FN-439 attenuated cue-induced heroin seeking as compared to vehicle (aCSF; n=7-9 per 
treatment). A repeated measures ANOVA with treatment as between factor and test as 
within factor revealed a significant FN-439 treatment effect (F(1,31)=5.85; P=0.03), and an 
effect of test (F(1,31)= 9.66, P=0.01), but no interaction between treatment and test. Nose-
poking in the inactive hole was not altered by FN-439 treatment (data not shown). (B) 
Three hours after the last reinstatement test, synaptosomal fractions (SMP) were isolated 
from the mPFC of these animals and analyzed by immunoblotting using antibodies against 
tenascin-R (Tnr) and brevican (Bcan). Optical densities (β-actin, coomassie) were analyzed 
and set to the vehicle control. A significant increase was detected in the abundance of Tnr 
(180 kDa and 160 kDa isoforms) and Bcan (145 kDa isoform), and a trend for the 80 kDa 
Bcan isoform (#p<0.07). * p<0.05 
 
 
Discussion 
The persistent nature of drug seeking behavior is believed to be caused by 
long-lasting alterations in neuronal circuitries involved in motivational and 
cognitive processing; in brain areas including mPFC and NA. Here, using 
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iTRAQ-based proteomics, a high-throughput approach that allows subtle 
changes in proteins to be probed directly (26, 27), we show that heroin SA 
leads to persistent changes in the mPFC and NA synaptic proteome. 
Regulated proteins could be classified into several functional groups, 
including a profound change in abundance of components of the ECM and 
PNNs in the mPFC after heroin SA. 
 
Long-term adaptation of the ECM 
PNNs are net-like structures of the brain ECM that surround cell bodies, 
proximal dendrites, synapses and the axon initial segment of a subset of 
neurons in the CNS (21, 38). During development of the nervous system, 
the ECM is suggested to play a role in cell adhesion, cell migration and 
axon guidance (39, 40), whereas in the adult brain ECM proteins condensed 
in PNNs are suggested to maintain established neuronal connections (41). 
Apart from a role in structural plasticity, PNNs might act in the context of 
buffers for neurotransmitter release, electrical insulation and growth factor 
supply of synapses (21, 38). Degradation of PNNs, by treatment with 
chondroitinase ABC, results in functional recovery of cortical plasticity (22, 
23) and promotes functional recovery of nervous system injury (42). 

We found that heroin SA leads to a decrease in the abundance of 
brevican, tenascin-R and hyaluronan and proteoglycan link protein 1 
(Hapln1), all constituents of PNNs, locally at the synapse. Brevican, a 
nervous system specific CSPG, interacts with its C-type lectin domain with 
the ECM glycoprotein tenascin-R (30) and PNNs display a less structured 
and more diffuse appearance in mice that are deficient for these proteins 
(43, 44). Furthermore, LTP is impaired in mice that lack brevican or 
tenascin-R, implicating a role of PNNs in synaptic plasticity mechanisms 
(44, 45). Link proteins, such as Hapln1, are thought to play an important 
role in formation and stability of PNNs (46). Brevican and tenascin-R 
immunoreactivity colocalizes in PNNs in midbrain and hindbrain (31). 
Indeed, we observed that throughout the mPFC, brevican and tenascin-R 
always colocalize in PNNs, supporting the observed co-regulated decrease 
in expression after heroin SA and the possibility of interaction of these 
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proteins. The specific down-regulation of ECM proteins at the synapse 
suggests that these molecules are locally degraded by MMPs. 
 
PNNs and GABAergic transmission 
In the mPFC, PNNs are exclusively associated with parvalbumin 
immunoreactive GABAergic interneurons. Parvalbumin expressing neurons 
are fast-spiking inhibitory interneurons (47, 48). Therefore, reduction of 
ECM molecules may lead to a persistent alteration in the structural stability 
or physiological properties of synapses at fast-spiking GABAergic 
interneurons. Interestingly, GABAergic interneurons in the neocortex exert 
powerful inhibitory control over the excitatory output of pyramidal neurons 
(49, 50). Therefore, it is thought that GABAergic modulation within the 
mPFC is an important regulator of inhibitory control over behavior (51, 52). 
Here, we showed that cue-induced reinstatement of heroin seeking is 
associated with almost a doubling of the frequency of IPSCs at mPFC 
pyramidal neurons. At the same time, the decay time constant and amplitude 
of IPSCs was unchanged, pointing to a specific increase in presynaptic 
GABA release rather than a postsynaptic change in inhibitory transmission. 
This is in line with an earlier observation that infusion of GABA receptor 
agonists muscimol and baclofen in the mPFC enhanced cue-induced 
reinstatement of heroin seeking (18). Similarly, mPFC GABAergic 
transmission appears critically involved in cocaine addiction (52), and 
relapse to cocaine seeking (51, 53). In support of our findings, enhanced 
activation of prelimbic GABAergic interneurons was observed during 
cocaine seeking in a conditioned place preference paradigm (54). Molecular 
changes in PNN constituents may account for changes in responsivity of 
GABAergic interneurons to heroin-conditioned cues, as it was previously 
shown that degradation of PNNs enhances the excitability of GABAergic 
interneurons (35). Consequently, excitatory output from mPFC to other 
brain areas, such as NA, may be diminished. Thus, our findings suggest that 
changes in levels of ECM proteins surrounding synapses at fast-spiking 
GABAergic interneurons are important for heroin’s long-term effect to 
regulate excitatory output from mPFC and control over relapse to heroin 
seeking. 
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Interaction of L-type calcium channels with the ECM 
We found a significant up-regulation of Cacnb4 in the mPFC synaptic 
proteome after heroin SA. Interestingly, formation of PNNs in an 
organotypic slice culture can be blocked using an L-type specific voltage 
dependent calcium channel (VDCC) blocker (29). LTP that is dependent on 
L-type VDCC is impaired in mice that are deficient for the ECM protein 
tenascin-C, whereas NMDA-receptor mediated LTP and forms of VDCC-
independent LTP are unaffected (28). Although the mechanism underlying 
the interaction of PNNs with L-type VDCCs is not fully understood, heroin 
SA may alter synaptic plasticity at fast-spiking GABAergic interneurons 
through this interaction. 
 
Role of ECM in heroin relapse 
The final step in this study was to determine whether the observed changes 
in the ECM are indeed involved in the vulnerability to relapse to heroin 
seeking following long-term abstinence. To that end, we counteracted the 
heroin-induced break-down of the ECM with the MMP inhibitor FN-439. 
This inhibition of MMP activity increased synaptic levels of tenascin-R and 
brevican in mPFC and attenuated cue-induced reinstatement of heroin 
seeking. Thus, long-term modulation of PNNs in the mPFC may represent a 
novel mechanistic element by which heroin-conditioned cues regulate 
excitatory output from this brain area, thereby affecting inhibitory control 
over behavior. Together with the recent observation that MMP activity may 
also modulate the motivational properties of cocaine (37), our experiments 
suggest that long-term adaptation of the ECM may play a more general role 
in the persistence of drug seeking behavior. 
 
Concluding remarks 
Here, we show that heroin SA induces long-term changes in the synaptic 
proteome of mPFC and NA. The most prominent finding is altered 
expression of ECM proteins that are constituents of PNNs surrounding 
synapses at fast-spiking mPFC GABAergic interneurons, and a concomitant 
change in GABAergic transmission after re-exposure to heroin-conditioned 
cues. Our data may indicate that ECM proteins are part of a mechanism that 
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alters cue-conditioned responsivity of mPFC GABAergic interneurons and 
underlies vulnerability for relapse to heroin seeking after prolonged 
abstinence. Hence, preventing ECM down-regulation may be a good 
therapeutic entry point into modulation of synaptic activity involved in 
relapse to drug taking. 
 
Material and Methods 
 
Animals 
Male Wistar rats (Harlan, Horst, The Netherlands) weighing 280-300 g on 
the day of arrival were single housed on a reversed 12-h light-dark cycle 
with standard food (Teklad, Harlan, Horst, The Netherlands) and water 
available ad libitum. Rats were accustomed to the housing facilities at least 
7 days prior to the start of the experiments. All experiments were approved 
by the Animal Users Care Committee of the Vrije Universiteit. 
 
Proteomics analyses of heroin SA rats 
Animals: 
Heroin SA rats (n=6) and their saline SA controls (n=6) were implanted 
with jugular vein catheters and allowed to recover from surgery for at least 1 
week (55). 
Self-administration phase: Rats were trained to self-administer heroin (100 
µg/kg, diacetylmorphine-HCL, OPG, The Netherlands) in operant cages 
(TSE, Bad Homberg, Germany) in once daily sessions (3 h) during the 
lights-off period for a total of 16 sessions (18). For details see SI Materials 
and Methods. 
Abstinence phase: After the final SA session rats were left undisturbed in 
their home-cages for 21 days. On the 21st day of heroin abstinence, rats were 
decapitated and brains were rapidly frozen using ice-cold (-50° C) 
isopentane and stored at -80° C until further use. 
Tissue preparation, iTRAQ labeling and 2DLC-MS/MS: 
The NA and mPFC were dissected freehand at -20° C from 1 mm thick 
brain slices. Bregma coordinates were inferred from the Paxinos and 
Watson rat brain atlas: mPFC (3.7 to 2.7 mm, comprising infralimbic, 
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prelimbic and anterior cingulate area) and NA (2.1 to 1.1 mm, comprising 
shell and core area). Subsequently, brain tissue of 3 animals was pooled (SI 
Fig. 1). 
Synaptic membrane preparation: The four samples were processed 
simultaneously and synaptic membranes were isolated as described 
previously (56) with minor modifications (SI Materials and Methods). 
Protein digestion and iTRAQ labeling: Trypsin digestion of synaptic 
membrane proteins and iTRAQ labeling of peptides was performed as 
described in the iTRAQ reagent kit manual (Applied Biosystems, Foster 
City, CA; SI Materials and Methods). 
Two dimensional liquid chromatography (2DLC): The dried iTRAQ sample 
was separated on a polysulphoethyl A column (PolyLC), and subsequently 
on a C18 trap column and an analytical capillary C18 column The eluent 
was mixed with MALDI-matrix, delivered at a flow rate of 1.5 µl/min and 
robotically deposited off-line to the Applied Biosystems metal target every 
15 s for a total of 192 spots (SI Materials and Methods). 
Mass spectrometry (MS/MS): MALDI plates were analyzed on a 4700 
proteomics analyzer (Applied Biosystems, Foster City, CA). Peptide CID 
was performed at 1 kV with nitrogen collision gas. MS/MS spectra were 
collected from 5000 laser shots. Peptides with signal to noise ratio above 50 
at the MS mode were selected for MS/MS, at a maximum of 30 MS/MS per 
spot. The precursor mass window was set at 180 relative resolution 
(FWHM). 
MS data analysis and statistics:  
Protein identification: MS/MS spectra were searched against the rat 
database (Swissprot and NCBI) using GPS Explorer (Applied Biosystems, 
Foster City, CA) and Mascot (MatrixScience). Next, a library was generated 
containing all annotated peptides with a confidence interval (C.I.) higher 
than 20%. Database redundancy and sequence redundancy were removed. 
Hence, quantification was performed only on those peptides that were 
annotated to a single protein, and are referred to as ‘unique peptides’. Only 
proteins with ≥ 3 peptides, of which at least one peptide had a C.I. ≥ 95%, 
were selected for quantification and statistical analysis (SI Materials and 
Methods). Gene Ontology (GO) protein functional classification was 
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performed with the Gene Ontology Tree Machine (GOTM, 
http://bioinfo.vanderbilt.edu/gotm/). 
Protein quantification: iTRAQ areas (m/z 114-117) were extracted from 
raw spectra and corrected for isotopic overlap using GPS explorer. To 
compensate for the possible variations in the starting amounts of the 
samples, the individual peak areas of each iTRAQ signature peak were log2 
transformed to obtain a normal distribution and then normalized to the mean 
peak area for each sample. Significant protein regulation was determined by 
comparing the average iTRAQ area of label 114 and 116 (saline groups) 
with the average iTRAQ area of label 115 and 117 (heroin groups) of all 
unique peptides that were annotated to a protein  (log2-scale; Student’s t-test 
p<0.05). In addition, the standard deviation (σ) was calculated from the 
heroine to saline ratios of all quantified proteins. This σ was taken into 
consideration when evaluating the relevance of heroin-induced changes in 
protein expression (26, 57, 58). 
Immunoblotting: 
For immunoblotting, mPFC and NA synaptosomal fractions and total 
protein were isolated from additional groups of animals that self-
administered heroin or saline (n=3) as described above. Protein pellets of 
individual samples were subsequently treated with chondroitinase ABC 
(Sigma Aldrich, Zijndrecht, Netherlands) at 0.5 U/50 μg protein for 90 min 
at 37° C. SDS-PAGE and immunoblotting were performed according to 
standard protocols (for details: SI Materials and Methods). 
 
Real-Time quantitative PCR 
Heroin induced changes in transcript levels were analyzed from the mPFC 
of an independent group of rats (n=6-7) using RT-qPCR as described 
previously (59). Transcript specific primers were designed for a selection of 
ECM proteins and growth promoting proteins (see SI Table 3). For all 
statistical calculations, the absolute amount of normalized transcript of 
interest, C * E−Ct / NF (C = 107) was used. 
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Immunohistochemistry (IHC) 
The labeling of PNNs using WFA (marker for CSPG positive PNNs), ECM 
proteins and parvalbumin immunoreactive neurons was performed 
according to standard protocols (for details; SI Materials and Methods). 
 
Electrophysiology 
Separate groups of rats trained to self-administer heroin or saline were used 
for recordings of IPSCs following both cue and no cue exposure tests (n=5). 
Rats were trained to self-administer heroin followed by once daily 
extinction sessions (60 min) for a total of 14-19 sessions, spanning a 
withdrawal time of 19-23 days (18). On the test day, rats were either 
exposed to the discriminative cue with nose-poking resulting in the 
presentation of the discrete cue (yellow light and audio cue), or underwent 
another extinction session for 30 min. Immediately following reinstatement 
testing, rats were decapitated and brains were rapidly removed and put in 
ice-cold artificial cerebrospinal fluid (ACSF) which contained (in mM): 
NaCl 125; KCl 3; NaH2PO4 1.25; MgSO4 3; CaCl2 1; NaHCO3 26; glucose 
10; 300 mOsm. 
Coronal mPFC slices of 350 um thickness were prepared in sucrose-
containing ACSF consisting of (in mM) KCl 3.5; CaCL2 2.4; MgSO4*7H2O 
1.3; KH2PO4 1.2; Sucrose 215.5; NaHCO3 26; D-glucose 10. Slices were 
stored in holding chambers containing normal ACSF consisting of (in mM): 
NaCl 125; KCl 3; NaH2PO4 1.25; MgSO4 2; CaCl2 1; NaHCO3 26; glucose 
10, bubbled with carbogen gas (95% O2/ 5% CO2). Pyramidal neurons and 
interneurons in the mPFC were visualized and whole-cell recordings from 
pyramidal neurons in infralimbic and prelimbic area were made using 
standard (electrophysiological) techniques (60). The pipette medium 
contained (in mM) Cs gluconate 120; CsCl 10; NaCl 8; MgATP 2; 
phosphocreatine 10; EGTA 0.2; HEPES 10; Tris GTP 0.3, QX 314-Cl 1. 
IPSCs were detected and analyzed off-line using Synaptosoft (Delaware, 
GA) software. Statistical significance was tested using 2-factor ANOVA. 
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FN-439 intervention 
Rats (n=7-9 per group) were implanted with jugular vein catheters as 
described above and for injection into the right lateral ventricle, a guide 
cannula (Plastics One 26-gauge) was stereotaxically placed against the dura 
with the coordinates anterior posterior -0.8 mm and lateral 1.3 mm relative 
to bregma and thereafter securely fastened to the skull by acrylic dental 
cement.  
FN-439 (35 µg; Sigma Aldrich, Zwijndrecht, Netherlands) was injected 90 
min before the first reinstatement test (28). The micro-injector (30-gauge) 
penetrated 3.7 mm below the dura and the compound was infused in a 
volume of 5 μl over 60 s. The injector was left in situ for another 120 s. 
For immunoblotting after reinstatement testing (for description see above), 
rats were decapitated and brains were rapidly frozen using ice-cold (-50° C) 
isopentane and stored at -80° C until further use. 
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Supplementary Methods 
 
Heroin self-administration (SA): 
Acquisition of heroin SA started with a fixed ratio (FR1, number of nose-
pokes to obtain one infusion) schedule of reinforcement for 10 sessions. 
When rats gave stable responses, response requirement was increased to a 
FR2 (2 sessions) followed by a FR4 (4 sessions) schedule of reinforcement. 
Successful acquisition was acquired when nose-poking in the active (heroin-
paired) hole increased with each increase in the FR schedule. Heroin control 
groups received an i.v. saline infusion and associated cues upon nose-
poking in the active hole. 
 
