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Chapter 1 

 

 
 
The molecular and cellular basis of morphine-

induced behavioral sensitization 
 
 
 
 
 
 
 
 
 
 
During the centuries different metaphors to describe and explain the functioning of the brain 
have been used. A contemporary metaphor of the central nervous system is the computer. 
Both brain and computer share the ability to store huge amounts of information, and the 
electrical activity between neurons in our brain resembles the relay of information between 
the switching elements of a computer. However, there are several fundamental differences 
between a neuronal network and a computer. The most important distinction is that neurons in 
a neuronal network can adapt quantity and quality of their interconnections. Thus, whereas a 
computer is hard-wired in silicon, wiring of the brain is plastic. As such it is possible that the 
brain, in response to environmental stimuli, is able to change its integrative capacity, i.e. 
change the input-output relationship of information. This event-related modification of the 
adult brain is called neuroplasticity or neuroadaptation1. In daily life, we experience this 
adaptive power of the brain for instance in circumstances that require learning or information 
retrieval from memory. In fact, the well being of our social interactions depends on the ability 
of the brain of individuals to adjust behavior resulting from previous experience and learning.  
An important long-standing question in neurobiology is how stimulus-dependent changes in 
the adult brain are organized. A well-defined neuronal preparation used to study the 
mechanism of neuronal plasticity is the electrically activated hippocampus. Long-term 
molecular and cellular effects that have been described in this system are thought to be 
relevant for spatial learning. However, mechanisms underlying neuronal plasticity in different 
brain areas may be different and how plasticity is linked with different types of behavior 
remains to be elucidated. 
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Chapter 1 

In this thesis the effects of drugs of abuse on the rat brain are investigated. In this first 
chapter, I will show that drugs of abuse are able to induce neuroplasticity at different levels in 
the brain. Various types of behavioral, cellular and molecular responses to addictive drugs 
have been found using animal models. Typically, these responses depend on the type of 
substance used, as well as the temporal profile and manner of administration of these 
substances. In all cases, molecular and cellular neuroadaptations underlie the long-lasting 
behavioral responses to a drug of abuse2. It appears that the molecular and cellular 
mechanisms involved in learning and memory processes in the hippocampus show 
resemblance with the mechanisms underlying neuronal adaptations to addictive substances, 
although they occur in different regions of the brain2, 3. 

A compelling example of drug-induced plasticity of the brain is that of 
psychostimulant and opiate-induced behavioral sensitization, which is characterized by a 
persistent hyper-responsiveness towards the drug due to prior events of drug exposure. 
Behavioral sensitization develops over time, depending on the type of drug, during exposure 
to the substance and in the absence of drug exposure, suggestion the involvement of various 
(neuro)adaptations. Indeed, many neuroadaptations have been described using protocols that 
lead to behavioral sensitization. Drug-induced behavioral sensitization is of particular interest 
given its proposed role in the acquisition of drug addiction and relapse to drug taking long 
after detoxification4, 5. However, after more than ten years of the first theory behind drug-
induced sensitization5, it is still debated for its precise role in the addiction process.  

Notwithstanding, the use of drugs of abuse, and in particular opiates, to induce 
neuronal plasticity, and drug-induced behavioral sensitization as an experimental model in the 
rat, has a number of advantages. First of all, drug-exposure leads to long-lasting adaptations 
at the biochemical and morphological level in neuronal targets of the mesocorticolimbic 
system6-11, which consists among others of the nucleus accumbens (NAc). Secondly, one of 
the behavioral consequences of drug-induced neuroadaptations, in casu, behavioral 
sensitization, can be measured easily and reproducibly as an increase in drug-induced 
psychomotor behavior12. Third, the plasticity-inducing drug stimulus can be administered in 
time, in a well-defined manner and dose. Fourth, the use of opiates, such as morphine, in this 
model has a clear advantage over psychostimulants, because the molecular target of the 
stimulus, the µ-opioid receptor, as well as the subsequent cellular responses, has been well 
described (see below). Finally, studies on the molecular basis of morphine-induced behavioral 
sensitization might well contribute to a better understanding of the role of genome activity in 
generating the plastic nervous system. As such, it is an excellent model to study the different 
aspects of long-lasting stimulus-induced neuroadaptations, from genes to behavior.  
 
Organization of the brain and basic elements of neurotransmission 
In order to understand neuronal adaptations involved in drug-induced plasticity, it is 
necessary to understand how the brain is organized at various levels and how it is able to 
functionally change its output in order to adjust to a dynamic environment. Behavior of an 
animal is the result of the concerted action of a number of neuronal systems. At the macro-
level of anatomical organization (Fig. 1) the brain consists of various different neuronal 
systems controlling, e.g. sensory input and motor output. Each of these systems is composed 
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Introduction 

of local circuitry, consisting of vast networks of neuronal cells. The human brain is composed 
of billions of interconnected neurons and contains even more neuron supporting and synapse 
modulating glial cells. Information encoded in electrical signals is integrated by neurons and 
transmitted to follower cells. It is thought that the communication between neurons of a 
network determines the input-output relationship of a neuronal system and hence behavior 13. 
 
 
 

 
 

Figure 1. Animal behavior (A) is regulated at various levels in the brain. Alterations in neuronal communication 
in specialized neuronal systems (B) composed local circuitry (C) of neurons (D) underlie the changes in animal 
behavior. Especially, alterations in micro circuitry (E) appear to play an important role in the alteration of 
neuronal communication. The changes in synaptic efficacy (F) are induced by different cellular- and molecular 
mechanisms (G). Moreover, long-term alterations in neuronal activity are dependent on novel gene expression 
(H). These different neuronal mechanisms, functioning at different levels of organization, are involved in the 
alterations in neuronal communication underlying behavioral adaptations. This figure is adapted from 
Shepherd . 13
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Chapter 1 

Neuronal communication depends on the use of chemical messengers, called 
neurotransmitters, which are released at specialized neuronal contact points, the synapses. 
Each synapse is composed of two specialized subcellular domains formed by each of the 
interconnecting neurons, i.e., a presynaptic- and a postsynaptic element, separated by the 
synaptic cleft (Fig. 1F). The presynaptic terminal is situated on the axon of the presynaptic 
neuron and contains storage vesicles with neurotransmitter that are released upon an 
appropriate electrical signal. The postsynaptic specialization is situated on a ‘spine’ at the 
dendrite of the postsynaptic neuron. Neurotransmitters released presynaptically cross the 
synaptic cleft and activate the postsynaptically localized receptor proteins (Fig. 1G). Thus, in 
terms of neurotransmission, the presynaptic neuron is the sender neuron and the postsynaptic 
neuron is the signal-receiving cell.  

 
Opiates act on the mesocorticolimbic system 
Drugs of abuse can be divided into different categories. Here, we will focus here on opiates 
and specifically on morphine. Morphine belongs to the group of narcotic analgesics like 
opium, codeine and heroin. Narcotic analgesics are synthesized from the opium poppy 
(Papaver somniferum). Opiates were used as medical drugs to suppress pain, but became a 
serious drug of addiction when its feature to cause a euphoric sense of wellbeing was noticed. 
Opiates activate specific opioid receptors (see below). Although different types of addictive 
drug have a different mechanism of action, they share the ability to interfere with 
dopaminergic neurotransmission in the mesocorticolimbic system in the forebrain. Moreover, 
drug-induced sensitization towards various different drugs of abuse (heroin, cocaine, 
amphetamine, nicotine and alcohol) has been described14. 