Synaptic membrane isolation: 
Pools of dissected brain tissue were homogenized in ice-cold 0.32 M 
sucrose buffer at pH 7.4 and centrifuged at 1000 x g for 10 min. Supernatant 
was loaded on top of a discontinuous sucrose gradient consisting of 0.85 M 
and 1.2 M sucrose. After centrifugation for 2 h at 110 000 x g, the 
synaptosomal fraction at the interface of 0.85 M and 1.2 M sucrose was 
collected and lysed in hypotonic solution. The resulting synaptic membranes 
were recovered by centrifugation using the discontinuous sucrose gradient 
as described above. The synaptic membrane fraction was collected from the 
0.85 M/1.2 M interphase and protein concentrations were determined using 
a Bradford assay (Bio-Rad). For each sample, 100 μg of protein was used 
for iTRAQTM labeling. Finally, synaptic membrane fractions were dried in a 
speedvac overnight (ON). 
 
Protein digestion and iTRAQ labeling: 
Synaptic membranes were resuspended in 28 µl of dissolution buffer and 
2µl cleavage reagent (iTRAQ reagent kit, with 0.85% RapiGest (Waters, 
Milford, MA) to solubilize synaptic membranes. After incubation for 1 h, 1 
µl of cys blocking buffer (Applied Biosystems) was added and vortexed for 
20 min. Next, 10 µl of trypsin (Promega, Leiden, Netherlands) dissolved in 
water was added and incubated ON at 37° C. The trypsinized peptides were 
then tagged with iTRAQ reagents dissolved in 80 µl ethanol. Peptides from 
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the saline groups were labeled with iTRAQ reagents 114 and 116 and 
heroine groups with iTRAQ reagents 115 and 117. After incubation for 3 h 
the four samples were pooled and acidified with 10% TFA to pH 2.5-3.0. 
After 1 h, the final sample was centrifuged and the supernatant was dried in 
a SpeedVac overnight. 
 
Two dimensional liquid chromatography (2DLC):  
The dried iTRAQ sample was dissolved in 300 µl of loading buffer (20% 
acetonitrile, 10 mM KH2PO4, pH 2.9) and loaded into a polysulphoethyl A 
column (PolyLC). Peptides were eluted with a linear gradient of 0-500 mM 
KCl in 20% acetonitrile, 10 mM KH2PO4, pH 2.9, over 25 min at a flow rate 
of 50 µl/min. Fractions were collected at 1-min intervals. In the second 
dimensional liquid chromatography separation, peptides were delivered with 
a FAMOS autosampler at 30 µl/min to a C18 trap column (1 mm x 300 µM 
i.d. column) and separated on an analytical capillary C18 column (150 mm 
x 100 µm i.d. column) at 500 nl/min using the LC-Packing Ultimate system. 
Peptides were separated using a linear increase in concentration of 
acetonitrile from 5-50% in 30 min, and up to 100% in 5 min. The eluent was 
mixed with matrix (7 mg α-cyano-hydroxycinnaminic acid in 1 ml 50% 
acetonitrile, 0.1% TFA, 10 mM dicitrate ammonium) delivered at a flow 
rate of 1.5 µl/min and deposited off-line to the Applied Biosystems metal 
target every 15 s for a total of 192 spots using a robot (Dionex, Sunnyvale, 
CA). 
 
MS data analysis and statistics:  
Protein identification: MS/MS spectra were searched against the rat 
database (Swissprot and NCBI) using GPS Explorer (Applied Biosystems) 
and Mascot (MatrixScience; http://www.matrixscience.com) with trypsin 
specificity and fixed iTRAQ modification at lysine residues and the N-
termini of peptides. Mass tolerance was 100 ppm for precursor ions and 0.5 
Da for fragment ions; one missed cleavage was allowed. Next, a library was 
generated containing all peptides that were annotated with the Swissprot rat 
database and a confidence interval (C.I.) higher than 20%. If a spectrum 
could not be annotated using Swissprot database, a second Mascot search 
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was performed in the larger but more redundant NCBI database. Next, 
database redundancy (multiple accession numbers for a single protein) and 
sequence redundancy (peptide sequences annotated to multiple proteins) 
were removed. First, database redundancy was removed through clustering 
of full-length protein NCBI sequences that shared more than 90% similarity 
over 85% of the sequence length with SwissProt sequences. Then, all 
peptides were matched against the generated protein clusters. Peptides 
matched to more than one protein represent common protein motifs and 
were excluded for protein identification and quantification. Hence, 
quantification was performed only on those peptides that were annotated to 
a single protein, and are referred to as ‘unique peptides’. Only proteins with 
a minimum of 3 peptides, of which at least one peptide was identified with a 
C.I. higher than 95%, were selected for quantification and statistical 
analysis. Gene Ontology (GO) protein functional classification was 
performed with the Gene Ontology Tree Machine (GOTM, 
http://bioinfo.vanderbilt.edu/gotm/). 
 
Immunoblotting: 
Proteins were resolved in Laemmli sample buffer. Separation of proteins by 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on 8% gels under 
reducing conditions and transfer of proteins onto PVDF membrane was 
performed according to standard protocols. Blots were incubated at 4° C ON 
with primary antibodies: rabbit anti-brevican (1:10,000; Dr. C. 
Seidenbecher, Magdeburg, Germany), mouse anti-Tenascin-R (1:2000; Dr. 
P. Pesheva, Bonn, Germany) or rabbit anti-calcium channel beta 4 subunit 
(1:100; Exalpha Biologicals Inc., Maynard, MA). Immunodetection was 
performed using the ECF western blotting detection system (GE Healthcare, 
Diegem, Belgium) and blots were scanned with the FLA-5000 (Fuji Photo 
Film Corp.). Relative amounts of immunoreactivity were quantified using 
the Quantity One software package (Bio-Rad, Hercules, CA). 
 
Immunohistochemistry: 
Rats were perfused with 4% paraformaldehyde in 125 mM phospate buffer, 
pH 7.4. Series of frontal sections were cut at 35 μm with a freezing 
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microtome and stored in cryoprotectant. Sections were incubated ON at 4° 
C with biotinylated-WFA (5 μg/mL, Sigma-Aldrich) and one or more of the 
following primary antibodies: rabbit anti-brevican (1:5000), mouse anti-
Tenascin-R (1:1000), mouse anti-parvalbumin (1:1000 Sigma-Aldrich). 
Subsequently, sections were incubated with streptavidin-conjugated to the 
fluorescent Cy2 and one or more of the following secondary antibodies: 
donkey anti-mouse conjugated to Cy3 and goat anti-rabbit conjugated to 
Cy5 (all 1:400, Jackson Immunoresearch Laboratories Inc., Suffolk, UK). 
Colocalization of proteins was analyzed by confocal microscopy (LSM 510, 
Zeiss, Sliedrecht, Netherlands). 
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Supplementary Figures 
 
 

 
SI Figure 1: Schematic view of the iTRAQ proteomics experimental design. First, 
dissected brain areas (mPFC or NA) from heroin and saline animals were divided into two 
independent pools. Subsequently, synaptic membranes were isolated, proteins were 
digested with trypsin and peptides were labeled with iTRAQ reagents. After labeling, 
peptides from the 4 different pools were combined and analyzed by 2DLC-MS/MS. This 
procedure was followed for the mPFC and the NA. 
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SI Figure 2: Cue-induced reinstatement of heroin seeking behavior. Re-exposure to the 
compound visual and auditory cue and the ability to respond for these cues reinstated 
responding in the active (previously heroin-paired) hole. Inactive nose-pokes did not 
increase significantly after cue exposure. Bars represent mean number of nose pokes ± 
SEM. * p<0.01 (Students t-test) for between group difference of responses in active hole 
and within group difference of active and inactive responses. 
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Supplementary Tables 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SI Table 1: Number of peptides and proteins included at each stage of data analysis for the 
iTRAQ-based proteomics experiments in the mPFC and NA. After database searching, 
approximately ~60% of the measured peptides were annotated for mPFC and NA. The 
subsequent reduction in number of peptide and protein annotations by data analysis and 
inclusion criteria was necessary to improve reproducibility of protein identification and 
quantification (see Materials and Methods). 
 
 
 
 
 
 
 
 
 
 
 
 

 mPFC NA 

 Peptides Proteins Peptides Proteins 
Measured 15711  17343  
Annotation: 

- > 20% CI 9506 1964 10121 1503 

Data analysis (alignments) 
- database redundancy 
- sequence redundancy 

6212 1824 4268 1415 

Inclusion criteria 
- ≥ 3 peptides per protein 
- Confidence > 95% 

4588 486 2994 362 

Regulation criteria 
- p<0.05 (t-test) 
- Reg. > average ± σ 

224 27 135 15 
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SI Table 2A: Heroin SA induced changes in the synaptic proteome mPFC, and the respective changes in NA. 

Acces. nr. Protein ID 
Gene 

Symbol 

nr. of 
unique 
pept. 

mPFC 

Reg ± SEM 
(log2) 

mPFC  
p-value 
mPFC 

Ratio 
Her-Sal 
mPFC 

nr. of 
unique 
pept. 
NA 

Reg ± SEM 
(log2) NA 

p-value 
NA 

Ratio 
Her-Sal 

NA 

Cell adhesion /Extracellular matrix   
P55068 Brevican core protein precursor Bcan 5 -0.33 ± 0.12 0.0495 0.80 5 -0.51 ± 0.24 0.1538 0.70 
6981668 Tenascin R Tnr 11 -0.33 ± 0.12 0.0195 0.80 8 -0.19 ± 0.08 0.0524 0.88 

P03994 Hyaluronan and proteoglycan link 
protein 1 precursor 

Hapln1 8 -0.25 ± 0.08 0.0183 0.84 7 -0.15 ± 0.12 0.2679 0.90 

109468364 similar to Catenin delta-1 Ctnnd1 4 -0.28 ± 0.09 0.0442 0.82 not identified in NA   
20302073 Cadherin 13 Cdh13 4 0.18 ± 0.05 0.0314 1.13 3 0.06 ± 0.22 0.8001 1.05 

Signal Transduction    
P10824 Guanine nucleotide-binding protein 

G(i), alpha-1 subunit 
Gnai1 5 0.27 ± 0.08 0.0286 1.20 4 -0.23 ± 0.06 0.0282 0.85 

P68182 cAMP-dependent protein kinase, 
beta-catalytic subunit (PKA Cβ)  

Prkacb 7 -0.28 ± 0.09 0.0248 0.82 7 -0.20 ± 0.06 0.0147 0.87 

16758606 Arg/Abl-interacting protein ArgBP2 Argbp2 8 0.17 ± 0.07 0.0432 1.12 not enough peptides for quantification 
P63322 Ras-related protein Ral-A Rala 4 0.26 ± 0.07 0.0399 1.20 not enough peptides for quantification 
Q6NYB7 Ras-related protein Rab-1A Rab1 9 0.15 ± 0.04 0.0033 1.11 7 0.07 ± 0.11 0.5577 1.05 
P08050 Gap junction alpha-1 protein 

(Connexin 43) 
Gja1 9 0.17 ± 0.06 0.0181 1.12 5 -0.07 ± 0.09 0.4515 0.95 

Neurotransmitter secretion   
13489067 N-ethylmaleimide sensitive fusion 

protein 
Nsf 20 0.13 ± 0.04 0.0055 1.10 16 0.06 ± 0.05 0.2419 1.04 

Q63537 Synapsin-2 Syn2 14 0.15 ± 0.07 0.0457 1.11 10 0.16 ± 0.06 0.0273 1.11 

Regulation of cell growth   
P07936 Neuromodulin (Axonal membrane 

protein GAP-43) 
Gap43 20 0.18 ± 0.07 0.0160 1.14 17 -0.07 ± 0.05 0.1766 0.95 

109504667 similar to G protein-regulated inducer 
of  neurite outgrowth1 

Gprin1 24 0.14 ± 0.03 0.0000 1.10 not identified in NA   

Metabolism   
P47858 6-phosphofructokinase  Pfkm 5 -0.19 ± 0.06 0.0275 0.88 5 -0.01 ± 0.10 0.9596 1.00 
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P11951 Cytochrome c oxidase polypeptide 
VIc-2  

Cox6c 7 -0.15 ± 0.03 0.0035 0.90 5 -0.06 ± 0.14 0.6858 0.96 

Q63362 NADH-ubiquinone oxidoreductase 13 
kDa-B subunit  

Ndufa5 5 -0.21 ± 0.04 0.0052 0.86 3 0.08 ± 0.03 0.1147 1.06 

27663138 NADH dehydrogenase (ubiquinone) 1 
alpha subcomplex, 6 

Ndufa6 4 -0.23 ± 0.06 0.0252 0.85 5 0.14 ± 0.12 0.2954 1.10 

109480482 similar to NADH dehydrogenase 
(ubiquinone) 1 alpha subcomplex, 12 

Ndufa12 5 -0.30 ± 0.08 0.0216 0.81 not identified in NA   

55926203 Isocitrate dehydrogenase 3 (NAD+) 
beta  

Idh3B 6 0.28 ± 0.08 0.0147 1.22 6 0.12 ± 0.11 0.3488 1.08 

P19234 NADH-ubiquinone oxidoreductase 24 
kDa subunit 

Ndufv2 6 -0.26 ± 0.07 0.0173 0.84 6 0.1 ± 0.14 0.5336 1.07 

Ion transport  
34854665 calcium channel beta-4 subunit Cacnb4 3 0.52 ± 0.11 0.0423 1.44 not enough peptides for quantification 

Other    
37812499 Optic atrophy 1-like protein Opa1 9 -0.19 ± 0.08 0.0463 0.88 not identified in NA   
P63018 Heat shock cognate 71 kDa protein Hspa8 12 -0.18 ± 0.05 0.0062 0.89 13 0.07 ± 0.07 0.3365 1.05 
Q9QZR6 Septin 9 Sept9 6 -0.16 ± 0.06 0.0363 0.89 not enough peptides for quantification 
109480904 similar to lymphocyte antigen 6 

complex, locus H 
Ly6h 4 0.22 ± 0.04 0.0142 1.16 not identified in NA   

 
SI Table 2B: Heroin SA induced changes in the synaptic proteome of the NA, and the respective changes in mPFC. 