The mesocorticolimbic system (Fig. 2) consists of several brain nuclei that are 
innervated by neurons arising from the ventral tegmental area (VTA). This system can be 
further subdivided in mesolimbic and mesocortical, based on the localization of cell bodies 
within the VTA and their projection areas. Dopaminergic cells of the paranigral subdivision 
project to the nucleus accumbens (NAc; mesolimbic system) and are associated with reward 
and locomotor activity15-17, whereas those of the parabrachial subdivision project to cortical 
structures (mesocortical system), such as the prefrontal cortex (PFC), and are involved in the 
modulation of cognitive functions15, 18. The proportion of dopaminergic cells is different in 
the paranigral and parabrachial subdivisions, with 30% of the neurons projecting to the PFC 
and 85% of those projecting to the NAc being dopaminergic19, 20. 

Opiate agonists exert their effects by stimulating µ, ∂, and k receptor types, and 
mimicking the actions of endogenous opioid peptides. In particular, the µ opioid receptor 
(µOR) subtype is critical for the rewarding effects of heroin and morphine. Morphine can 
enhance synaptic dopamine release into the NAc in two ways. First, morphine blocks 
inhibitory interneurons that secrete gamma-aminobutyric acid (GABA) in the VTA. This lift 
of inhibition results in an increase of dopamine release in the NAc. Second, morphine can 
bind to µORs on VTA dopamine neurons, which, via intracellular signalling pathways, 
stimulates the release of dopamine in the NAc 21, 22. Once present in the synaptic cleft, 
dopamine can bind to post-synaptic dopamine receptors as present on neurons of the NAc or 
PFC. The inactivation of GABA interneurons and activation of dopamine neurons due to 
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morphine binding to the µOR, illustrates that the type of response receptor ligands elicits in a 
postsynaptic neuron is determined by the molecular signaling pathway present in a neuron. 
Signaling pathways are diverse and are formed by various molecular cascades of interacting, 
structurally diverse, signaling proteins, and/or catalyze biochemical reactions via which 
neuronal activity is regulated. Proteins in signal transduction pathways can signal to the 
genome and influence its expression state (Fig 1 G and H).  By doing so they might regulate 
the expression of (their own) genetic information.  
 
 

 
 

Figure 2. Schematic representation of the nuclei and wiring in the basal ganglia in a saggital section of the rat 
brain. Various nuclei of the brain are indicated with their connections, and the type of transmitters used. The 
VTA innervates the PFC and the NAc. In particular the NAc has been shown to be an important limbic area 
regarding the rewarding/reinforcing effects of the drugs of abuse. Opioids, such as morphine, can bind receptors 
on several locations in this system. In particular, upon binding in the VTA they could inhibit GABAergic 
interneurons, as well as stimulating dopaminergic neurons, both resulting in the release of dopamine in the NAc 
and PFC. GABA, gamma-aminobutyric acid; NAc, nucleus accumbens; VP, ventral pallidum; VTA, ventral 
tegmental area; PFC, pre frontal cortex. This figure has been adapted from Sigma and Aldrich 
(http://www.sigmaaldrich.com). 
 
 
Neuronal plasticity 
Already in 1949, Donald Hebb postulated that stimulus-dependent activation of neuronal 
communication depends on alterations in synaptic connections23. Various models have been 
proposed by which neurons are able to alter their synaptic connectivity. Firstly, presynaptic 
neurons can alter mechanisms of neurotransmitter release, as such directly changing the 
strength of the signal they ‘send out’. Secondly, postsynaptic neurons can alter mechanisms 
of signal transduction. For instance, they can change the strength of the received signal by 
modulating receptor density or by changing the efficacy of second messenger pathways. 
Thirdly, glial cells might regulate neuronal transmission. Uptake and degradation of 
neurotransmitters in the microenvironment by glial cells are important factors, which 
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determine the length and the strength of the neurotransmitter signal24. Finally, neurons may 
also be able to change the communication with other neurons by formation and/or removal of 
new synapses. The latter mechanism implies structural rewiring of a neuronal network. 
Studies on synaptic plasticity in the mammalian hippocampus25, in the central nervous system 
of the snail Aplysia26 and of the fruitfly Drosophila27 have revealed that various forms of 
plasticity are organized differently in mechanistic terms. In the case of short-term plasticity, 
rapid processes such as activation or inactivation of ion channels through phosphorylation of 
proteins might play a role. In contrast to short-term plasticity, long-term plasticity is 
dependent on gene expression and protein synthesis. Therefore, in long-term plasticity more 
persistent processes occur, which might include the synthesis of neurotransmitter receptors, 
alterations in signaling proteins thereby modifying synaptic efficacy and restructuring of 
synaptic connections1.  
 
Drug-induced sensitization as a model for addiction? 
Exposure to drugs of abuse leads to a number of acute and long-lasting behavioral changes in 
humans and animals. As discussed before, one of the phenomena induced by exposure to 
drugs of abuse is sensitization. Sensitization can be operationally defined as a leftward shift in 
the dose-response curve of a drug28. Sensitization towards various different drugs of abuse 
(heroin, cocaine, amphetamine, nicotine and alcohol) has been described14. Drug-induced 
sensitization can occur in both a short-term and long-term form. In terms of locomotor 
behavior, short-term sensitization is the increase in response during the days of drug-
exposure, whereas long-term sensitization is referred to as the increase in response in pre-
exposed individuals (Fig. 3). The various effects of morphine have been well characterized 
and described in rats at the behavioral and neurochemical level8, 12, 29-32. Although there are 
reports of long-term sensitization induced by a single injection with high dose of 
amphetamine or morphine33, 34, repeated intermittent exposure to morphine to induce long-
term sensitization has important advantages; it is more effective33, and it resembles more 
closely a human condition of drug (ab)use.  

Using the repeated intermittent exposure protocol12 behavioral sensitization towards 
morphine has been measured as an increased locomotion response after a challenge injection 
of the opiate (Fig. 3). Although an acute injection of morphine is initially sedative in rats, 
daily injections morphine for 14 days induces tolerance to this sedative effect, and the 
psychomotor stimulating properties of morphine become more apparent. This sensitization is 
long-lasting being apparent for weeks to months after cessation of treatment12. This clearly 
indicates that intermittent injections with morphine induce long-term changes in the 
properties of neurons and neuronal systems that control psychomotor activity. It should be 
emphasized that different ways of drug treatment, e.g. chronic vs. intermittent exposure, 
might result in different cellular and behavioral effects. For instance, chronic treatment of rats 
associated with continuous high levels of morphine in the blood, e.g. via subcutaneous 
pellets, induces tolerance to morphine, whereas repeated, intermittent injections induce a 
sensitized morphine response8. 
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Introduction 

 
 
Figure 3. The morphine administration scheme and the behavioral consequences in each of the phases. Animals 
are pretreated once daily for 14 days with saline (white) or morphine (light gray). Morphine-treated animals 
show an increase in their locomotor behavior upon renewed exposure to morphine. After a period of abstinence 
(3 weeks), animals are treated with saline and subsequently with morphine. In morphine-pretreated animals the 
behavioral response (dark gray) upon renewed exposure is much higher than in animals pretreated with saline 
(light gray) that receive morphine for the first time. 