Acces. nr. Protein ID 
Gene 

Symbol 

nr. of 
unique 
pept. 
NA 

Reg ± SEM 
(log2) NA  

p-value 
NA 

Ratio 
Her-Sal 

NA 

nr. of 
unique 
pept. 

mPFC 
Reg ± SEM 

(log2) mPFC 
p-value 
mPFC 

Ratio 
Her-Sal 
mPFC 

Cell adhesion   
Q63198 Contactin-1 precursor Cntn1 24 -0.22 ± 0.05 0.0003 0.86 36 0.03 ± 0.05 0.5182 1.02 

Signal Transduction  
P10824 Guanine nucleotide-binding protein 

G(i), alpha-1 subunit 
Gnai1 4 -0.23 ± 0.06 0.0282 0.85 5 0.27 ± 0.08 0.0286 1.20 

P68182 cAMP-dependent protein kinase, 
beta-catalytic subunit (PKA Cβ) 

Prkacb 7 -0.20 ± 0.06 0.0147 0.87 7 -0.28 ± 0.09 0.0248 0.82 
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P30904 Macrophage migration inhibitory 
factor 

Mif 3 -0.16 ± 0.04 0.0478 0.90 not enough peptides for quantification 

Q5XIH7 Prohibitin-2 (BAP-37) Phb2 14 -0.24 ± 0.11 0.0438 0.85 not identified in mPFC 

Regulation of cell growth  
Q05175 Brain acid soluble protein 1  Basp1 5 0.37 ± 0.10 0.0009 1.29 10 0.14 ± 0.07 0.0808 1.11 
P47942 Dihydropyrimidinase-related protein 

2 (TOAD-64) 
Dpysl2 8 0.23 ± 0.10 0.0457 1.17 10 0.02 ± 0.03 0.5983 1.01 

Metabolism  
P50554 4-aminobutyrate aminotransferase  Abat 8 0.32 ± 0.12 0.0400 1.25 4 0.13 ± 0.05 0.0641 1.10 
P29419 ATP synthase, H+ transporting, 

mitochondrial F0 complex, subunit e 
Atp5i 5 0.45 ± 0.12 0.0179 1.36 5 0.04 ± 0.01 0.0199 1.03 

P48500 Triosephosphate isomerase Tpi1 6 0.21 ± 0.08 0.0476 1.16 5 0.26 ± 0.24 0.3487 1.19 
P16036 Phosphate carrier protein, 

mitochondrial precursor  
Slc25a3 12 0.20 ± 0.08 0.0432 1.15 14 -0.04 ± 0.04 0.3448 0.97 

Q9ER34 Aconitate hydratase, mitochondrial 
precursor 

Aco2 24 0.20 ± 0.06 0.0056 1.15 22 0.11 ± 0.04 0.0176 1.08 

27717677 similar to NADH dehydrogenase 
(ubiquinone) 1 alpha subcomplex, 7 

Ndufa7 5 0.19 ± 0.04 0.0073 1.14 not enough peptides for quantification 

P29418 ATP synthase, H+ transporting, 
mitochondrial F1 complex, epsilon 
subunit 

Atp5e 4 -0.38 ± 0.09 0.0247 0.77 5 -0.11 ± 0.12 0.4113 0.92 

Ion transport  
P13638 Na+/K+ transporting ATPase beta-2 

chain 
Atp1b2 6 -0.34 ± 0.05 0.0014 0.79 10 0.02 ± 0.06 0.6734 1.02 

SI Table 2: Heroin induced alteration of synaptic protein levels in mPFC (A) and NA (B). Proteins (indicated by name and gene symbol) 
that showed a significant change (p<0.05) with a regulation (ratio; log2) that is more than the average ± σ are were classified based on 
their function (Gene Ontology). Accession numbers were derived from the rat SwissProt and NCBI database. Ratios are based on the 
average iTRAQ area abundance of two independent synaptic membrane fractions for each treatment. The four most right columns in both 
tables display the corresponding protein data for the other brain region. Note that several proteins are significantly regulated or show a 
similar trend in both brain regions. 
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Gene name Genbank Forward primer Reverse primer 
Reference genes 
GAPDH NM_017008 TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA 
NSE NM_139325 ACGTGGTTCCATTTCAAGATGAC CGAGCTTCAGTTAGTGCACCAA 
Genes coding for proteins found with iTRAQ-based proteomics 
brevican (Bcan) NM_012916 CCTCCCTTGTGCCTTTTGTTC TGACTATTCTGGTCCCCAGAGGT
tenascin R (Tnr) NM_013045 CAGAGGTGAGCGCTTTCAAAG GGAAACCGAGTCCCAGAGATTT 
growth associated protein 43 (Gap43) NM_017195 CACTGTACCCCGGTTTTTTGA GAACGGAACATTGCACACACA 
PREDICTED: Rattus norvegicus G 
protein-regulated inducer of neurite 
outgrowth 1 (Gprin 1) 

XM_344571 AGGCTGATCCCCTGGCTTTAT GAACTCGTTGAGGCCGTTTTC 

SI Table 3: Transcript specific primer sequences used for RT-qPCR. 
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Abstract 
Associative learning processes play an important role in relapse to heroin-
use. We show that cue-induced relapse to heroin-seeking in a rat self-
administration model is associated with down-regulation of α-amino-3-
hydroxy-5-methyl-4-isoxazole-propionate acid receptor (AMPA-R) subunits 
GluR2 and GluR3 and concomitant up-regulation of clathrin-coat assembly 
protein AP-2 mu1 in synaptic membranes of the medial prefrontal cortex 
(mPFC). Reduced AMPA-R surface expression was associated with 
decreases in AMPA-R-mediated excitatory postsynaptic currents (EPSCs) 
and synaptic strength in mPFC pyramidal neurons. Finally, systemic or 
ventral (but not dorsal) mPFC injections of a TAT-fused GluR2-derived 
peptide inhibiting clathrin-dependent GluR2 endocytosis, attenuated cue-
induced relapse to heroin-seeking, leaving sucrose-seeking unaffected. 
Hence, we conclude that AMPA-R endocytosis and the resulting synaptic 
depression in the ventral mPFC are critical for cue-induced relapse to 
heroin-seeking. As re-exposure to conditioned stimuli is a major cause for 
heroin relapse, inhibition of AMPA receptor endocytosis may provide a 
novel therapeutic target in heroin addiction treatment. 
 
Introduction 
In human heroin addicts, otherwise neutral environmental stimuli, such as 
paraphernalia associated with drug-taking, become over time associated 
with the drugs’ rewarding effects (1). Exposure to these heroin conditioned 
cues can provoke drug craving and subsequent relapse to drug use even after 
prolonged abstinence periods (1, 2). This associative learning process shares 
features with traditional learning models and likely involves mechanisms of 
synaptic plasticity (3). For instance, exposure to drugs of abuse induces 
long-term depression or potentiation (LTD and LTP) in neural circuits 
underlying natural reward learning (4). Some of these neuroadaptations are 
long-lasting (5, 6) which shows that drugs of abuse can persistently 
reconfigure neuronal circuitry function in the adult brain (7). However, the 
acute synaptic changes that take place immediately following re-exposure to 
drug-conditioned stimuli, and that may lead to resumption of drug seeking, 
have not been studied yet.  
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In our earlier work, we observed that re-exposure to cues previously 
associated with heroin self-administration leads to immediate early gene 
expression in the mPFC (8, 9). This indicates neuronal activation in a brain 
area known to be critically involved in cue-induced relapse to drug seeking 
in animal models (10-12). In the present study, we investigated acute 
changes in molecular composition and function of synapses in the mPFC 
upon re-exposure to heroin cues following long-term abstinence from heroin 
self-administration. Recent technological advances in identification of 
proteins through sensitive mass spectrometry and quantification by isotope 
labeling of proteins (iTRAQ), allowed us to measure acute and subtle 
changes in the abundance of proteins in synaptic membrane samples of the 
rat mPFC (13, 14). In particular, we show that surface expression of AMPA-
R in the mPFC is reduced after re-exposure to heroin cues. Accordingly, in 
glutamatergic excitatory synapses received by mPFC pyramidal neurons, 
AMPA receptor-mediated currents are reduced by almost 25%. Finally, 
animals in which clathrin-mediated endocytosis of AMPA-R is blocked 
specifically in the ventral mPFC show reduced cue-induced relapse to 
heroin seeking.  
 
Results 
Rats were trained in 3 hour sessions to nose poke for intravenous heroin 
infusions in the presence of audiovisual cues (Fig. 1a,b). Rats developed a 
stable preference for the active, heroin-paired hole. The substantial increase 
in number of nose-pokes in the active hole when the fixed ratio (FR) was 
doubled; from FR1 to FR2 and from FR2 to FR4, confirmed the 
motivational drive to self-administer heroin (Fig. 1b). Then, after a 3-week 
period of either abstinence in the animal’s home-cage, or extinction training 
in the operant cage in the absence of heroin and the heroin-associated 
audiovisual cues, rats were allowed to nose-poke for response-contingent 
cue presentations during the relapse tests. Rats that were not exposed to the 
cue served as controls. We found that these conditions induced robust 
relapse to heroin seeking, both in the extinction and abstinence group (Fig. 
1c).  
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Figure 1 Heroin acquisition and relapse. (a) Overview of the paradigm used. (b) Rats 
developed a stable preference for the active (heroin-paired) hole. Overall statistical analysis 
revealed an interaction for session x nose-poke hole (F14,1162=170.6; p<0.001). This shows 
that there was no a priori difference between groups. A- = Abstinence No cue; A+ = 
Abstinence Cue; E+ = Extinction Cue; E- = Extinction No cue. (c) Response-contingent 
presentation of the previously heroin-paired compound audiovisual stimuli after 21 days of 
either extinction training (Ext + cue), or after abstinence in the home cage (Abst + cue) 
induced robust resumption of responding in the formally heroin-associated (active) hole 
(F2,24=64.12; p<0.001). The Abst + cue group responded significantly more in the inactive 
hole compared to both extinction groups (F2,24=16.57; p<0.001) an effect often observed 
during a first extinction session. Control rats either underwent an additional extinction 
session (Ext no cue) or remained in the home-cage (Abst no cue, no data). *p<0.001 vs 
active Ext no cue, #p<0.001 vs Extinction groups.  
 
 
Cue-induced relapse alters abundance of proteins involved in AMPA-R 
endocytosis 
Immediately after the 30 min. relapse test, we dissected the mPFC and 
isolated a synaptic membrane fraction containing membrane proteins and 
associated proteins, using discontinuous sucrose gradients (15). Next, 
peptides were separated from tryptic protein digests using two-dimensional 
liquid chromatography. Peptides were identified by tandem mass 
spectrometry and quantified by iTRAQ technology, enabling detection of  
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Figure 2 Protein changes after cue-induced relapse to heroin seeking. After the relapse tests 
(60 min), the mPFC was dissected for synaptic membrane proteomics analysis. 
Quantification of iTRAQ-reagents revealed a cue-specific (2-factor ANOVA p<0.01) 
regulation of AMPA receptor subunits GluR2 and GluR3, clathrin-coat assembly protein 
AP2 mu1, NMDA2B receptor subunit (NR2B), β-catenin, and Calcium transporting 
ATPase1 (Atp2b1). *p<0.05 vs Abst no cue, #p<0.05 vs Ext no cue. For details see 
Supplementary Table 1. 
 
 
subtle changes in protein abundance (13, 14). Overall statistical analysis of 
three independent experiments, including the factors Cue (Cue, No cue) and 
heroin cessation condition (Abstinence, Extinction), revealed that from a 
total of 417 proteins identified, the abundance of 6 proteins was 
significantly (p<0.01) changed after cue-exposure independent of the 
experimental conditions after cessation of heroin SA (Fig. 2, see 
Supplementary Table 1). We observed a down-regulation of AMPA receptor 
(AMPA-R) subunits GluR2 (10%), GluR3 (15%), the NMDA receptor 
(NMDA-R) subtype 2B (NR2B; 10%), and an increase of the clathrin coat 
assembly protein AP-2 complex subunit mu-1 (Ap2m1, AP50; 11%). Levels 
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of the AMPA-R subunit GluR1 and NMDA-R subunit NR1 were unaffected 
by heroin-conditioned cue exposure (see Supplementary Table 1). 
Collectively, these observations suggest that exposure to heroin cues 
resulted in AP2-clathrin-mediated endocytosis of GluR2/3 AMPA-Rs (16-
18), consequently leading to synaptic depression in the mPFC. 
 
Cue-induced relapse reduces synaptic strength in mPFC pyramidal 
neurons 
To test whether changes in GluR2/3 AMPA-R protein levels were paralleled 
by changes in synaptic input received by mPFC pyramidal neurons, we 
recorded glutamatergic synaptic transmission in mPFC pyramidal neurons 
in acute brain slices immediately after rats were re-exposed to the heroin-
conditioned cues (30 min test). Rats with a history of saline SA served as 
additional control groups to determine whether glutamatergic synaptic 
transmission was altered by previous heroin intake. We determined the 
contributions of AMPA-R-mediated and NMDA-R-mediated currents to 
extracellularly evoked EPSCs by measuring current amplitudes at different 
membrane potentials (19, 20) (Fig. 3a), or from pharmacologically isolated 
AMPA and NMDA currents (19, 21) (see Supplementary Fig. 1). We found 
that in rats that were re-exposed to heroin-conditioned cues, AMPA/NMDA 
current ratios were significantly reduced compared with rats that were not 
cue-exposed (Fig. 3b, see Supplementary Fig. 1). This reduction resulted 
specifically from a decrease in AMPA current amplitude (Fig. 3c). 
AMPA/NMDA current ratios in the saline control groups were identical to 
those observed in the heroin animals that were not re-exposed to the heroin 
cues, indicating that heroin SA by itself did not affect these currents, nor did 
exposure to neutral, saline-paired cues (Fig. 3b). Thus, reduced surface 
levels of synaptic GluR2/3 AMPA-R subunits after exposure to heroin-
conditioned cues (Fig. 2) were associated with a decrease in synaptic 
strength caused by a specific reduction in AMPA-R-mediated currents at 
glutamatergic synapses on mPFC pyramidal neurons. 
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Figure 3 Cue-induced heroin seeking alters synaptic strength. After response-contingent 
cue-presentations (30 min), acute mPFC slices were prepared and AMPA- and NMDA-
mediated currents were recorded from infra/prelimbic cortex pyramidal neurons in the 
presence of GABAzine. (a) Example traces of glutamatergic currents evoked by 
extracellular stimulation within layer II/III (at 50-100 µm) and recorded at -80 mV and +40 
mV holding potentials. Grey current traces represent responses to 10 stimulations, with 
average waveform shown in black. Shaded rectangular areas indicate where measurements 
were taken to determine AMPA (at -80 mV) and NMDA (at +40 mV) receptor current 
amplitudes. (b) In rats exposed to heroin-associated cues, AMPA/NMDA current ratios 
were significantly decreased (F3,103=3.09; p=0.030) compared to rats unexposed to heroin-
conditioned cues and compared to rats exposed or unexposed to saline-paired cues. (c) In 
the same experiments, AMPA receptor currents were reduced (Student t-test, p=0.014), but 
NMDA receptor currents were unaffected (p>0.05). Numbers in bars indicate number of 
cells examined (n=9-11 rats per treatment). 
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Inhibition of AMPA-R endocytosis interferes with cue-induced relapse 
to heroin seeking 
Accumulating evidence suggests that regulated, ligand-induced clathrin-
dependent endocytosis of GluR2 subunits through the interaction with AP2 
underlies acute forms of synaptic plasticity (17, 18). Therefore, we 
examined whether blockade of clathrin-dependent GluR2 endocytosis using 
a TAT-fused GluR2-derived C-terminal peptide (TAT-GluR23Y) (22) would 
attenuate cue-induced relapse to heroin seeking. In hippocampal slices, this 
membrane-permeable peptide blocks the expression of homosynaptic LTD, 
but not long-term potentiation (LTP) (23); also, TAT-GluR23Y has no effect 
on basal synaptic transmission in the nucleus accumbens (22). We 
systemically injected (i.v.; 1.5 nmol per g bodyweight (22)) either TAT-
GluR23Y or a scrambled control peptide (TAT-GluR23A (22)) 90 min before 
the start of the cue-induced relapse test. Statistic analysis that included the 
factors Cue (Cue, No cue) and Peptide (TAT-GluR23Y, TAT-GluR23A) 
revealed that systemic blockade of GluR2 endocytosis attenuated cue-
induced heroin seeking specifically for the previously heroin-paired hole 
(Fig. 4a). An interaction was observed for cue x peptide on the active hole, 
but not the inactive hole, demonstrating the specificity of the peptide to 
interfere with cue-induced heroin seeking, but not with general motor 
output. 

To assess the role of the mPFC in the systemic effect of TAT-GluR23Y 
on cue-induced heroin seeking, we injected TAT-GluR23Y or TAT-GluR23A 
(15 pmol bilaterally (22)) into either the ventral (ventral 
prelimbic/infralimbic cortex, Fig 4d) or dorsal mPFC (anterior 
cingulate/dorsal prelimbic cortex, Fig 4d) 60 min before the relapse tests. 
TAT-GluR23Y infusion into the ventral but not dorsal mPFC attenuated cue-
induced heroin seeking (Fig. 4b,c). Besides demonstrating that the effect of 
TAT-GluR23Y is region-specific, these results support the molecular 
changes observed with iTRAQ-proteomics and indicate that cue-induced 
relapse to heroin seeking depends critically on GluR2 endocytosis in the 
ventral mPFC. 
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Figure 4 Blockade of GluR2 endocytosis attenuates cue-induced heroin seeking. (a) 
Systemic injection of TAT-GluR23Y, but not TAT-Glur23A control peptide attenuated cue-
induced heroin seeking (n=7-8 per treatment). Overall analysis revealed significant cue 
(F1,27=60,67; p<0.001), peptide (F1,27=15,18; p<0.001) and cue x peptide (F1,27=11,18; 
p=0.002) effects. Nose-poking in the active hole during extinction (no cue) conditions or in 
the inactive hole during both conditions was not altered by TAT-GluR23Y. (b) Local 
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infusion of TAT-GluR23Y into the ventral mPFC (n=10) mimicked the systemic injection 
and attenuated cue-induced heroin seeking. A significant difference for responding in the 
active hole (F1,18=6.40; p=0.02) but not the inactive hole (p>0.05) was observed. (c) In 
contrast, dorsal mPFC (n=7 per treatment) injection of TAT-GluR23Y was without effect 
(p>0.05). (d) Injection sites (black dots represent individual rats) were placed within an 
area that corresponds to the ventral mPFC (average depth -4.9 mm) or dorsal mPFC 
(average depth -2.8 mm) and ranged between Bregma 2.7-3.7 anteroposterior. 
 
 

 
Figure 5 TAT-GluR23Y does not impair relapse to sucrose seeking. Systemic injection of 
TAT-GluR23Y (n=7-8 per treatment) did not affect responding on the active (previously 
sucrose-paired) hole or inactive hole (p>0.05). 
 
 
Inhibition of AMPA-R endocytosis does not affect cue-induced sucrose 
seeking 
To verify whether this effect could be generalized to a natural reinforcer, we 
examined the effects of systemic infusion of TAT-GluR23y during a relapse 
test in sucrose-trained animals under similar conditions and using the same 
compound audiovisual cue as in the heroin experiment. We found no effect 
of TAT-GluR23y on responding in either the active or inactive hole (Fig. 5), 
indicating that the relapse-attenuating effect of the peptide was specific for 
heroin-associated stimuli and that relapse to sucrose seeking does not 
depend on clathrin-mediated GluR2 endocytosis. Moreover, injection of 
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TAT-GluR23Y had no effect on responding for sucrose reward under a FR4 
schedule of reinforcement (see Supplementary Fig. 2), indicating and 
confirming earlier observations (22) that the peptide does not interfere with 
the rats’ ability to perform an operant response. 
 
Discussion 
In order to develop effective pharmacotherapies for treatment of heroin 
addiction, it is crucial to understand the neurobiological underpinnings of 
the events that lead to relapse. Here, we show that re-exposure to cues that 
were previously associated with heroin self-administration elicit a rapid 
decrease in surface expression of AMPA-R in the mPFC. Cue-induced 
heroin seeking resulted in a concomitant decrease in synaptic strength in 
mPFC pyramidal neurons, caused by a reduction in AMPA, but not NMDA, 
currents. Finally, cue-induced relapse to heroin seeking critically depended 
on clathrin-mediated AMPA-R endocytosis in the ventral mPFC, since 
preventing GluR2-endocytosis in the ventral mPFC strongly reduced cue-
induced heroin seeking. Importantly, this mechanism did not generalize to 
cue-induced seeking of a natural reward. 

Previous findings on drug-induced changes in neuronal connectivity and 
neuronal physiology have led to the concept that addiction might be viewed 
as a pathological process that involves plasticity mechanisms similar to 
those implicated in neuronal models of learning and memory (24-28). 
However, the molecular mechanisms underlying these changes remain 
largely unsolved. The development of sensitive iTRAQ-based proteomics 
(13, 14) enabled the quantification of acute cue-induced changes of protein 
levels at the synaptic membrane of the rat mPFC (9). In the small set of 
differentially expressed proteins (1.4% of the identified proteome) upon 
cue-exposure, we observed changes in the abundance of a group of proteins 
involved in a common pathway related to the process of internalization of 
AMPA-Rs. 

Facilitated endocytosis of postsynaptic GluR2/3 AMPA-Rs regulates 
synaptic strength at glutamatergic synapses (16), a molecular and cellular 
substrate for learning and memory. It was shown previously that exposure to 
drugs of abuse changes the ratio of AMPA-R and NMDA-R-mediated 
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currents in glutamatergic synapses in the VTA and nucleus accumbens  (4, 
21, 29). For instance, experimenter administered cocaine enhances 
AMPA/NMDA current ratios in the nucleus accumbens shell after a two 
week drug-free period, whereas a single re-exposure to cocaine abruptly 
reversed AMPA/NMDA current ratios (29). Moreover, the induction of 
synaptic depression was abolished in the nucleus accumbens core, but not 
shell, following 21 days abstinence from cocaine self-administration (6), 
indicating the importance of brain area and drug administration paradigm in 
this synaptic effect. Until now, the effect of cues associated with drug self-
administration on glutamatergic synaptic plasticity had never been tested. 
We find that exposure to cues previously associated with heroin self-
administration induced an acute decrease in AMPA-R/NMDA-R-mediated 
current ratios in mPFC pyramidal neurons, resulting specifically from a 
reduction of the AMPA-R-mediated current amplitude. In addition to 
reduced levels of GluR2 and GluR3 AMPA-R subunits, we observed a 
decrease in NR2B protein levels using iTRAQ-proteomics (Fig. 2). 
However, this change was not associated with a change in NMDA-R-
mediated currents at mPFC pyramidal neurons as measured by 
electrophysiology, suggesting that this NMDA receptor subunit is regulated 
in glutamatergic synapses received by other neuronal subtypes within the 
mPFC.  

Previously, we have shown that cue-induced relapse to heroin seeking 
results in enhanced expression of several immediate early genes in the 
mPFC. For instance, re-exposure to heroin cues (similar to conditions used 
in the present study) increases expression of Arc (activity regulated 
cytoskeleton-associated protein) (8). Arc is able to down-regulate surface 
expression of AMPA-Rs by increasing the basal rate of endocytosis (30), 
thereby reducing the amplitude of synaptic GluR2/3-containing AMPA-R 
currents (31). Therefore, cue-induced Arc expression may provide a 
mechanism for increased rates of GluR2/3 endocytosis following cue-
exposure.  

We demonstrate that relapse to heroin seeking critically depends on 
AMPA-R endocytosis in the ventral mPFC, but not the dorsal mPFC. 
Previous studies on relapse to cocaine seeking, in which pharmacological 
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intervention or lesions to silence different areas of the mPFC were used, 
demonstrated the importance of the dorsal mPFC (11, 32, 33). This apparent 
discrepancy with our findings implicating the ventral mPFC in relapse to 
heroin seeking may be explained by the fact that we used an intervention 
that blocks a specific signal transduction pathway rather than silencing an 
entire brain area. Apart from this, the molecular events involved in relapse 
may differ between heroin and cocaine. The ventral mPFC projects 
primarily to the shell region of the ventral striatum (34), a brain area 
recently implicated in cue-induced relapse to heroin seeking (35). Further 
evidence for a role of mPFC-ventral striatum projections in opiate 
conditioning was revealed by enhanced expression of neuronal activation 
markers in both regions after exposure to stimuli previously paired with 
morphine injections or heroin SA (8, 9, 36). Apart from these projections, 
the entire mPFC has reciprocal connections with the ventral tegmental area 
(VTA) (37, 38) and amygdala (37, 39), with a predominance for 
interconnections with the more ventral areas of the mPFC (40). 
Interestingly, both the VTA and amygdala have been shown to play a 
critical role in cue-induced reinstatement of heroin seeking (41-43) and both 
these brain regions are heavily interconnected with the ventral striatum (34). 
Together, these studies suggest that the ventral mPFC, ventral striatum, 
VTA and amygdala function as a concerted neuronal system that mediates 
cue-induced relapse to heroin-seeking.  

Our findings are in agreement with previous work showing an important 
role of glutamate signalling in cue-induced heroin seeking (35, 42) and with 
a more general role of glutamate systems in the motivational processes 
related to drug addiction (12, 44). Importantly, we now demonstrate that 
acute cue-induced alterations in AMPA-R plasticity and physiology at the 
synaptic level are critical for relapse to heroin seeking. Cue-induced 
changes in AMPA-R subunit expression did not result from extinction 
learning processes, since GluR2 and GluR3 protein levels changed after 
both extinction and abstinence of heroin SA. Moreover, heroin self-
administration by itself did not affect AMPA/NMDA current ratios in 
mPFC pyramidal neurons. Rather, our data suggest that cue-induced 
retrieval of memories related to heroin use and the translation of those 
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memories into goal-directed behaviour critically depends on acute decreases 
in AMPA-R surface expression in the ventral mPFC. These findings are 
potentially relevant for human heroin addiction, as pharmacotherapeutic 
intervention aimed at inhibition of regulated AMPA-R endocytosis may 
provide a new avenue for the treatment of cue-induced relapse to heroin use.  
 
Material and Methods 
 
Animals 
Male Wistar rats (280-300 g; Harlan, The Netherlands) were housed on a 
reversed 12-h light-dark cycle with food (Teklad Global 2016, Harlan, The 
Netherlands) and water ad libitum throughout the experiments. All 
experiments were approved by the Animal Users Care Committee of the 
Vrije Universiteit. 
Heroin SA, extinction and relapse tests 
Rats were trained to self-administer heroin (100 µg/kg, diacetylmorphine-
HCL, OPG, The Netherlands) in 15 daily 3h sessions(9). Subsequently, rats 
were divided into two groups and underwent either abstinence for a period 
of 21 days (home cage) or 15 once daily extinction sessions (1 h) spanning a 
drug abstinence time frame of 21 days (9). Half of the rats of each group 
(n=9) were re-exposed to heroin-conditioned stimuli (60 min; see 
Supplementary Methods). Immediately after the test, the rats were 
decapitated and brains were rapidly frozen using ice-cold (-50° C) 
isopentane and stored at -80° C until further use. For all other experiments, a 
30 min test session was employed.  
Sucrose SA, extinction and relapse tests 
Rats (n=20) were trained to self-administer a 10% sucrose solution (0.19 
ml) with a maximum of 100 rewards per session in daily 3 h sessions (9). 
Experiments were performed under similar conditions as heroin SA (see 
above), with the exception that now a liquid receptacle was placed between 
the nose poke holes.  
Tissue preparation, iTRAQ labelling and 2DLC-MS/MS 
The mPFC was dissected freehand at -20° C from 1 mm thick brain slices 
according to Bregma coordinates 3.7 to 2.7 mm inferred from the Paxinos 
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and Watson rat brain atlas for the most rostral and caudal extents. Synaptic 
membranes were isolated (15) (pool of 3 animals), and protein digests (100 
µg) were iTRAQTM-labelled and processed for 2DLC-MS/MS (4800 
proteomics analyzer; Applied Biosystems). For details on synaptic 
membrane isolation, iTRAQ labelling and protein identification see 
Supplementary Methods. 
Electrophysiology 
Immediately following reinstatement testing (30 min session), an 
independent batch of rats (n=9-11 per treatment) were decapitated, brains 
rapidly removed, and coronal mPFC slices of 350 µm thickness were 
prepared in sucrose-containing ACSF consisting of (in mM) KCl 3.5; 
CaCL2 2.4; MgSO4*7H2O 1.3; KH2PO4 1.2; Sucrose 215.5; NaHCO3 26; D-
glucose 10. Slices were stored in holding chambers containing normal aCSF 
consisting of (in mM): NaCl 125; KCl 3; NaH2PO4 1.25; MgSO4 2; CaCl2 1; 
NaHCO3 26; glucose 10, bubbled with carbogen gas (95% O2/ 5% CO2). 
Whole-cell recordings of AMPA and NMDA current amplitudes from 
pyramidal neurons were made using standard electrophysiological 
techniques(19, 21, 45). The pipette medium contained (in mM) Cs gluconate 
120; CsCl 10; NaCl 8; MgATP 2; phosphocreatine 10; EGTA 0.2; HEPPES 
10; Tris GTP 0.3, QX 314-Cl 1. All recordings were made at 32° C. 
Systemic and intra-mPFC injection of synthetic GluR2-derived peptide 
To block clathrin-dependent GluR2 endocytosis, we injected a synthetic 
peptide derived from the rat GluR2 carboxyl tail (GluR23Y; 
869YKEGYNVYG877) fused to the cell membrane transduction domain of 
the HIV-1 Tat protein (22, 46), or a HIV-TAT GluR2 scrambled control 
peptide (GluR23A; AKEGANVAG) (22) (Netherlands Cancer Institute, 
Amsterdam). For systemic injections, peptides were injected (i.v.; 1.5 
nmol/g bodyweight) 90 min (22) before the start of the reinstatement test 
(n=7-8 per treatment). For intra-mPFC injections, rats (n=10 per treatment) 
were implanted with bilateral guide cannulas (26 gauge, C235G-1.5/2.5 
PlasticsOne) as described previously (9), aimed at the dorsal mPFC (anterior 
cingulate-dorsal prelimbic area) or the ventral mPFC (ventral prelimbic-
infralimbic area). Coordinates relative to bregma: +3.2 mm anteroposterior, 
0.75 mm mediolateral (Paxinos and Watson, 1986). All injections were 
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given in a volume of 0.25 μl aCSF in 120 s, with an additional 60 s to allow 
diffusion. 
Statistics 
Data from the relapse tests were analyzed separately for active and inactive 
nose-pokes and subjected to ANOVAs with a post-hoc Tukey-kramer test 
(2-tailed). iTRAQ-based proteomics was performed in triplicate with 
independent biological samples. Experiments were combined and protein 
abundance per treatment was subjected to a 2-factor ANOVA (significance 
set at p<0.01 to reduce false-positive chance which may result from multiple 
testing) with the between factors of heroin cessation type (Abstinence vs 
Extinction) and cue (Cue vs No cue), followed by a post-hoc Fisher’s LSD 
test (2-tailed). Electrophysiological recordings of AMPA-R and NMDA-R 
currents were analyzed with ANOVA and Student’s t-test (2-tailed). For all 
figures, bars represent mean ± s.e.m.  
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Supplementary Methods 
 