 
According to the ‘incentive-sensitization theory of addiction’, behavioral sensitization 

is crucial for the transition of recreational drug consumption in compulsive drug seeking5. 
From a neurobiological point of view, addiction is a complex brain disease, characterized by 
persistent craving leading to compulsive drug-seeking behavior and chronic drug taking. It is 
also a relapsing disorder; former addicts have a strong tendency to relapse to drug-taking 
even long after detoxification. The incentive-sensitization theory points to psychobiological 
evidence to explain addiction behavior. The theory implies that repeated exposure to drugs of 
abuse leads to an ‘addictive prone state’, i.e. a state of increased vulnerability towards drugs 
of abuse. During the ‘addictive prone state’ individuals are sensitized as to the effects of 
drugs and drug-related environmental stimuli (cues). As a consequence ‘liking’ drugs 
gradually changes in obsessive craving for drugs at the cost of health and social-economic 
functioning5.  

Apart from sensitization, in which drugs of abuse are administered in a non-contigent 
way, several models to study drug administration, relapse and reinstatement exist that more 
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closely resemble aspects of human addiction35, 36. It must be noted that the parallel of true 
human addiction behavior, i.e. compulsive drug intake despite the negative consequences, is 
only present in a small proportion of animals taking drugs36 10. Jacobs and coworkers  showed 
the possibility to dissociate the effect of heroin itself and the motivational component of 
heroin use using a self-administration paradigm. In addition to the use of heroin self-
administrating animals, drug-administration of yoked controls was paired to self-
administrating animals37. This model has already been successfully used to reveal differential 
effects between both administration types regarding animal behavior, drug-induced changes 
in neurotransmission, protein levels and gene expression in the mesocorticolimbic system38.  

To date, there are only a few examples that provide direct evidence for a role of 
sensitization in major aspects of addiction such as, craving, relapse to, and motivation for 
drug use after abstinence. However, it is clear that pre-exposure of animals to drugs of abuse 
is able to enhance drug-seeking behavior39-41. Recent studies provided evidence for the 
incentive-sensitization theory, using an extinction-reinstatement model of relapse behavior in 
rats4, 42. Studying the behavioral effects of a variety of direct and indirect dopamine D1 and 
D2 receptor agonists, it was shown that only those ligands that induced an enhanced 
behavioral effect long after extinction of heroin or cocaine self-administration, also caused 
relapse to drug-seeking behavior. Traditionally, the animal model used to study relapse to 
drug-seeking has been the reinstatement procedure using self-administration. Mueller and 
Stewart showed that the place preference test, a forced drug-administration paradigm, 
followed by extinction could be used to reinstate drug-seeking by a priming injection of the 
drug43.  

Thus, although a forced drug-administration paradigm does not reflect all aspects that 
are involved in human drug addiction, it remains a valuable model to study the molecular and 
cellular effects of drug-induced plasticity in the brain.  
 
Sensitization involves various neurotransmitter systems 
Drugs of abuse induce strong and persistent changes in motivational behavior. A large body 
of evidence suggests that the mesocorticolimbic system,mediating the motivational effects of 
natural occurring rewarding stimuli (food, sex) may also subserve that of addictive drugs. 
Although psychostimulants and opiates have different molecular targets, it is well known that 
they share a common stimulatory effect on dopamine neurotransmission in particular brain 
structures in the basal ganglia44. During the last years, it became clear that various 
neurotransmitter systems (dopamine, GABA, glutamate) play a crucial role in the 
psychomotor and reinforcing effects of drugs of abuse44, 45. 

Microinjections of drugs of abuse illustrated the role of several brain nuclei of the 
mesocorticolimbic system. Whereas a single injection of amphetamine into the VTA had no 
acute effect on locomotion activity, repeated intra-VTA administration resulted in sensitized 
locomotory responses to a systemic injection of amphetamine46. In contrast, amphetamine 
produced acute locomotory stimulation upon a single injection into the nucleus accumbens, 
but repeated injections in the nucleus accumbens did not lead to sensitization47, 48. Also, 
priming with repeated intra-VTA injection of amphetamine increases the behavioral response 
to an intra-accumbens injection with amphetamine49. These studies suggest that behavioral 
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sensitization can be initiated by stimulating the dopaminergic cell bodies in the VTA, 
whereas the expression of sensitization appears to precipitate in the neurons of the NAc.  

Besides the dopamine input from the VTA, the NAc receives excitatory glutamatergic 
inputs. Glutamate projections arising from the hippocampus, the amygdala and the PFC are 
thought to transfer ‘emotional and motivational’ information to the NAc (Fig. 2). The neurons 
of the NAc receive synapses from thousands of distinct cortical neurons50. This organization 
is consistent with the idea that spiny neurons integrate information from many sources, and 
ultimately produce an output signal to the motor cortex51. Glutamatergic neurotransmission is 
involved in behavioral sensitization since excitatory amino acid transmission is augmented in 
rats developing cocaine-induced behavioral sensitization52. Repeated exposure to cocaine and 
amphetamine has long-lasting effects on glutamatergic synaptic transmission53, 54 and the 
induction of behavioral sensitization to amphetamine can be prevented by co-treatment with 
glutamate receptor antagonists55. In addition, interfering with NAc long-term depression, 
which is a model for aspects of learning depending on glutamate, by blocking glutamate 
receptor-mediated endocytosis, prevented the expression of amphetamine-induced behavioral 
sensitization56.  

The major neurotransmitter of the output neurons of the NAc is GABA (Fig. 2). The 
output neurons project back to the perikarya of the dopaminergic neurons in the VTA acting 
as a feed-back signaling pathway between the different nuclei in the mesocorticolimbic 
system. In addition, the GABAergic neurons project to the pallidum, a nucleus of the motor 
circuit. Although 95% of the neurons in the NAc neurons are medium sized GABAergic spiny 
neurons, the NAc shows a complex cellular organization. The neurons express a large array of 
classical transmitters, (opiate) neuropeptides (e.g. enkephalin, dynorphin, substance P) and 
receptor subtypes. In addition, different types of cholinergic interneurons are present in the 
NAc57. In particular, long after morphine administration, there is an increase in acetylcholine 
release32, 58, 59. The increase in cholinergic tone, via activation of nicotinic receptors, increases 
GABA transmission at the level of GABA medium spiny output neurons60, which correspond 
to the observation that glutamatergic excitation of output neurons is decreased after cessation 
of morphine treatment61. 