Heroin SA, extinction and relapse tests 
Acquisition: Heroin self-administering rats were implanted with jugular vein 
catheters and allowed to recover from surgery for one week. Rats were 
trained to self-administer heroin (100 µg/kg, diacetylmorphine-HCL, OPG, 
The Netherlands) in 15 daily 3 h sessions (1). Acquisition of heroin SA in 
standard operant chambers (Med Associates) started with a fixed ratio 1 
(FR1, number of nose-pokes to obtain one infusion) schedule of 
reinforcement for 10 sessions. A house light and a red cue light above the 
active nose poke hole were turned on at the beginning of each session and 
indicated availability of the drug. Nose pokes in the active hole resulted in a 
2-s heroin infusion simultaneously switched with a 2-s audio cue (Sonalert 
2900 Hz Tone Module, Med Associates) and a yellow cue light placed 
inside the active hole. This event was followed by a time-out period of 15 s, 
during which nose pokes were ineffective and the house light and the red 
cue light were turned off. When rats developed a stable preference for the 
active hole, response requirement was increased to a FR2 (2 sessions) 
followed by a FR4 (3 sessions) schedule of reinforcement. Successful 
acquisition was acquired when nose-poking in the active (heroin-paired) 
hole increased with each increase in the FR schedule. The criteria for 
successful acquisition was defined as the amount of nose pokes in the active 
hole being fourfold more than in the inactive hole, and there being 
subsequent increases in nose pokes with each increase in the FR schedule. 
Subsequently, rats were divided into two groups and underwent either 
abstinence for a period of 21 days (home cage) or 15 once daily extinction 
sessions (1 h) spanning a drug abstinence time frame of 21 days (1). 
Extinction: Extinction sessions were conducted for 60 min once daily for 5 
days a week (15 sessions). During the extinction period, heroin was not 
available and the cues previously associated with heroin (the house light and 
red cue light) and that associated with the actual heroin infusions 
(compound audiovisual cues) were not presented. Extinction was considered 
successful when nose poking was less than ten nose pokes per session 
(extinction criterion), as was obtained after 10-11 sessions. 
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Relapse: On the test day, extinction trained (n=9) or abstained (n=9) rats 
were placed in the operant cages with the house light and red cue light 
turned on and nose poking resulted in the presentation of the discrete 
compound audiovisual cues (but no heroin infusion) on an FR4 schedule. 
Control animals either underwent an additional extinction session (n=9) or 
were left undisturbed in the home-cage (n=9). For the proteomics 
experiments, recording of nose-poke responses in the active and inactive 
hole were measured until 60 min after presentation of the discriminative 
cues. For proteomics experiments, rats were decapitated immediately after 
the relapse test, and brains were rapidly frozen using ice-cold (-50° C) 
isopentane and stored at -80° C until further use. For all other experiments, a 
30 min relapse session was employed. 
 
Synaptic membrane isolation 
Synaptic membranes from the mPFC were isolated as described previously 
with minor modifications (2). In brief, pools of dissected brain tissue (n=3 
per treatment) were homogenized in ice-cold 0.32 M sucrose buffer at pH 
7.4 and centrifuged at 1000 x g for 10 min. Supernatant was loaded on top 
of a discontinuous sucrose gradient consisting of 0.85 M and 1.2 M sucrose. 
After centrifugation for 2 h at 110,000 x g, the synaptosomal fraction at the 
interface of 0.85 M and 1.2 M sucrose was collected and lysed in hypotonic 
solution. The resulting synaptic membranes were recovered by 
centrifugation using the discontinuous sucrose gradient as described above. 
The synaptic membrane fraction was collected from the 0.85 M/1.2 M 
interphase and protein concentrations were determined using a Bradford 
assay (Bio-Rad). For each sample, 100 μg of protein was used for iTRAQTM 
labeling. Finally, synaptic membrane fractions were dried in a speedvac 
overnight (ON). 
 
Proteomics 
iTRAQ labeling: Synaptic membranes were resuspended in 28 µl of 
dissolution buffer and 2 µl cleavage reagent (iTRAQ reagent kit, with 
0.85% RapiGest (Waters associates) to solubilize synaptic membranes(2). 
After incubation for 1 h, 1 µl of cys blocking buffer (Applied Biosystems) 
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was added and vortexed for 20 min. Next, 10 µl of trypsin (Promega) 
dissolved in water was added and incubated ON at 37° C. Trypsinized 
peptides were then tagged with iTRAQ reagents (114 = Ext no cue; 115 = 
Abst cue; 116 = Ext cue; 117 = Abst no cue; iTRAQ reagents were 
randomly re-assigned to the samples in subsequent experiments) dissolved 
in 80 µl ethanol. After incubation for 3 h, the four samples were pooled and 
acidified with 10% TFA to pH 2.5-3.0. After 1 h, the final sample was 
centrifuged and supernatant dried in a SpeedVac overnight. 
Two dimensional liquid chromatography (2DLC): The dried iTRAQ sample 
was dissolved in 300 µl of loading buffer (20% acetonitril, 10 mM 
KH2PO4, pH 2.9) and loaded into a polysulfoethyl A column (PolyLC). 
Peptides were eluted with a linear gradient of 0-500 mM KCL in 20% 
acetonitril, 10 mM KH2PO4, pH 2.9, over 25 min at a flow rate of 50 
µl/min. Fractions were collected at 1-min intervals. In the second 
dimensional liquid chromatography separation, peptides were delivered with 
a FAMOS autosampler at 30 µl/min to a C18 trap column (1 mm x 300 µM 
i.d. column) and separated on an analytical capillary C18 column (150 mm 
x 100 µm i.d. column) at 500 nl/min using the LC-Packing Ultimate system. 
Peptides were separated using lineary increasing concentration of acetonitril 
from 5-50% in 30 min, and up to 100% in 5 min. The eluent was mixed with 
matrix (7 mg α-cyano-hydroxycinnaminic acid in 1 ml 50% acetonitril, 
0.1% TFA, 10 mM dicitrate ammonium) delivered at a flow rate of 1.5 
µl/min and deposited off-line to the Applied Biosystems metal target every 
15 s for a total of 384 spots using a robot (Dionex). 
Mass spectrometry (MS/MS): MALDI plates were analyzed on a 4800 
proteomics analyzer (Applied Biosystems). Peptide CID was performed at 1 
kV with nitrogen collision gas. MS/MS spectra were collected from 5000 
laser shots. Peptides with signal to noise ratio above 50 at the MS mode 
were selected for MS/MS, at a maximum of 30 MS/MS per spot. The 
precursor mass window was set at 180 relative resolution (FWHM)(2). 
Protein identification: MS/MS spectra were searched against the rat 
database (Swissprot and NCBI) using GPS Explorer (Applied Biosystems) 
and Mascot (MatrixScience). Next, a library was generated containing all 
annotated peptides with a confidence interval (C.I.) higher than 20%. 
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Database redundancy and sequence redundancy were removed. Hence, 
quantification was performed only on those peptides that were annotated to 
a single protein, and are referred to as ‘unique peptides’. Only proteins 
identified with ≥ 3 unique peptides, of which at least one peptide had a C.I. 
≥ 95%, were selected for quantification and statistical analysis. 
Protein quantification: iTRAQ areas (m/z 114-117) were extracted from 
raw spectra and corrected for isotopic overlap using GPS explorer. To 
compensate for the possible variations in the starting amounts of the 
samples, the individual peak areas of each iTRAQ signature peak were log2 
transformed to obtain a normal distribution and then normalized to the mean 
peak area for each sample. Protein abundance per treatment was determined 
by the average iTRAQ peak area of all unique peptides annotated to a 
protein. In total, the iTRAQ-proteomics experiment was repeated twice with 
independent biological samples. Data from 3 experiments was combined 
and subjected to an ANOVA with factors Cue (Cue, No cue) and 
Withdrawal condition (Abstinence, Extinction). 
 
Electrophysiology 
The stimulation electrode was placed at 50-100 um laterally to the cell and 
evoked EPSCs (10-20 traces with a 10s interval) were recorded while 
holding the cell first at -80 mV (for fast AMPA currents) and then at 40 mV 
(for slow NMDA currents)(3, 4). NMDA currents were measured as the 
average current within a 10 ms window beginning 45 ms after the stimulus. 
All recordings were made at 32° C in the presence of 1 μM gabazine to 
block GABAergic transmission and 10 μM glycine, a necessary cofactor for 
NMDA-R activation. For pharmacologically isolated AMPA and NMDA 
currents, EPSCs (10-20 traces) were first measured at 40 mV first in the 
presence of the NMDA blocker, D-AP5 (25 µM), and then in the presence 
of AMPA blocker, DNQX (10 µM)(5). The average responses obtained in 
the presence of D-AP5 and DNQX were subtracted from those recorded in 
the absence of the blockers to obtain the NMDA and AMPA current 
amplitudes, respectively. 
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Systemic and intra-mPFC injection of synthetic GluR2-derived peptide 
During the last four extinction sessions, animals were handled for injection 
procedures before being placed in the operant chambers; on the third of 
these 4 days the injectors were inserted (without injecting peptides) and 
prior to the last extinction session all animals received bilateral infusions of 
sterile aCSF. The injections were given by replacing the dummies with 
double injectors (C235I ⁄1.2 or C235I ⁄2.9, PlasticsOne) that projected 1.2 
mm (dorsal mPFC) or 2.9 mm (ventral mPFC) below the tip of the guide 
cannulas. All injections were given in a volume of 0.25 μl aCSF in 120 s. 
After an additional 60 s to allow diffusion, the injectors were slowly 
retracted and the dummies and dust caps put back in place again. 
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Supplementary Figures 
 
 

 
Supplementary Figure 1 Cue-induced heroin-seeking is paralleled by a decrease in 
AMPA/NMDA ratio. After cue-presentation (30 min), mPFC slices were prepared and 
pharmacologically isolated AMPA- and NMDA-mediated currents were recorded from 
infra- and prelimbic pyramidal cells in the mPFC. (a) Example traces of AMPA- and 
NMDA- mediated currents. EPSCs were recorded at 40 mV and then NMDA blocker D-
AP5 (25 µM) and AMPA blocker DNQX (10 µM) were consecutively washed in. The 
NMDA and AMPA components were obtained by subtraction of the average trace recorded 
in D-AP5 and DNQX (respectively) from the average trace in the absence of blockers. (b) 
A cue-induced decrease in the AMPA/NMDA ratio was observed (student t-test, p=0.045), 
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similar to AMPA and NMDA currents measured at different holding potentials (Fig. 1, 
main text). Numbers within bars indicate the number of cells examined. (c) Although not 
statistically significant, AMPA currents amplitude showed a strong decreasing trend after 
cue-exposure, while NMDA currents remained unchanged (student t-test, p values shown 
above graphs). 
 
 
 

 
 
Supplementary Figure 2 TAT-GluR23Y does not impair responding for sucrose reward. 
When rats established stable nose poke responding, the effect of systemic TAT-GluR23Y 
injection (1.5 nmol/gr bodyweight) on nose poking behavior for sucrose reinforcement 
(FR4) was examined (n=10 per treatment). TAT-GluR23Y did not alter responding 
(responses during time-in and time-out period) in the active (F1,18=1.11; p>0.05) or inactive 
hole (F1,18=0.59; p>0.05) and had no effect on the number of sucrose rewards (responses 
during time-in period/4) obtained (F1,18=0.43; p>0.05), indicating that the injection of TAT-
GluR23Y does not impair the rat’s ability to perform an operant response and its motivation 
to respond for sucrose reward. 
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Supplementary Table 
 
 

Protein ID Acces Nr 
Gene 

symbol 

Ave 
# 

pept 

p-
value 
Cue 

p-
value 
With-
draw

al 

p-
value 
inter- 
action 

Ratio 
A+/A- 

Ratio 
E+/A- 

Ratio 
E-/A- 

Ratio 
A+/E- 

Ratio 
E+/E- 

Ratio 
A+/E+ 

Specific for Cue 
Glutamate receptor 2 precursor 
(GluR2) 

P19491 Gria2 16 0.003 0.425 0.271 -0.15* -0.13* -0.05 -0.10* -0.08* -0.02 

Glutamate receptor 3 precursor 
(GluR3) 

P19492 Gria3 10 0.008 0.679 0.936 -0.21* -0.24* -0.08 -0.13* -0.16* +0.03 

AP-2 complex subunit mu-1 P84092 Ap2m1 14 0.003 0.296 0.281 +0.15* +0.15* +0.06 +0.09* +0.09* +0.00 

Glutamate (NMDA) receptor 
subunit epsilon 2 (NR2B) 

Q00960 Grin2b 7 0.000 0.597 0.197 -0.10* -0.15* -0.01 -0.09* -0.14* +0.05 

Catenin beta-1 Q9WU82 Ctnnb1 14 0.000 0.749 0.625 -0.17* -0.18* -0.06 -0.11* -0.12* +0.01 

Plasma membrane calcium-
transporting ATPase 1  

P11505 Atp2b1 16 0.003 0.253 0.289 -0.08 -0.12* +0.02 -0.10* -0.14* +0.04 

Specific for Withdrawal 
Voltage-dependent anion-
selective channel protein 1  

Q9Z2L0 Vdac1 13 0.690 0.003 0.033 -0.19 -0.27* -0.40* +0.21 +0.13 +0.08 

Voltage-dependent anion-
selective channel protein 2  

P81155 Vdac2 9 0.436 0.007 0.617 +0.02 -0.14* -0.19* +0.21* +0.05 +0.16* 

Identified but unchanged glutamate receptor subunits 
Glutamate [NMDA] receptor 
subunit zeta 1 precursor (NR1) 

P35439 Grin1 11 0.042 0.249 0.876 -0.10 -0.14 -0.06 -0.04 -0.09 +0.04 

Glutamate receptor 1 precursor 
(GluR1) 

P19490 Gria1 7 0.427 0.836 0.118 -0.07 -0.02 -0.04 -0.03 +0.03 -0.05 
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Supplementary Table 1. Protein changes after cue-induced relapse to heroin-seeking. 
Statistical analysis (2-factor ANOVA p<0.01) that included the factors Cue (Cue, No cue) 
and Withdrawal (Abstinence, Extinction) revealed that the abundance of 6 proteins was 
significantly changed after cue-exposure, whereas 2 proteins were differentially expressed 
between the withdrawal conditions. Indicated are protein accession number, protein ID, 
gene symbol, average number of peptides (over three experiments) used for quantification 
and identification, p-value and ratio (Log2). A+ = Abstinence Cue; A- = Abstinence No 
cue; E+ = Extinction Cue; E- = Extinction No cue *p<0.05 (Post-hoc analysis). 
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Abstract 
Drug addiction is a major burden for society through its impact on health-
care and crime-rate. Due to a lack of understanding of the neurobiological 
mechanisms underlying addiction, existing medication is still relatively 
ineffective, exemplified by high rates of relapse to drug use. Learned 
associations between otherwise neutral stimuli and rewarding properties of 
the drug play a critical role in persistence of drug addiction, as re-exposure 
to drug-conditioned cues after long periods of drug abstinence can elicit 
drug craving and subsequent relapse to drug use (1). The enduring nature of 
relapse suggests it is maintained by long-lasting molecular and cellular 
adaptations in the neuronal circuitry that mediates learning and processing 
of motivationally relevant stimuli. Here, we will review recent studies that 
implicate the medial prefrontal cortex (mPFC) in cue-induced relapse to 
heroin seeking. We propose a model that integrates both long-lasting heroin-
induced neuroadaptations and acute cue-induced synaptic plasticity, the 
combined effect of which results in decreased excitability of pyramidal 
neurons within the ventral mPFC. Our model encompasses molecular and 
cellular mechanisms that provide new entry points for treatment of cue-
induced relapse to heroin use. 
 
Introduction 
Heroin addiction is characterized by compulsive drug-taking behavior and 
high rates of relapse even after many years of heroin abstinence. From a 
clinical perspective, the enduring vulnerability to relapse is an obvious entry 
point for effective pharmacotherapeutic intervention (2, 3). However, most 
available treatments are still relatively ineffective, because knowledge on 
the neurobiological underpinnings of relapse is lacking. In order to develop 
pharmaceuticals that reduce the risk of relapse, it is of crucial importance to 
gain insight into the molecular and cellular mechanisms underlying the 
development of a drug addictive state as well as the acute mechanisms that 
trigger relapse. Generally, it is thought that repeated drug intake leads to 
persistent neuroadaptations in the brain reward circuitry that mediates 
learning and behavioral responding to important environmental stimuli (4). 
These neuroadaptations are thought to strengthen the processing of drug-



Chapter 5 

 130 

conditioned cues and acute desire to obtain the drug even after long periods 
of drug abstinence (5). The ‘drug-induced neuroadaptation’ hypothesis has 
lead to the concept that addiction is a learning and memory disorder that 
involves mechanisms of synaptic plasticity similar to traditional models of 
learning and memory (6-8). Hence, a thorough analysis of drug-induced 
adaptations that occur at the level of the synapse is thought to hold strong 
promise for elucidation of neural substrates that regulate relapse to drug 
seeking. In addition, little knowledge exists on the acute synaptic events that 
occur when such remodeled neurocircuitry is re-exposed to drug-associated 
stimuli.  

Based on human and animal studies, the mPFC is thought to play a 
critical role as a final relay station in the behavioral response to drug-
conditioned stimuli (3, 9). Our recent studies in rat showed that i.v. self-
administration (SA) of heroin followed by a period of drug abstinence 
induces long-lasting neuroadaptations in the synaptic architecture of the 
mPFC. In particular, these findings provided a novel perspective on the role 
of extracellular matrix (ECM) proteins surrounding GABAergic 
interneurons in the synaptic events leading to cue-conditioned heroin 
seeking (Chapter 3). Moreover, we showed a crucial role for AMPA 
receptors in mediating acute synaptic depression of mPFC pyramidal 
neurons during cue-induced relapse to heroin seeking (Chapter 4). Here, we 
will review these topics in light of recent work on drug-induced changes in 
GABAergic and glutamatergic systems and propose a comprehensive model 
in which cue-elicited reinstatement of heroin seeking is accompanied by 
increased inhibitory transmission and hypofunction of glutamatergic 
transmission in the ventral mPFC, likely resulting in a reduction of 
excitatory output and impaired inhibitory response control upon re-exposure 
to heroin-conditioned cues during periods of abstinence.  
 
Cue-induced heroin seeking is paralleled by enhanced cortical 
reactivity 
It is well known that the mPFC is involved in mediating the primary 
rewarding effects of drugs of abuse (10). In addition, human imaging studies 
have implicated the mPFC in feelings of craving and drug seeking elicited 
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by drug-conditioned stimuli even after prolonged periods of drug 
abstinence. For instance, a reduction is observed in prefrontal cortical 
measures of cellular metabolism and blood flow in human addicts 
withdrawn from a variety of different drugs, including opioids (11). In 
contrast, cue-evoked cocaine or heroin craving is associated with increased 
metabolic activity or blood flow in prefrontal cortical areas (11-13), 
reflecting neuronal activation. Moreover, the incentive for obtaining 
naturally rewarding substances is decreased in human addicts (11) and they 
exhibit decreased cingulate cortex activation in response to naturally 
rewarding stimuli (14). Together, these processes are thought to contribute 
to reduced capacity of the PFC to initiate behaviors in response to natural 
rewards and to provide executive control over drug seeking (3). 

Relapse to drug seeking evoked by drug-conditioned cues can be 
modeled successfully in animals. In particular, operant responding for drugs 
of abuse can be extinguished and subsequently reinstated by acute re-
exposure to conditioned stimuli that were previously paired with the drug 
(15). In line with human data, a differential pattern of neuronal activation 
(as shown by enhanced expression of several immediate early genes (IEGs)) 
was found in the rat mPFC (Figure 1) upon cue-induced heroin-seeking 
versus cue-induced sucrose-seeking (a non-drug reinforcer) (16, 17). In 
support of a critical role of the mPFC, inactivation of the prelimbic area of 
the mPFC by increasing GABAergic input enhanced responding of animals 
to heroin-conditioned cues, but not to sucrose-conditioned cues (16). 
Moreover, stimulation of dopaminergic transmission in the infralimbic area 
by microinjection of amphetamine attenuated cue-induced sucrose seeking, 
but was without effect on conditioned heroin seeking (TJDV unpublished 
observation). As relapse to drug seeking is thought to critically depend on 
dopaminergic projections from the VTA to the (dorsal) mPFC (3, 18, 19), 
the lack of effect of infralimbic application of amphetamine suggests that 
dopamine-mediated inhibitory response control exerted by the infralimbic 
area is impaired in animals with a history of heroin SA, but not in animals 
previously exposed to a natural reward. These findings are supported by our 
recent molecular and cellular studies on synaptic adaptations (discussed 
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below) that underlie reduced excitability of ventral mPFC pyramidal 
neurons during cue-induced relapse to heroin seeking (Chapter 3 and 4).  
 
 

 
Figure 1. Transverse section of the rat prefrontal cortex. Subterritories of the mPFC are 
depicted in different colors. Based on functional and anatomical characteristics, the mPFC 
can be divided into a dorsal region encompassing the anterior cingulate (AC) and dorsal 
prelimbic area (PLd) and a ventral region that includes the ventral prelimbic area (PLv) and 
infralimbic area (IL). 

 
 
The ventral mPFC sends dense glutamatergic projections to the NA (20, 

21), a brain area implicated in discrete- and contextual-cue induced relapse 
to heroin seeking (22-24). Furthermore, the ventral mPFC is heavily 
interconnected with the ventral tegmental area (VTA) and amygdala (21, 
25-27). Interestingly, both the VTA and amygdala have been shown to play 
a critical role in cue-induced reinstatement of heroin seeking behaviour (22, 
28-30) and both brain regions send respectively dopaminergic and 
glutamatergic projections to the NA (20), suggesting that the ventral mPFC, 
NA, VTA and amygdala may function as a neuronal circuit contributing to 
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cue-elicited heroin seeking. However, the exact contribution of 
glutamatergic output from the ventral mPFC to one or more of the above 
mentioned brain regions remains to be determined.  
 
Long-term neuroadaptations 
The enduring nature of the risk to relapse to drug seeking suggests that 
relapse is maintained by persistent adaptations in synaptic transmission, 
arguing for a thorough analysis of drug-induced alterations in the molecular 
composition of the synapse. A major advantage of probing molecular 
changes at the synapse, as opposed to the whole cell, is that synaptic 
adaptations are likely to correlate with changes in synapse physiology. 
Moreover, identification of synaptic alterations might yield targetable 
substrates for (novel) compounds that could reduce the rate of relapse to 
drug seeking. Earlier studies used a combination of subcellular fractionation 
and proteomics techniques to identify changes in synaptic protein levels 
resulting from non-contingent drug administration (31-34). More recently, 
we used an iTRAQ-based proteomics approach to identify long-term (21 
days of abstinence) changes in molecular constituents of the synaptic 
membrane proteome of the mPFC and nucleus accumbens (NA) as a 
consequence of heroin SA (Chapter 3). This high-throughput technology 
enables sensitive and quantitative detection of subtle alterations in protein 
levels simultaneously from multiple samples of brain nuclei (35). In both 
areas, long-term abstinence from heroin SA was associated with persistent 
changes in synaptic levels of proteins involved in cell-adhesion, signal 
transduction, regulation of cell growth, neurotransmitter secretion and 
metabolism. Several of these regulated proteins have previously been 
implicated in relapse to drug seeking. For instance, a decrease in abundance 
of protein kinase A (PKA) beta-catalytic subunit was observed in synapses 
of both the mPFC and NA, which may point to a down-regulation of the 
cAMP-PKA signaling pathway after prolonged heroin abstinence. In line 
with our findings, infusion of a PKA inhibitor into the NA of rats induced 
reinstatement of cocaine seeking following extinction of cocaine SA (36) 
suggesting that down-regulation of PKA signaling contributes to drug 
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craving and relapse. The exact role of altered PKA levels in the mPFC and 
NA after abstinence from heroin SA remains to be studied.  
 
Role of ECM proteins in relapse to heroin seeking 
Using the aforementioned iTRAQ-based proteomics approach, profound 
changes in abundance of components of the extracellular matrix (ECM) 
were observed in animals with a history of heroin SA. In particular, 
synaptically localized protein levels of the chondroitin sulfate proteoglycan 
brevican, the glycoprotein tenascin-R, and hyaluronan and proteoglycan link 
protein 1 (Hapln1) were decreased in the mPFC. Brevican and its binding 
partner tenascin-R (37) are highly concentrated in mesh-like structures 
called perisynaptic or perineuronal nets (PNNs) that surround cell bodies, 
proximal dendrites and the axon initial segment of a subset of neurons in the 
brain (38, 39). Furthermore, these specializations of the ECM are rich in 
hyaluronan and link proteins such as Hapln1, molecules thought to play a 
role in the formation and stability of PNNs (40). In recent years, the ECM 
and PNNs have been implicated in mechanisms of synaptic plasticity in the 
adult central nervous system (41, 42). For instance, degradation of PNNs by 
treatment with chondroitinase ABC results in functional recovery of 
experience-dependent plasticity in the adult visual cortex (43, 44) and 
enhances the functional recovery of spinal cord injury (45). Furthermore, 
maintenance of long-term potentiation (LTP) is impaired in brevican- and 
tenascin-R-deficient mice (46, 47), an effect that can be mimicked by 
application of brevican antibodies to naïve rat hippocampal slices (47). The 
latter finding indicates that the observed reduction in LTP does not 
necessarily depend on re-organization of synaptic connectivity, but might be 
generated through altered signaling of the ECM to postsynaptic neurons. 
The exact mechanism by which ECM proteins condensed in PNNs alter 
synaptic signaling cascades is unknown, but PNNs might (i) prevent 
neurotransmitter spillover and maintain ion homeostasis by insulating 
synaptic contact sites, (ii) function to trap and concentrate neurotrophins 
(e.g. brain-derived neurotrophic factor) at synapses and present them to their 
cognate receptors, (iii) or the ECM may signal by contacting membrane 
receptors (48-50). 
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Figure 2. Potential mechanisms by which heroin SA induced adaptations in the ECM 
alter the plasticity of synapses on GABAergic interneurons. Abstinence from heroin SA 
is associated with a long-lasting reduction of ECM proteins at the synaptic membrane in the 
mPFC. ECM proteins are highly condensed in PNNs surrounding GABAergic interneurons, 
suggesting that these neurons play an important role in the long-lived behavioral 
abnormalities associated with heroin addiction. Adaptation of the ECM could have several 
consequences for the functioning of synapses on GABAergic interneurons. ECM molecules 
function as crosslinkers of pre- and postsynaptic molecular complexes that regulate 
organization of the cytoskeleton and vesicle trafficking. Furthermore, the ECM is thought 
to trap and concentrate neurotrophins and present them to their cell-surface receptors (for 
review see Dityatev and Schachner, 2003). Thus, changes in the ECM may affect structural 
stability of existing synapses, affect synaptogenesis, or affect presynaptic vesicle release. 
Moreover, Ca2+ signalling may be altered, as the ECM interacts with voltage dependent 
calcium channels (VDCC) and heroin abstinence is associated with an increase in the 
VDCC subunit beta-4 at the synaptic membrane in the mPFC (Chapter 3). Together, these 
mechanisms may account for the observed enhanced firing of GABAergic interneurons 
during cue-induced relapse to heroin seeking. 

 
 
The specific reduction of ECM proteins at the level of the synapse 

during heroin abstinence suggests that these proteins are locally degraded by 
matrix metalloproteinases. Recently, it was found that inhibition of matrix 
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metalloproteinase activity impairs hippocampal-dependent learning (51, 52) 
as well as the acquisition and cocaine-primed reinstatement of cocaine 
conditioned place preference (53). These findings implicate the ECM and 
matrix metalloproteinases in mechanisms of learning and memory retrieval. 
Indeed, normalization of synaptic ECM protein levels in the mPFC by 
inhibition of matrix metalloproteinase activity attenuated cue-induced 
relapse to heroin seeking (Chapter 3). 
 In the mPFC, PNNs are exclusively localized around parvalbumin 
immunoreactive cells (Chapter 3), which in the neocortex have been 
characterized as fast-spiking inhibitory interneurons (54, 55). Hence, the 
observed heroin SA induced decrease in the abundance of ECM molecules 
may alter the structural stability or physiological properties of synapses at 
fast-spiking GABAergic interneurons within the mPFC (Figure 2). 
Recently, it was shown that chondroitinase ABC-induced degradation of 
PNNs increases the excitability of fast-spiking GABAergic interneurons, but 
not of pyramidal neurons, in primary cultures (56). In accordance with this 
finding, cue-induced reinstatement of heroin seeking is accompanied by 
almost a doubling of the frequency of inhibitory post-synaptic currents 
(IPSCs) at infra- and prelimbic mPFC pyramidal neurons (Chapter 3), 
indicating that spontaneous firing of GABAergic interneurons is enhanced 
after exposure to heroin-conditioned cues. This finding is in agreement with 
our observation that cue-elicited heroin seeking is enhanced by micro-
injection of GABA receptor agonists in the prelimbic area (16), but is in 
contrast with a recent study that showed that GABAergic inactivation of the 
dorsal and ventral mPFC attenuates reinstatement of heroin seeking (22). 
The apparent discrepancy of these findings may be explained by the 
difference in the duration of reinstatement sessions (15-30 min in our 
studies vs 3 hours by Rogers et al.) employed. The differential effect of 
GABAergic inactivation of the ventral mPFC in these studies may therefore 
reflect a difference between initiation vs maintenance of cue-induced heroin 
seeking. Moreover, it is well known that extinction mechanisms are more 
likely to occur during longer reinstatement sessions introducing the 
possibility that parallel circuits are recruited as well as additional 
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compensatory changes. In line with our findings, GABAergic inactivation of 
the ventral mPFC enhanced spontaneous recovery of cocaine seeking (57). 
 GABAergic interneurons in the neocortex exert powerful inhibitory 
control over the excitability and glutamatergic output from pyramidal 
neurons (58, 59). Therefore, GABAergic transmission in the mPFC is 
thought to be important for regulating inhibitory response control (59, 60). 
Together, our data suggest that heroin-induced long-term neuroadaptation of 
the ECM creates a prerequisite to increased inhibition of mPFC pyramidal 
neurons upon cue exposure, resulting from an increase in responsivity of 
fast-spiking GABAergic interneurons in the mPFC (Figure 3). At present, 
we speculate that interference with heroin-induced downregulation of ECM 
molecules affects cue-induced reinstatement of heroin seeking by altering 
the firing frequencies of GABAergic interneurons in the mPFC. 
 