Taken together, drug-induced sensitization involves neuroplastic processes that affect 
specific neuronal substrates (e.g. neurons of the NAc), and induce persistent alterations in 
cellular functioning, intracellular communication that are finally reflected in behavioral 
changes. These changes are thought to be the consequence of a molecular cascade of fast and 
transient changes upon the first and subsequent exposures to the drug. Several mechanisms 
have been suggested to explain long-term plasticity of the brain, i.e. pre- and postsynaptic 
modification, glial regulation of neurotransmission, and rewiring of neuronal connections62 
(Fig. 4). The nature of the long-term changes in the NAc that underlie drug-induced sensitized 
behavior in rats is largely unknown. 
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Figure 4. Different mechanisms underlying synaptic plasticity. Mechanisms related to the strength of 
neurotransmission. (I) Increased presynaptic release of neurotransmitter. (II) Postsynaptic increased sensitivity 
for the receiving of the signal. III) Reorganization of synaptic connections. Establishment of new connections 
removing existing connections from the network. (IV) Glial regulation of neurotransmission. This figure is 
adapted from Sanes and Lichtman . 62

 
Drug-induced neuroplasticity: pre-and postsynaptic neuronal adaptations in the NAc.  
Shortly after discontinuation of morphine administration, several neuroadaptations are 
observed, which include decreased excitability of striatal dopaminergic terminals, as well as 
decreased striatal expression of dynorphin and enkephalin8, 30, 63. In contrast, weeks of 
morphine abstinence results in hypersensitivity of presynaptic dopamine terminals in the NAc 
and increased steady state dynorphin expression30, 64. Thus, these long-lasting changes appear 
to be a delayed and dynamic process that gradually develops in time in the absence of 
morphine8.  

The presynaptic dopamine neurons arising from the VTA show various types of 
molecular changes due to chronic exposure to morphine. There is an increased level of 
tyrosine hydroxylase (TH), the enzyme involved in dopamine synthesis65. In particular, 
withdrawal from morphine showed a reduction in TH-positive cells in the VTA66. VTA 
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dopamine release could also be regulated by decreasing levels of inhibitory G-proteins that 
couple to dopamine autoreceptors67, 68. In addition, GABAergic interneurons in the VTA have 
an inhibitoiry tone thereby regulating dopaminergic cell activity and release of dopamine in 
the NAc. Recently, it was shown that GABA(B) receptor stimulation in the VTA blocks 
morphine-induced sensitization by inhibiting activation of neurons in the shell of the NAc69.  

Due to the enhanced sensitivity of presynaptic dopamine terminals, a major focus in 
the study of drug-induced locomotion and motivational effects has been on subtypes of 
dopamine receptors. The dopamine receptors are divided in two classes: dopamine D1-like 
receptors (D1 and D5) and the dopamine D2-like receptors (D2, D3 and D4). Dopamine 
receptors, like µOR, are G-protein-coupled and regulate activity of the cyclic adenosine 5’ 
mono-phosphate- (cAMP) dependent signal transduction pathway. The D1-like receptors are 
positively coupled to adenylyl cyclase and increase intracellular cAMP levels upon activation 
via the Gs-subunit of the G-protein, whereas the D2-like receptors are negatively coupled to 
adenylyl cyclase via Gi- and Go-subunits of the G-protein. Thus, through opposing receptor-
mediated effects, dopamine regulates the functioning of the cAMP-dependent pathway in 
postsynaptic striatal neurons. Although it is clear that different dopamine receptors play an 
important role in the expression of drug-induced behavior, drug-induced behavioral 
sensitization is not consistently associated with lasting changes in dopamine receptor mRNA 
and protein levels70, and with alterations in dopamine receptor affinity and density8, 71. 
Therefore, a large number of studies have focused on the intracellular signaling mechanisms 
in the NAc3, 72.  

Acute systemic administration of morphine inhibits D1 receptor-mediated adenylyl 
cyclase activity in the NAc73. In the VTA, acutely administered opioids inhibit GABA-
mediated synaptic transmission74, whereas removal of opioids after chronic and intermittent 
treatment results in a cAMP-dependent increase in GABA-mediated synaptic transmission in 
several sites, including the VTA and the striatum30, 75, 76. Also, intermittent cocaine or 
amphetamine treatment has been shown to induce up-regulation of the G-beta1 subunit 
mRNA in neurons of the NAc77. The subsequent enhancement of cAMP dependent protein 
kinase A activity might play an additional role in the neuronal adaptations in neurons of the 
NAc underlying behavioral sensitization78.  

In addition to alterations in the dopamine receptor-mediated signal transduction 
mechanisms, alterations in the glutamate receptor-mediated synaptic transmission seem to be 
involved in drug-induced behavioral sensitization61. A number of studies have shown 
psychostimulant-induced regulation of the expression of genes for ionotropic- and 
metabotropic glutamate receptor subunits in the striatum55, 79, 80. Recently, also opiate-induced 
regulation for ionotropic- and metabotropic glutamate receptor subunits was shown in the 
NAc81, 82. A change in the expression of glutamate receptor subtypes may change the 
responsiveness of the striatal neurons to glutamate83, 84, and might influence neuronal 
calcium-conductance. As a result calcium-dependent signal transduction pathways might be 
differentially activated. Indeed, there is evidence that calcium-dependent signaling proteins 
are involved in the drug-induced behavioral sensitization85, 86. 

A cross-talk between the dopaminergic and glutamategic system was found by Valjent 
and colleagues87, who showed drug-induced activation of extracellular signal-regulated 
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kinase (ERK) specifically in the NAc through the combined action of NMDA and D1 
receptors. An interaction between dopamine- and glutamate signaling has also been observed 
in other brain areas. For example both neurotransmitters play an important role in memory 
processes in the prefrontal cortex88 and in hippocampal long-term potentiation (LTP), a well-
known model of synaptic plasticity. LTP is induced by strong depolarization of postsynaptic 
neurons and is dependent of opening of NMDA receptors and subsequent calcium entry in the 
cell. It is believed that dopamine D1 receptor activation may act to gate synaptic plasticity89. 
Also in the NAc, the dopamine receptor-mediated cAMP pathway and the NMDA receptor-
mediated calcium-dependent pathways may interact at several levels, which might lead to an 
integrated molecular signaling cascade affecting gene transcription in these neurons90. 
Recently, the involvement of an LTP/LTD mechanism in the expression of psychostimulant 
sensitization was shown56, 91. 
 
Drug-induced neuroplasticity: involvement of glial cells 
A second mechanism that is involved in the regulation of neuronal communication is the 
regulation of the microenvironment of the neurons by glial cells. Glial cells (i.e. microglial, 
oligodendrocytes and astrocytes) provide structural and metabolic support for neurons. In 
addition, glial cells are involved in the uptake, removal and release of neurotransmitters 
thereby modulating the neurotransmitter signal. Recently, it has been shown that glial cells 
are also actively involved in the control of glutamatergic neurotransmission92, 93. Upon release 
of glutamate, synapse-encapsulating glial cells respond to this release and feedback to the 
presynaptic terminal, thereby modulating synaptic transmission94. In the striatum, there is an 
intimate interplay between astrocytes and dopamine teriminals, as was indicated by the 
reciprocal regulation of levels of dopamine and kynurenic acid (KYNA), an astrocyte-derived 
endogenous antagonist of both NMDA and α7 nicotinic acetylcholine receptors. Both indirect 
and direct stimulation of dopaminergic activity results in reductions in the brain level of 
KYNA95, and striatal infusion of KYNA reduce extracellular dopamine in vivo, by acting on 
alpha7 nicotinic acetylcholine receptors96. Activation of astrocytes was also shown by 
phosphorylation of both neuronal and astrocytic PKC due to metamphetamine exposure97.  