Acute synaptic plasticity and relapse to drug seeking 
Apart from long-lasting drug-induced neuroadaptations, long-lived 
addiction-related behaviors are thought to be mediated by acute drug- or 
cue-induced changes in synaptic transmission. In particular, acute changes 
in glutamatergic synaptic transmission have been implicated in expression 
of psychomotor sensitization and reinstatement of drug seeking (7, 9). 
Recent studies indicate that the expression of psychomotor sensitization 
may be mediated by bidirectional changes in glutamatergic synaptic strength 
in the NA. For instance, acute synaptic depression of glutamatergic 
synapses at medium spiny neurons in the NA is thought to underlie 
psychomotor sensitization induced by cocaine and amphetamine. Whereas 
abstinence from non-contingent cocaine administration is associated with 
increased synaptic strength and surface expression of post-synaptic AMPA 
receptors in the NA (61), a single re-exposure to cocaine results in synaptic 
depression and internalization of AMPA receptors (32, 62). Moreover, after 
withdrawal from non-contingent amphetamine administration, inhibition of 
AMPA-R endocytosis in the NA prior to an amphetamine challenge 
prevents the subsequent expression of psychomotor sensitization (63). 
However, to date, it remains suggestive whether NA synaptic depression 
mediates expression of psychomotor sensitization, as electrophysiological 
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Figure 3. Enhanced GABAergic inhibition and AMPA-R endocytosis reduce the 
excitability of pyramidal cells during relapse. A. Schematic representation of a 
GABAergic interneuron surrounded by a PNN (left) and a pyramidal cell (right) in the 
mPFC. B. Heroin abstinence leads to a long-lasting down-regulation of synaptically 
localized ECM proteins, possibly altering the responsivity of GABAergic interneurons for 
heroin-conditioned cues. C. Cue-induced relapse to heroin seeking is associated with 
enhanced GABAergic inhibition of pyramidal cells. In addition, cue-exposure results in 
reduced surface expression of AMPA-R which further contributes to decreased excitability 
of pyramidal cell in the ventral mPFC. Together, these mechanisms may lead to diminished 
excitatory output from the ventral mPFC during cue-induced relapse to heroin seeking. 
 
 
data that conclusively confirms that a cocaine or amphetamine challenge 
induces synaptic depression during tests for the expression of psychomotor 
sensitization is lacking. These studies indicate that apart from examining 
long-lasting drug-induced alterations in synaptic plasticity, it is critical to 
investigate acute mechanisms of synaptic plasticity associated with the 
expression of addictive behaviors, as these mechanisms may be opposite in 
nature. 

Although little is known about acute mechanisms of synaptic plasticity 
associated with relapse to drug seeking, an increasing number of 
pharmacological studies point to a crucial role for glutamatergic 
transmission in cue-induced drug seeking paradigms. For instance, 
reduction of evoked glutamate release by activation of group II 
metabotropic glutamate receptors in the VTA or NA shell attenuates 
reinstatement to heroin seeking induced by re-exposure to the drug-
associated context (24, 29).  Furthermore, ‘the incubation of cocaine 
craving’ (a term that refers to time-dependent increases in cue-induced 
cocaine seeking over the first months of withdrawal from cocaine SA (64)), 
is regulated by acute glutamate-mediated ERK activity in the central 
amygdala upon re-exposure to the cocaine-conditioned cues (65) and 
attenuated by activation of group II metabotropic glutamate receptors in the 
central amygdala (66).  
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Using our heroin seeking paradigm, we established that acute synaptic 
depression of ventral mPFC pyramidal neurons is critically involved in cue-
induced relapse to heroin seeking (Chapter 4). Again, iTRAQ-based 
proteomics provided the basis for this line of experiments, by showing that 
re-exposure to heroin-conditioned cues resulted in a decrease in the surface 
expression of AMPA receptor (AMPA-R) subunits GluR2 and GluR3 and a 
concomitant increase in the clathrin-coat assembly protein AP-2 complex 
subunit mu-1. In agreement with this, a decrease in glutamatergic synaptic 
strength (expressed as a change in AMPA/NMDA current ratio) was 
observed at glutamatergic synapses of pyramidal neurons within the infra- 
and prelimbic area after cue-exposure, a reduction specifically resulting 
from a diminished AMPA current amplitude. Finally, inhibition of clathrin-
dependent AMPA-R endocytosis by the synthetic peptide TAT-GluR23Y, 
administered either systemically or locally in the ventral mPFC 
(infralimbic/ventral prelimbic area), but not dorsal mPFC (dorsal 
prelimbic/anterior cingulate), attenuated cue-induced relapse to heroin 
seeking. Systemic inhibition of AMPA-R endocytosis had no effect on cue-
induced relapse to sucrose seeking, indicating that mPFC AMPA receptor 
endocytosis is specifically involved in mediating relapse to heroin seeking 
behavior. Notably, changes in levels of GluR2/3 AMPA-Rs occurred after 
cue-induced relapse following abstinence in the animals’ home-cage as well 
as after extinction training, indicating that they were not the result of an 
extinction learning process. Hence, cue-induced relapse to heroin seeking 
depends on synaptic depression in the ventral mPFC caused by acute 
endocytosis of GluR2/3 AMPA-R subunits.  

Related to this finding, re-exposure to heroin-conditioned cues results in 
an increase in expression of the immediate early gene Arc in the mPFC (17). 
Arc mRNA is rapidly transported to synaptic sites (67) where it can reduce 
the amplitude of synaptic GluR2/3-containing AMPA-R currents (68) by 
increasing the basal rate of AMPA-R endocytosis (69). Although the 
induction of Arc mRNA during cue-elicited heroin seeking may provide a 
mechanism to initiate or maintain elevated rates of GluR2/3 AMPA-R 
endocytosis, its direct role remains to be determined. 
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Decreased excitatory output from the ventral mPFC 
Taken together, the observed cue-induced acute increase of spontaneous 
IPSC frequency and decrease in glutamatergic synaptic strength in 
pyramidal neurons indicates that the excitability of ventral mPFC pyramidal 
neurons is reduced during cue-elicited heroin seeking (Figure 3). In turn, 
this strongly implies that excitatory output from the ventral mPFC is 
diminished during cue-induced relapse to heroin seeking. 

The ventral mPFC is responsible for long-term, but not short-term, 
retrieval of extinguished fear-memory (21), as an increase in firing of 
infralimbic neurons was previously observed in rats that froze the least 
when re-exposed to a fear-conditioned tone (70). Furthermore, lesions of the 
ventral mPFC impair extinction of conditioned fear (71) and enhance 
spontaneous recovery for an appetitive reinforcer (72). With respect to cue-
induced relapse to heroin seeking, silencing of ventral mPFC pyramidal 
neurons may reflect an impairment in inhibitory control of the ventral mPFC 
over inappropriate responding to drug-conditioned stimuli (73), a 
mechanism that may also play a role in spontaneous recovery of cocaine 
seeking (57). As discussed above, dopamine-mediated inhibitory response 
control exerted by the infralimbic area was observed in animals exposed to 
sucrose-conditioned cues, but completely absent in heroin-trained animals 
exposed to heroin conditioned cues (TJDV, unpublished observation). The 
reduced excitability of infralimbic pyramidal neurons by the increase in 
endogenous GABA release and endocytosis of AMPA-Rs during cue-
induced relapse to heroin seeking may underlie this loss of inhibitory 
control in animals with a history of heroin SA. 

An alternative possibility is that the excitability of the majority of, but 
not of all, pyramidal neurons in the ventral mPFC is reduced, resulting in a 
focussing of excitatory output from pyramidal neurons that were specifically 
recruited in the heroin-cue memory trace. A similar mechanism was 
proposed by Miller and Marshall (2004), who observed an increase of c-fos 
expression in prelimbic GABAergic interneurons and decreased c-fos 
expression in pyramidal neurons in animals that were re-exposed to a 
cocaine-associated context (74). As yet, it is not clear in which cell 
population the increased expression of several IEGs upon re-exposure to 
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heroin conditioned cues occurred (16, 17), but one might expect this to 
happen predominantly in GABAergic interneurons as opposed to pyramidal 
neurons. 
 
The dorsal versus ventral mPFC and relapse to drug seeking 
Extensive evidence implicates a critical role for glutamatergic projections 
from the dorsal mPFC to the NA core in relapse to drug seeking (9, 60). 
Although the studies reviewed here point to an important role of the ventral 
mPFC in cue-induced relapse to heroin seeking, they do not exclude the 
involvement of the dorsal mPFC. Rather, we speculate that cue-induced 
relapse to drug seeking depends on a synergism between enhanced and 
diminished glutamatergic transmission from respectively the dorsal and 
ventral mPFC. Whereas the dorsal mPFC may regulate executive control 
over responding to drug-conditioned stimuli, diminished output from the 
ventral mPFC may contribute to cue-induced drug seeking by impairing the 
ability to actively inhibit responding to these stimuli. 
 
Clinical implications 
Assuming that the molecular and cellular mechanisms of cue-induced 
reinstatement of heroin seeking in animal models resemble those of cue-
induced relapse in humans, the findings reviewed may have several clinical 
implications. For instance, the increased inhibition of mPFC pyramidal 
neurons that is caused by enhanced GABA release upon cue-exposure may 
provide a potential target for pharmacological agents that specifically reduce 
GABAergic inhibitory transmission in the mPFC. However, given the 
critical role of GABAergic transmission in other brain regions implicated in 
relapse to drug seeking, systemic administration of pharmaceutical agents 
that manipulate GABAergic transmission may augment relapse behavior 
(75, 76). Alternatively, pharmaceuticals that are able to restore ECM protein 
levels may decrease conditioned GABAergic transmission by reducing the 
responsivity of mPFC GABAergic interneurons to heroin-conditioned cues. 
The cue-induced increase in AMPA-R endocytosis might be a more specific 
target to reduce the risk of relapse. Agents that are able to specifically 
reduce regulated, but not constitutive, endocytosis of post-synaptic AMPA-
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Rs may exert their effect when addicts encounter drug-associated cues and 
be without effect under normal conditions. Further research is needed to 
verify whether small synthetic peptides like TAT-GluR23 ((63); Chapter 4) 
or other compounds can be used clinically as anti-relapse agent. In general, 
intervention strategies targeted to reduce the excitability of ventral mPFC 
pyramidal neurons might provide new avenues for pharmacotherapies that 
reduce the enduring risk of relapse to heroin intake. 
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Drugsverslaving is een psychiatrische stoornis met grote 
gezondheidsrisico’s voor de verslaafde en heeft daarnaast enorme financiele 
consequenties voor de maatschappij op het gebied van gezondheidszorg en 
criminaliteitsbestrijding. Een intrigerend fenomeen dat het behandelen van 
drugsverslaving bemoeilijkt, is dat ex-drugsverslaafden een langdurige of 
misschien zelfs permanente kwetsbaarheid behouden waardoor zij 
gemakkelijk terugvallen in hun oude gewoonte van drugsgebruik. Helaas 
zijn bestaande farmacotherapieën niet doeltreffend genoeg om terugval te 
kunnen voorkomen. Tijdens drugsgebruik worden neutrale voorwerpen en 
omgevingsfactoren geassocieerd met het belonende effect van de drug en 
krijgen daardoor een hoge motivationele waarde toegekend. Confrontatie 
met deze drugs-geassocieerde cues tijdens perioden van onthouding roept 
gevoelens van hunkering op naar de drug en wordt gezien als een 
belangrijke aanleiding voor terugval. Het is daarom van groot belang om 
onderzoek te doen naar de neurobiologische mechanismen die ten grondslag 
liggen aan cue-geïnduceerde terugval naar drugsgebruik. Een beter inzicht 
in deze mechanismen zal een belangrijke bijdrage kunnen leveren aan de 
ontwikkeling van effectieve farmacotherapie. 

De langdurige aard van cue-geïnduceerde terugval suggereert dat 
drugsgebruik gepaard gaat met persistente cellulaire en moleculaire 
veranderingen in hersengebieden (neuroadaptaties) die betrokken zijn bij het 
verwerken en opslaan van associaties tussen omgevingsfactoren en het 
belonende effect van de verslavende stof. Echter, het gebruik van cellulaire 
en moleculaire technieken om onderzoek te doen naar neuroadaptaties is om 
ethische redenen bij mensen vaak niet mogelijk. Diermodellen die terugval 
naar drugs zoekgedrag nabootsen bieden hierbij uitkomst. Een veel gebruikt 
diermodel om drugsverslaving te bestuderen is het zogenaamde drug 
zelftoediening model. In dit model worden dieren beloond met een 
intraveneuze injectie van een verslavende stof na het maken van een 
instrumentele respons. Terugval naar drug zoekgedrag (het maken van 
instrumentele responsies) kan worden bestudeerd door dieren opnieuw bloot 
te stellen aan drugs-geassocieerde cues na een periode van drug onthouding. 
Met dit model is eerder aangetoond dat neuroadaptaties als gevolg van 
drugsgebruik gebruik maken van mechanismen van synaptische plasticiteit, 
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zoals lange termijn potentiatie en depressie (respectievelijk LTP en LTD), 
die ook betrokken zijn bij leren en geheugen. Onderzoek naar moleculaire 
en cellulaire adaptaties die plaatsvinden op het niveau van de synaps wordt 
daarom veelbelovend geacht voor het achterhalen van de neurobiologische 
oorzaak van verslaving.  

Eén van de hersengebieden die een belangrijke rol speelt bij cue-
geïnduceerde terugval is de mediale prefrontale cortex (mPFC). Uit eerder 
onderzoek is gebleken dat cue-geïnduceerd heroïne zoekgedrag, maar niet 
zoekgedrag naar de natuurlijke beloning suiker, gepaard gaat met verhoogde 
neuronale activiteit in de mPFC van de rat. Bovendien is gevonden dat het 
tijdelijk farmacologisch inactiveren van een subgebied van de mPFC, het 
prelimbisch gebied, resulteert in een toename van heroïne zoekgedrag na 
blootstelling aan heroïne-geassocieerde stimuli. Dit maakt het aannemelijk 
dat de mPFC een neuronaal substraat is voor door heroïne-geinduceerde 
neuroadaptaties, echter, bewijs voor adaptaties op het niveau van de synaps 
werd tot nog toe niet gevonden. In dit proefschrift heb ik mij gericht op 
lange termijn adaptaties in de eiwit samenstelling van de synaps, het 
synaptische proteoom, als gevolg van heroïne zelftoediening (hoofdstuk 3) 
en zelftoediening van een natuurlijke beloning (hoofdstuk 2) bij ratten. 
Daarnaast heb ik acute veranderingen onderzocht die plaatsvonden in het 
synaptisch proteoom van de mPFC na blootstelling aan heroïne-
geassocieerde cues (hoofdstuk 4). 
 