Another interesting feature of glial cells is their involvement in maintenance and 
modulation of the synapse. Glial cells can release neurotrophins and growth factors, which 
are not only important in the formation of new synapses, but also in the modulation of 
synaptic strength98, 99. As such, neurotrophins and growth factors may be involved in long-
term neuronal adaptations induced by exposure to drugs of abuse100, 101. In vitro, morphine 
exposure changes the shape of microglia, and leads to increased expression of BDNF102. In 
vivo, long-lasting alterations in the immunoreactivity of astrocytic basic fibroblast growth 
factor (bFGF) was observed after repeated injections of amphetamine103. Moreover, bFGF 
antibodies appeared to prevent the induction of amphetamine-sensitization104. In addition, 
local infusion of brain-derived neurotrophic factor in the NAc was shown to cause an 
enhancement of cocaine-induced locomotion105, and intra-VTA infusion of GDNF blocks 
both biochemical adaptations to chronic cocaine and morphine as well as the rewarding 
effects of cocaine106. Thus, drugs of abuse seem to decrease signaling through endogenous 
trophic factor pathways, thereby increasing the sensitivity of the system upon a next drug 
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exposure. Although the actions of neurotrophins and growth factors in neuronal plasticity are 
not fully understood, they undoubtly play a critical role in the outgrowth of neurons and the 
formation of new synapses, a phenomenon associated with drug abuse. 
 
Drug-induced neuroplasticity: reorganization of synaptic architecture 
Already in 1894 Ramon y Cajal postulated that the formation of new connections between 
neurons could be an important mechanism to establish long-term changes in neuronal 
communication and brain functioning107. Recently, it has been shown that structural changes 
can occur in the dendritic spines (i.e. in postsynaptic elements) of neurons in the 
hippocampus, when exposed to trains of action potentials that activate a special form of 
synaptic plasticity, i.e. long-term potentiation108. These morphological changes are thought to 
be important in the establishment of a lasting enhancement of synaptic transmission, and are 
thought to be essential for the persistent alterations in behavior109. Also, intermittent 
injections of drugs of abuse leading to behavioral sensitization generate structural changes in 
the dendritic tree of NAc neurons110. Although opiates and psychostimulants both produce 
long lasting changes in the length of dendrites, in the density of dendritic spines and in the 
number of branched spines, the effects of these drugs are opposite: morphine decreases, 
whereas psychostimulants increase spine lengths. Recently, it was shown that morphine and 
the µOR antagonist naloxone have opposing effects on spine length111. In addition, they 
showed that the effect of morphine was not caused by altered activity of the neuronal 
network. As yet, there is no indication as to the functional effects of the morphological 
changes in these dendritic spines112. However, these anatomical studies suggest that repeated 
exposure to drugs of abuse might alter synaptic connections, and hence synaptic 
communication in the NAc. This phenomenon of reorganization of dendritic architecture may 
well be related to the occurrence of long-term behavioral effects, like sensitization. 

As observed for memory formation in the hippocampus89 the persistent drug-induced 
neuronal adaptations, including anatomical adaptations, require alterations in gene expression 
and the synthesis of novel proteins113. As all genes involved in a cellular process are part of 
an extended complexly organized network, drug-induced changes in gene expression should 
be interpreted in the context of the functioning of a genetic program.  
 
Alterations in the signaling network may underlie drug-induced behavioral sensitization 
Exposure to a drug of abuse, will lead to excessive stimulation of neuronal systems. The 
initial response of these relevant systems are fast and transient, e.g. neurotransmitter release 
and phosphorylation, and will last until the system reaches a new equilibrium2, 114. In addition 
to this, a second type of neuroplastic response might induce persistent alterations in cellular 
functioning and lead to long-term alterations in animal behavior. When examining behavioral 
sensitization, a striking feature is its persistence after drug administration. From this, it is 
evident that drug-induced behavioral sensitization is not based on transient neuronal 
adaptations, but rather on more permanent changes in the brain. The development of long-
term neuronal adaptations that give rise to behavioral sensitization is no doubt complexly 
organized in different brain areas and time. In particular, the coordinated and well-tuned 
synthesis of a large number of proteins and other biomolecules is required to organize the 
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subsequent neuroplastic changes. In line with this, the expression of a large number of genes 
must be orchestrated in an organized spatio-temporal profile. We postulate that alterations in 
a large number of genes might give rise to the specific behavioral phenotype as seen in 
morphine-sensitized rats. 

The expression of the genome is controlled through various types of biomolecular 
interactions in a non-hierarchical cellular signaling network (Fig. 5). The signaling network 
has many players that are in principle defined by the genome and are spatially 
compartmentalized in the cell. With respect to communication of the cell and the extra-
cellular environment, the extended network signals via transmitters and receptors. For 
instance, the enzymes involved in the synthesis and degradation of neurotransmitters are part 
of this type of signaling, as are the proteins involved in transmitter release. In the network 
also substantial intracellular signaling is found. This consists of proteins and non-protein 
metabolites, such as kinases and cAMP. Finally, there is the nuclear gene regulatory signaling 
network of the cell, which makes use of transcription factors and the genome. Gene products 
may interact with each other (trans-acting) as well as with regulatory structures on the DNA 
(cis-acting). Via this part of the signaling network, each gene in the genome can be activated 
by an input, leading to the formation of a protein output. The output protein is able to 
modulate the other parts of the signaling network of the cell and thereby forms new input for 
other genes. In this way, a signaling network arises, which consists of feed-forward and feed-
backward connections in the nucleus, the cell cytoplasm and the cellular environment. In fact, 
the neuronal plasticity described in previous sections is a reflection of alterations in this 
extended cellular signaling network. 

An extended signaling network can be said to execute a genetic program. The cellular 
proteins define the input-output relationships within this network by specific biomolecular 
interactions. Thus, ‘wiring’ (the connections between genes) and ‘rules’ (the functional 
interactions of genes) are both determined by gene structure and gene products115, 116. 
Assuming that protein synthesis is not a limiting step, the expression of messenger RNA can 
be viewed as both the origin and the target of the information flow. Because gene expression 
is also function of time, the profile of gene expression subdivided in its successive states, 
defines the physiology of the cell. The subsequent states in the gene expression profile form a 
so-called trajectory. Upon an input, the trajectory will at some point in time reach an attractor, 
which is a semi-stable state or a group of alternating states117-119. In chapters 3 and 4 there are 
examples of such (semi-) stable states of gene expression. 
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Figure 5. An extended signaling network controls the expression of genes. Assuming that protein synthesis is 
not a limiting step, the expression of mRNA can be viewed as the origin and as the result of the information 
flow (arrows). The network consist of different levels; 1) the intercellular signaling, which is between the 
neurons and maintained via neurotransmitters, and their synthesizing- and degradation enzymes, 2) an 
intracellular signaling system, which consist of the second-messenger systems in the cell, and 3) the regulation 
of gene expression in the nucleus of the cell. This figure is adapted from Somogy116. 
 