Hoofdstuk 2 
Om meer inzicht te krijgen in de neurobiologie van drugsverslaving is het 
belangrijk om onderzoek te doen naar neuroadaptaties die ten grondslag 
liggen aan het leren en geheugen gerelateerd aan natuurlijke beloningen 
(bijvoorbeeld voedsel). Hoewel verscheidene studies zelftoediening van een 
natuurlijke beloning (zoals suiker) als controle conditie hebben gebruikt om 
de effecten van drug zelftoediening te analyseren, is het niet bekend of 
zelftoediening van een natuurlijke beloning op zichzelf resulteert in lange 
termijn adaptaties. Daartoe heb ik het effect van suiker zelftoediening op 
eiwit expressie in de mPFC onderzocht met behulp van tweedimensionale 
gel-electroforese (2-D PAGE) en MALDI-TOF massaspectrometrie drie 
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weken na suiker zelftoediening. Als controle conditie werden dieren 
gebruikt die blootgesteld werden aan de zelftoediening-omgeving, maar 
werden vervolgens niet beloond met suiker na het maken van een 
instrumentele respons. Hierbij werd gevonden dat suiker zelftoediening 
inderdaad leidt tot lange termijn adaptaties in eiwit expressie, en wel in 
eiwitten die betrokken zijn bij organisatie van het cytoskelet, energie 
metabolisme, oxidatieve stress, neurotransmissie en neuronale uitgroei en 
differentiatie. Bovendien correleerde een deel van deze veranderingen met 
adaptaties op gen-expressie niveau. Op basis van de functie van een groot 
aantal van de door suiker zelftoediening gereguleerde eiwitten, vermoeden 
wij dat deze veranderingen duiden op aanpassingen in de organisatie van 
neuronale verbindingen en de morfologie van neuronen in de mPFC. 
Daarnaast is bekend dat een substantieel deel van de gereguleerde eiwitten 
voornamelijk in de synaps voorkomt, dat kan duiden op veranderingen in 
neurotransmitter afgifte in de mPFC. Vervolg studies zijn echter 
noodzakelijk om te onderzoeken of de gevonden moleculaire adaptaties 
functionele consequenties hebben met betrekking tot suiker zoekgedrag en 
hoe deze zich verhouden met veranderingen na zelftoediening van 
verslavende stoffen. De resultaten laten zien dat zelftoediening van een 
natuurlijke beloning resulteert in persistente neuroadaptaties in de mPFC en 
dat additionele controle groepen (bijvoorbeeld saline zelftoediening) 
noodzakelijk zijn om de specifieke effecten van verslavende stoffen te 
bestuderen. Ondanks dat de methode van eiwitzuivering zoals gebruikt in 
deze studie voornamelijk de identificatie van eiwitten toelaat die in hoge 
mate tot expressie komen in de cel, vonden wij dat suiker zelftoediening 
leidt tot veranderingen in de expressie van specifiek synaptisch 
gelokaliseerde eiwitten. Dit is een aanwijzing dat zelftoediening van een 
natuurlijke beloning mogelijk persistente veranderingen teweeg brengt in 
het functioneren van synapsen in de mPFC en het geeft aan dat een gerichte 
studie naar veranderingen in het synaptische proteoom van de mPFC 
wenselijk is om meer inzicht te krijgen in het proces van geheugenvorming 
gerelateerd aan natuurlijke beloningen en verslavende stoffen. 
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Hoofdstuk 3 
Vervolgens testte ik de hypothese dat heroïne zelftoediening resulteert in 
persistente adaptaties in het synaptische proteoom van de mPFC gebruik 
makend van ‘iTRAQ proteomics technologie’. iTRAQ proteomics is een 
zeer gevoelige techniek die het mogelijk maakt om subtiele veranderingen 
in eiwit expressie te kwantificeren. Drie weken na zelftoediening van 
heroïne werden synaptische membraan eiwitten gezuiverd uit de mPFC met 
behulp van sucrose gradiënten waarna de peptide fragmenten van deze 
eiwitten gelabeld en vervolgens gekwantificeerd werden met iTRAQ. 
Hierbij ontdekte ik dat heroïne zelftoediening veranderingen aanbrengt in 
eiwitten betrokken bij celadhesie, signaal transductie, neuronale uitgroei, 
neurotransmitter afgifte en energie metabolisme, maar één van de meest 
opvallende veranderingen betrof een groep eiwitten die in zeer hoge 
dichtheid voorkomen in een specialisatie van de extracellulaire matrix, 
zogenaamde ‘perineuronale netten’ (PNNs). PNNs zijn netvormige 
structuren die zich bevinden rondom het cellichaam, dendrieten en synapsen 
van een subgroep van neuronen in het brein, waar ze mogelijk een 
belangrijke rol vervullen met betrekking tot structurele plasticiteit, 
presentatie van groei factoren, neurotransmitter afgifte en als fysieke 
barrière die de synaps isoleert. iTRAQ proteomics toonde aan dat deze 
veranderingen specifiek plaatsvinden rond de synaps. PNNs in de mPFC 
bleken zich uitsluitend te bevinden rondom GABAerge interneuronen, 
hetgeen kan duiden op een adaptatie in de structurele stabiliteit of 
fysiologische eigenschappen van synapsen op GABAerge interneuronen. 
Bovendien is bekend dat enzymatische afbraak van PNNs resulteert in 
verhoogde exciteerbaarheid van GABAerge interneuronen, maar niet van 
piramidaal cellen. Dit bracht ons er toe om te onderzoeken of GABAerge 
neurotransmissie veranderd in de mPFC na onthouding van heroïne 
zelftoediening en wat de invloed van heroïne-geassocieerde cues is op de 
afgifte van GABA. Dit werd gemeten aan de hand van inhibitoire post-
synaptische stroom (IPSC) in piramidaal cellen in de mPFC, omdat bekend 
is dat GABAerge interneuronen in de mPFC sterke invloed uitoefenen op de 
exciteerbaarheid van piramidaal cellen. Heroïne zelftoediening bleek geen 
lange termijn effect te hebben op IPSCs gemeten in piramidaal cellen. 
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Daarentegen, blootstelling aan heroïne-geassocieerde cues na een periode 
van onthouding resulteerde in een verdubbeling van de frequentie van 
IPSCs, dat impliceert dat heroïne zoekgedrag gepaard gaat met een sterke 
toename van GABAerge transmissie en daardoor inhibitie van piramidaal 
cellen in de mPFC. Samengevat, deze resultaten suggereren dat de 
responsiviteit van GABAerge interneuronen voor heroïne-geassocieerde 
cues langdurig verhoogd blijft tijdens onthouding, mogelijk veroorzaakt 
door afbraak van PNNs rondom de synapsen van dit type zenuwcellen in de 
mPFC. Verder onderzoek zal moeten uitwijzen of dit laatste daadwerkelijk 
het geval is. Daarnaast is het belangrijk om te onderzoeken of adaptaties in 
PNNs specifiek zijn voor heroïne zelftoediening of dat deze ook 
plaatsvinden na zelftoediening van een natuurlijke beloning, omdat ze 
mogelijk het gevolg zijn van het leer en geheugen proces dat gepaard gaat 
met algemeen motivationeel gedrag. 
 
Hoofdstuk 4 
Synaptische plasticiteit komt onder andere tot stand door snelle 
veranderingen in de eiwit samenstelling van het synaptische membraan. Op 
basis van bovengenoemde bevindingen is het aannemelijk dat adaptaties 
plaatsvinden gedurende cue-geïnduceerd heroïne zoekgedrag. Om dit te 
onderzoeken isoleerde ik synaptische membraan eiwitten uit de mPFC van 
ratten direct na blootstelling aan heroïne-geassocieerde cues. Met behulp 
van iTRAQ proteomics technologie werden deze eiwitten geïdentificeerd en 
gekwantificeerd. Hierbij werd gevonden dat cue-geïnduceerd heroïne 
zoekgedrag resulteert in een afname van subunits van het AMPA type 
glutamaat receptor en een toename van een eiwit genaamd AP2, dat clatrine-
gemedieerde endocytose van onder andere AMPA receptor subunits 
reguleert. Uit eerdere studies is gebleken dat clatrine-gemedieerde 
endocytose van AMPA receptoren kan leiden tot LTD van synapsen in de 
hippocampus en nucleus accumbens. Dit bracht ons er toe om te 
onderzoeken of de door ons gevonden afname van AMPA receptor subunits 
gepaard gaat met een verandering van sterkte in synaptische transmissie in 
de mPFC. Daartoe werd de stroom door AMPA en NMDA receptoren op 
piramidaal cellen in de mPFC gemeten na blootstelling aan heroïne-
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geassocieerde cues. In overeenstemming met de afname van AMPA 
receptor subunits vonden wij een reductie in de verhouding tussen AMPA 
en NMDA stroom door piramidaal cellen die specifiek veroorzaakt werd 
door een verandering in de AMPA stroom. Om de causaliteit van deze 
bevindingen met betrekking tot terugval naar heroïne zoekgedrag aan te 
tonen, werden ratten met een synthetisch peptide geïnjecteerd dat specifiek 
clatrine-gemedieerde endocytose van AMPA receptoren blokkeert. Zowel 
een intraveneuze injectie van dit peptide als een injectie direct in de 
ventrale, maar niet dorsale mPFC, resulteerde in een significante 
vermindering van heroïne zoekgedrag na blootstelling aan heroïne-
geassocieerde cues. Bovendien vonden wij dat injectie van ditzelfde peptide 
geen effect heeft op cue-geïnduceerde terugval naar suiker zoekgedrag, 
hetgeen aantoont dat AMPA receptor endocytose specifiek heroïne 
zoekgedrag reguleert. Samengevat laten wij zien dat depressie van 
glutamaterge synapsen op piramidaal cellen in de ventrale mPFC een 
cruciaal mechanisme is in cue-geïnduceerde terugval naar heroïne 
zoekgedrag. 
 
Conclusie 
In overeenstemming met de opvatting dat drugsverslaving gepaard gaat met 
veranderingen in synaptische plasticiteit, vonden wij dat onthouding van 
heroïne zelftoediening resulteert in persistente adaptaties in de eiwit 
compositie van synapsen in de mPFC. Opmerkelijk is de afname van een 
groep eiwitten die verantwoordelijk is voor de opbouw van PNNs in de 
mPFC en de mogelijk daarmee samenhangende verhoogde responsiviteit 
van GABAerge interneuronen voor heroïne-geassocieerde cues. Daarnaast 
heb ik laten zien dat terugval naar heroïne zoekgedrag gepaard met zeer 
snelle veranderingen in het synaptische proteoom van de mPFC, wat 
resulteert in AMPA receptor afhankelijke depressie van synapsen op 
piramidaal cellen. Op basis van deze veranderingen concludeer ik dat de 
exciteerbaarheid van piramidaal cellen in de mPFC gedurende cue-
geïnduceerd heroïne zoekgedrag drastisch afneemt door een toename en 
afname in respectievelijk GABAerge en glutamaterge neurotransmissie. Het 
is zeer aannemelijk dat de afname in exciteerbaarheid van piramidaal cellen 



Nederlandse samenvatting 

 155 

in de mPFC leidt tot een reductie in de activiteit van piramidaal cellen en 
daardoor een vermindering van glutamaat afgifte in projectiegebieden van 
de mPFC. Uit voorgaande studies is bekend dat piramidaal cellen in de 
mPFC projecteren naar neuronen in de nucleus accumbens, amygdala, en 
het ventrale tegmentum; hersengebieden die een belangrijke rol spelen bij 
cue-geïnduceerd heroïne zoekgedrag. Vervolgstudies zullen moeten 
uitwijzen of terugval naar heroïne zoekgedrag inderdaad gepaard gaat met 
een afname van glutamaterge neurotransmissie vanuit de mPFC naar deze of 
andere hersengebieden. Daarnaast is het belangrijk om te onderzoeken of de 
door ons gevonden neuroadaptaties ook een rol spelen bij cue-geïnduceerde 
terugval naar zoekgedrag van andere verslavende stoffen zoals cocaïne of 
nicotine. 

Als we aannemen dat de neurobiologische mechanismen die ten 
grondslag liggen aan terugval naar heroïne zoekgedrag in ratten 
vergelijkbaar zijn met de mechanismen die terugval veroorzaken in mensen, 
dan zouden onze bevindingen een startpunt kunnen zijn voor de 
ontwikkeling van farmacotherapieën die de klinische behandeling van 
heroïne verslaving, in het bijzonder het aspect van terugval, bevorderen. De 
door GABA gereguleerde inhibitie van piramidaal cellen zou bijvoorbeeld 
kunnen worden voorkomen met behulp van GABA receptor antagonisten. 
Echter, gezien de zeer diverse rol van GABA in het centrale zenuwstelsel 
zou de aanwezigheid van GABA receptor antagonisten in andere gebieden 
dan de mPFC voor zeer nadelige bijwerkingen kunnen zorgen. De cue-
geïnduceerde endocytose van AMPA receptoren is mogelijk een specifieker 
mechanisme dat voorkomen kan worden zonder grote nadelige 
bijwerkingen. Een aanwijzing hiervoor is dat zoekgedrag naar een 
natuurlijke beloning zoals suiker niet beïnvloedt wordt door inhibitie van 
AMPA receptor endocytose met behulp van het door ons gebruikte 
synthetische peptide. Verder onderzoek zal moeten uitwijzen of dit peptide 
daadwerkelijk in staat is om het risico op terugval naar drugs gebruik tijdens 
perioden van drugs onthouding te verminderen. 

Ook laten de experimenten beschreven in dit proefschrift zien dat het 
gebruik van proteomics technologie een gidsfunctie kan hebben om 
veranderingen op het niveau van het synaptische proteoom te ontdekken, 
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hetgeen van grote waarde is voor het identificeren van neuroadaptaties, 
bijvoorbeeld die causaal betrokken zijn bij verslavingsgedrag. De hier 
beschreven reductie in exciteerbaarheid van piramidaal cellen in de mPFC 
tijdens cue-geïnduceerde terugval naar heroïne zoekgedrag geeft aanleiding 
om het neuronale circuit dat betrokken is bij dit gedrag nader te 
onderzoeken. 
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grotendeels aan mijzelf lag), ik kon altijd bij je binnenlopen als ik je advies 
nodig had. Je stond ook vrijwel altijd achter de experimenten die ik graag 
wilde doen en daar dank ik je enorm voor. 
 
Ik had dit werk niet kunnen uitvoeren zonder de steun van mijn andere 
copromotor Taco de Vries. Jij bent onmisbaar geweest in de vertaalslag van 
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veel plezier terug aan de discussies in de kamer van Guus die noodzakelijk 
waren als er nieuwe experimenten gestart moesten worden. In mijn laatste 
jaar hebben wij veel samengewerkt bij het uitvoeren van de moleculaire 
interventies op gedrag. Ik heb veel geleerd tijdens deze periode en daar ben 
ik je heel dankbaar voor. 
 
Ton Schoffelmeer, ik wil je bedanken voor de kans die je me gegeven hebt 
om aan verslaving te werken samen met jouw vakgroep. Ik ben je ook zeer 
dankbaar voor de verlenging die ik je me hebt gegund om een aantal 
cruciale experimenten uit te voeren. Deze experimenten hebben heel erg 
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heb ik in mijn tweede jaar de overstap gemaakt naar eiwitwerk. Ka Wan Li 
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experimenten en daar ben ik jullie heel dankbaar voor. Roel, je stond altijd 
klaar om mij te helpen en daarnaast was je ook altijd zeer geïnteresseerd in 
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thuis: Robbert, Joost en Ingrid. Bedankt voor jullie gezelligheid na het 
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mijn gedachten kon verzetten. Ook namens levert, bedankt! 
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