Transcription factors orchestrate the inner circle of the extended genetic network 
Transcription factors are typically involved in the control of gene expression. They may bind 
to regulatory DNA sequences and activate or repress transcription. Alternatively, they may 
modulate, by protein-protein interactions, the transcriptional machinery. The specific 
composition of the homo/hetero-dimers of transcription factors determines binding to gene-
specific regulatory elements. Alterations in the ratios of active transcription factors within a 
cell may therefore affect the expression of the target genes120. 

A well-known transcription factor is cAMP responsive element binding protein 
(CREB). This protein is consititutively expressed in neurons and requires phosphorylation at 
specific amino acid residues before it can bind to specific CRE-elements in the DNA and as a 
result alter genomic expression. The phosphorylation of CREB is mediated by the dopamine-
regulated cAMP-dependent pathway and also by the glutamate-dependent calcium signaling 
pathway121, 122. CREB-mediated gene expression is thought to be important both in 
hippocampal plasticity123 as well as in drug-induced neuronal plasticity in the NAc124, 125. 
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Cole and colleagues126 describe an interesting example of the fast and transient response of 
CREB and the expression of a target gene. They showed that prolonged activation of D1-like 
receptors in striatal neurons could lead to increased phosphorylation of CREB, binding to 
CRE elements in the dynorphin gene and subsequent activation of gene expression. However, 
this increased expression of dynorphin is short and transient and appears to be response to 
excessive stimulation of dopaminergic receptors126. 

The transcription factors that are expressed rapidly after stimulation of 
neurotransmitter receptors, are the so-called 'immediate early' genes. Prototypical immediate 
early genes of the fos/jun protein family are expressed at low levels in unstimulated neurons, 
and are rapidly and transiently expressed following specific stimuli. It has been reported that 
acute exposure to cocaine127 128 90, amphetamine  and morphine  is able to induce (among 
others) fos/jun expression in the rat striatum129. Also direct dopamine receptor stimulation 
triggers expression of immediate early genes in the striatum. In a 6-hydroxy-dopamine lesion 
model, followed by D1 receptor stimulation, a fast and transient expression of a set of genes 
is induced, including c-fos, c-jun, krox-20, COX-2, Nur77, zif268, fra-2 (and many as yet 
unknown immediate early genes)130. 

The drug-induced alterations in the expression and composition of transcription 
factors suggest that these molecules serve as molecular switches, which trigger changes in 
gene expression in the NAc after exposure to drugs of abuse leading to a persistently altered 
physiological state11, 131. Nestler and co-workers132, 133 described an example of this. Animals 
that are repeatedly exposed to drugs of abuse (e.g. amphetamine, morphine, nicotine or 
phencyclidine), a c-fos-like protein termed Δ-fosB, which is a truncated splice variant of the 
fosB gene, is persistently expressed throughout the striatum133 and accumulates in the neurons 
after repeated drug treatment. Therefore, it might be involved in the long-lasting effects of 
drugs of abuse. In addition, transgenic mice that over-express the transcription factor Δ-fosB, 
specifically in the striatum, show an increase in the locomotor-activating effects of cocaine. 
One of the genes which is directly controlled by Δ-fosB is the AMPA-type glutamate receptor 
GluR2 gene. The expression of this GluR2 sub-unit in the AMPA receptor alters its 
permeability for calcium-ions, and thereby modulates the reactivity of the striatal neurons 
after prolonged exposure to drugs of abuse134. 

Other late genes of which the expression is induced by drugs of abuse include second 
messenger mediating proteins in the striatum (e.g. subunits of G-protein coupled receptors)77, 

135, 136, neuropeptides, e.g. dynorphin and enkephalin126, 137-139, GABA receptor subunits in the 
cortex140, glutamate receptor subunits in the VTA141 and in the NAc and the prefrontal 
cortex80, as well as novel proteins in the NAc142. In fact all these late genes are involved in 
the drug-induced persistent alterations in neuronal signaling, and thereby contribute to the 
expression of a subsequent set of genes.  

The subsequent steps in drug-induced genome activation, as defined by 'immediate 
early' and 'late' gene expression, are in fact the early and late steps in the trajectory of genome 
expression, ultimately resulting in a new physiological state. Although various examples of 
changes in gene expression were given in the previous paragraphs, this trajectory has not been 
described in the context of neuroadaptations resulting from the exposure to drugs of abuse.  
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Aim of this thesis 
The aim of this thesis is to investigate morphine-induced molecular changes in the rat NAc 
that are associated with adaptive alteration in neuronal communication and that subserve 
behavioral consequences of drug exposure such as sensitization. Although descriptive in 
nature, this thesis aims to pinpoint target genes for possible (pharmacotherapeutical) 
intervention at distinct stages of the induction and expression of neuroplasticity associated 
with behavioral sensitization.  

As outlined above, exposure to drugs of abuse leads to distinct responses in the brain. 
Both fast and transient adaptations occur, as well as long-term neuroplastic adaptations, each 
altering cellular functions and the properties of neuronal circuitry leading to persistent 
changes in behavior. As a first step towards understanding the molecular and cellular 
responses underlying the long-lasting behavioral response to drugs of abuse observed in 
animals and humans, we needed to dissect the molecular and cellular dynamics of the 
processes. In particular, we aimed to investigate at which time-scale drug-induced responses 
are organized and which types of molecular and cellular responses are involved.  

In this thesis I will describe drug-induced neuronal adaptations in terms of alterations 
in gene expression. In particular, temporal gene expression measurements may indicate the 
type and timing of molecular and cellular responses (in casu the development and 
maintenance of a morphine-induced sensitized state). I have used two approaches to 
investigate morphine-induced gene expression in the rat NAc. In the first approach (Chapter 
2), I used an open screening method in order to search for transcripts regulated long-term (3 
weeks) after repeated morphine exposure. This part of the study aimed to reveal genes, which 
through persistent alteration in expression might contribute to the long-lasting neuronal 
plasticity that is necessary for sensitization to occur. In the second approach (Chapters 3 and 
4), I investigated the dynamics of gene expression of a limited set of transcripts. This 
approach aimed to reveal the contribution of particular types of responses over time, by 
choosing genes that might be markers for certain physiological processes. In chapter 3, I 
describe experiments aimed to elucidate the response of individual genes during the various 
phases of exposure to morphine and subsequent abstinence from the drug. Finally, in chapter 
4, I investigated whether repeated morphine exposure may lead to a new state of the genetic 
network in striatal cells, in which the input-output relations, and thus information processing, 
are persistently changed. 
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Abstract 
Exposure to drugs of abuse induces adaptation of the brain, as evidenced by alterations in 
neurochemistry and behavior. The nature and endurance of these effects suggests they result 
from underlying changes in gene expression. Therefore in this study, we screened for 
differentially expressed genes involved in drug-induced neuroadaptation in the rat mesolimbic 
dopamine system, in particular the nucleus accumbens. Using differential display PCR, we 
detected the up-regulation of the β-chain of hemoglobin 3 weeks after the cessation of an 
intermittent morphine treatment (14 days a daily injection, 10 mg/kg, s.c.). The β-hemoglobin 
gene expression is found in a particular subset of glia cells, and a subset of epithelial cells of 
blood vessels. We find that both in the ventral tegmental area and the nucleus accumbens the 
β-hemoglobin gene is up-regulated due to acute morphine (3 h after first injection) and long 
after cessation of drug-intake (3 weeks), whereas it is down-regulated directly after cessation 
of morphine-intake (first day of abstinence). Taken together, these results suggest a role for β-
hemoglobin in the persistent neuronal adaptations that occur in the brain after morphine 
exposure.  
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Introduction 
Repeated exposure to drugs of abuse results in long-lasting changes in physiology and 
behavior. The enduring nature of these drug effects suggests that they are generated by 
neuroadaptations at the molecular and cellular level, which in turn become apparent at higher 
levels of organization, such as in functioning of neuronal circuitry and behavior 2, 5.  
The brain mesocorticolimbic system is a major target of drugs of abuse. In particular, the 
nucleus accumbens (NAc) is important for the expression of addictive behavior, such as 
relapse to drug taking47, 143. It displays different types of molecular neuroadaptations, such as 
changes in transmitter release and signal transduction pathways, as well as cellular 
adaptations, such as reorganization of synaptic connections7-9, 48, 52, 60, 144-146. It has been 
suggested that this neuronal adaptation is caused by a temporally well-defined gene 
expression pattern. Transcription factors like ΔFosB, which accumulate after drug exposure 
might be involved in this 2, 130, 147. Studies on drug-induced alterations in gene expression 
have focused on acute drug effects, and several immediate target genes of ΔFosB have been 
reported to be regulated, e.g. GluR2 and Cdk5134, 148, 149. In contrast, only a few genes are 
known to be regulated on the long-term (e.g. NAC-1142, 150 139 and CART ). In particular, these 
and other persistently differentially regulated genes may underlie aspects of neuroadaptations 
(in cellular communication and/or connectivity), which bring about the drug-induced long-
term behavioral state.  

Therefore, in this study we set out to screen for regulated genes that are regulated long 
after the cessation of drug-intake. We used intermittently applied morphine because this 
potently induces behavioral and biochemical sensitization12, 151, in addition to changes in 
connectivity of neurons7, all of which are apparent at least 3 weeks after the last morphine 
injection. Here, we used a differential display polymerase chain reaction (DD-PCR) screening 
to detect genes differentially expressed in the NAc of the rat brain after 3 weeks of morphine 
abstinence. The differential gene expression was validated as well as temporally defined 
using real-time quantitative PCR (qPCR).  
 
Experimental Procedures 
Animals and drug treatment 
Male Wistar rats (150-250 g body weight; Harlan, The Netherlands) were housed in Macrolon 
cages (two per cage) under controlled conditions (21 °C, 12 h/12 h light/dark cycle). Food 
and water were available ad libitum. The animals were allowed to accustom to the housing 
conditions for 1 week and were handled 3 days before drug treatment.  

For the DD-PCR analysis, animals were subjected to an intermittent injection regimen, 
which consisted of 14 daily injections of 10 mg/kg morphine hydrochloride dissolved in 
saline (s.c., OPG Utrecht, The Netherlands) at 9.00 a.m. in their home cage. Control animals 
received saline injections (s.c.) at the same time points. Following these 14 days, animals 
were kept abstinent from morphine or saline for a period of 21 days after which they were 
decapitated.  

For the analysis by qPCR, animals were taken after a single injection, and after the 
injection regimen as described above at day 1 and day 18 of morphine/saline abstinence. For 
both experiments the animals were decapitated at 12.00 a.m. (4 animals per time point per 
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treatment), and the brains were immediately frozen and kept at -80 °C until further use. The 
NAc and the ventral tegmental area (VTA) were dissected from the frozen brains. Animals 
were treated in accordance with the European Communities Council Directive of 24 
November 1986 (86/609/EEC) and all experiments were approved by the Animal Care 
Committee of the Vrije Universiteit Amsterdam.  
 
RNA extraction 
Total RNA was isolated from frozen tissue using the method of Chomczynski and Sacchi152, 
with additional phenol/chloroform (1x) and chloroform (1x) extractions and overnight ethanol 
precipitation at -20 °C. After washing (70% ethanol), the precipitated RNA was treated with 
DNase-I (5 U/μg RNA, Boehringer Mannheim, Germany). The quantity and quality of 
isolated RNA were checked by gel electrophoresis. 
 
DD-PCR 
Separate reactions consisting of 12 µl total RNA (1 μg) were primed each with 1 µl (20 pmol) 
of one of eight different anchor primers (AAAGCT12AT, AAAGCT12AA, AAAGCT12AC, 
AAAGCT12VT, AAAGCT12VC, AAAGCT12VA, AAAGCT12VG, with V being a C or G), and 
transcribed with 300 U MMLV-RT (Promega, USA) at 37 °C for 30 min. An additional 200 
U MMLV-RT was then added and the reaction was continued for another 30 min.  

153-155Subsequently, DD-PCR analysis was performed  on 1 µl of diluted (1:10) RT-
cDNA with 25 pmol anchor primer, 5 pmol 5’-sense primer, 200 µM deoxynucleotides, 2 µCi 
32P-α-dATP, 2 µl buffer (10 mM Tris-HCl (pH 8.4), 0.1 mg/ml gelatin, 50 mM KCl, 1.5 mM 
MgCl2) and 0.5 U Supertaq DNA polymerase (Boehringer, Germany) in a total volume of 20 
µl, and amplified during 40 cycles (94 °C for 30 sec, 40 °C for 60 sec, 72 °C for 60 sec). The 
5’-sense primers used for DD-PCR are 13-mer oligonucleotides designed according to 
Bauer156, except that the 5’-end of the primers contained a BamHI restriction site to allow 
efficient cloning of the DD-PCR products. Radiolabeled PCR products were run on 6% 
polyacrylamide/urea gels in Tris-borate buffer at 80 W. PCR products were visualized by 
autoradiography on Kodak Biomax MS-1 film.  

Bands of interest were cut from the wetted acrylamide gel, resuspensed in 500 µl 
elution buffer (10 mM Tris-HCl, pH 8, 1mM EDTA, 100 mM NaCl), boiled for 10 min, 
ethanol precipitated and subjected to PCR reamplification using the reaction conditions of the 
DD-PCR (with 25 pmol of both primers). Reamplified products were cloned into an M13 
sequencing vector. Five independent M13 clones in both orientations were subjected to 
sequence analysis in two directions from universal primer sites.  
 
Real-time quantitative PCR (qPCR) 
DNase treated RNA (~1 µg) from 4 morphine-sensitized and 4 saline-treated control rats was 
transcribed into random primed cDNA in separate reactions using 25 pmol hexamers 
(Eurogentec, Belgium) and 200 U MMLV Superscript II (Gibco BRL, USA), according to the 
protocol of the manufacturer. For the β-hemoglobin expression profiles of NAc and VTA, 
cDNA generated from pooled RNA from 4 animals per treatment was used (see Animals and 
drug treatment).  
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Measurements by qPCR were performed on an ABI PRISM 7700 sequence detection 
system. PCR conditions and SYBR Green reagents (SYBR Green I core reagent kit; PE 
Biosystems, USA) were used in a reaction volume of 20 µl using transcript-specific primers 
(300 nM) on cDNA (corresponding to ~20 ng RNA) in accordance with the guidelines of PE 
Biosystems. The threshold line for determining the value of the cycle of threshold (Ct) was 
set on 0.3 ΔRn (baseline subtracted values) with curves reaching maximally 6-8 ΔRn, and 
baselines of ~0.02 ΔRn. Transcript-specific oligonucleotide primers were generated with 
Primer Express software (PE Biosystems, USA), based on gene bank sequence entries: β-
hemoglobin (X16418) and hypoxanthine phosphoriboyltransferase (HPRT, M63983). β-
hemoglobin forward primer 5’-TTATGGGTAACCCCCAGGTGA-3’, reverse primer 5’-
AAAGGTGCCCTTGAGGTTGTC-3’; HPRT forward 5’-ATGGGAGGCCATCACAT TGT-
3’, reverse 5’-ATGTAATCCAGCAGGTCAGCAA-3’. 

The Ct-value was used to calculate the relative level of gene expression157 (morphine 
treated vs. saline treated) normalized to the reference control Hypoxanthine phospho ribosyl 
transferase (HPRT). These relative expression data were analyzed using a Student’s t-test. 
 
In situ hybridization 
In situ hybridization was performed on 4 rat brains. Animals were sacrificed and their brains 
were rapidly removed, frozen by immersion into isopentane at –50 °C and kept at –80 °C 
until sectioning. Serial cryo sections (14 μm) were cut and thaw-mounted on gelatin-coated 
slides. Sections were postfixed in 4% paraformaldehyde, treated with acetic anhydride, 
dehydrated and defatted as described before158.  

The β-hemoglobin cRNA probes were transcribed in vitro from a gel-purified partial 
cDNA (nts 289-577 X16418159) obtained by PCR amplification with specific primers 
containing T7/T3 sequences. Anti-sense and sense cRNA probes labeled with [35S]-UTP 
synthesized as previously described by Young160. After washing, RNAse A (Boehringer 
Mannheim, Germany) treatment and dehydration, the sections were air dried and exposed to 
Kodak X-omat AR X-ray film for 1-4 days. In addition, the slides were stained with cresyl 
violet. 
 
Results 
We used a drug administration paradigm that is known to induce biochemical and behavioral 
neuroadaptation8, 12 in order to screen for differentially expressed genes. A DD-PCR 
screening was used to identify differentially expressed genes in the NAc of rats abstinent 
from morphine (compared to saline) for a period of 3 weeks (n = 4 per treatment). We 
adopted strict criteria to select DD-PCR products on gel; i.e. at least three out of four lanes 
had to show difference and of each DD-PCR product identified at least 5 different subclones 
were sequenced (see Discussion). From the approximately 2,400 gene products that were 
displayed in total (Table I), 25 gene products were cloned. Because DD-PCR screens are 
known to have high false-positive rate161, 162, we limited our initial analysis to the 10 gene 
products encoding proteins with known function or present as EST in the database (Table I, 
groups I and II).  
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Table 1. Summary of DD-PCR screening 
 
 
Total number of screened PCR products         ~ 2400 
Total number of DD-PCR products cloned 25 

Group I: Identical to known genes 6 
Group II: Homology to EST-clones 4 
Group III:  Unknown sequences  11 
Group IV: Clones containing genomic DNA 4 

 
 

In an independent experiment on a separate cohort of rats we verified the differential 
expression of the transcripts by qPCR analysis using cDNA from the NAc of saline- and 
morphine-treated animals (n = 4 per treatment). Only two transcripts appeared significantly 
regulated in morphine-treated animals. One of the transcripts, which is down-regulated 1.8-
fold (p < 0.05) at 3 weeks of morphine abstinence, is homologous to a cDNA clone from a 
mouse thymus EST cDNA library. Full sequence analysis of this clone (accession nr. 
AA087038) did not reveal an open reading frame and the sequence appeared to be part of an 
untranslated region of an as yet unknown transcript (sequence data not shown). The other 
transcript, which encodes the β-chain of hemoglobin159 (data not shown), is up-regulated 1.7 
times (p < 0.05) (Fig. 1). 

 

 
 

Figure 1. Up-regulation of β-hemoglobin gene expression after cessation of morphine exposure.  
(A) Differential display of NAc RNA from morphine-sensitized and non-sensitized (saline treated) animals, at 3 
weeks after the last injection of morphine. The estimated transcript size (nt) is indicated at the left. The arrows 
indicate the PCR-product corresponding to the cloned β-hemoglobin transcript. Note that the intensity of the 
PCR-product is higher in the morphine-treated samples. (B) Validation of β-hemoglobin expression as regulated 
by morphine by qPCR. Left panel: Bars indicate the relative levels (mean ± s.e.m.) of expression in morphine-
sensitized (filled) and control saline-treated (open) animals, expressed as percentage compared to HPRT. Right 
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panel (dotted): Bar indicates the morphine-induced expression (fold-induction morphine vs. saline), * p < 0.05 
(Student’s t-test). 

We then established the cellular localization of the expression of the β-hemoglobin 
gene by in situ hybridization in the rat brain. The β-hemoglobin transcript is expressed 
throughout the midbrain (Fig. 2a). In the NAc (Fig. 2b-d), the β-hemoglobin transcript is 
expressed exclusively in a subset of glia cells, and not in medium spiny interneurons. In 
addition, β-hemoglobin gene expression is found in a subset of epithelial cells closely 
associated with blood vessels (Fig. 2d). 

 

 
 
 

Figure 2. Localization of the β-hemoglobin transcript in the rat brain by in situ hybridization.  
(A) Coronal section of the rat midbrain (left, in situ hybridization; right, schematic drawing: Crtx, cortex; cc, 
corpus callosum; CP, caudate putamen; NAc, nucleus accumbens). The β-hemoglobin gene shows a punctuate 
pattern of expression throughout the brain. (B-D) Slides were counterstained with cresyl violet to visualize the 
cellular structure. In the NAc, the β-hemoglobin transcript is present in a subset of glia cells (arrowheads, β-
hemoglobin expressing glia cells; asterisks, β-hemoglobin negative glia cells) (B) and is not present in medium 
spiny neurons (indicated by N) (C). In addition, the expression of β-hemoglobin is found in a subset of epithelial 
cells associated with blood vessels (bv) (D). 

 
In order to determine the temporal expression of the β-hemoglobin transcript, we 

measured its expression levels in the NAc and the VTA using qPCR directly after exposure to 
morphine (day 1) and during the morphine-abstinence period at day 1 and day 18 on a pool of 
4 animals per treatment (Fig. 3). A first observation is that expression of the β-hemoglobin 
gene is ~30 times higher in the VTA than in the NAc (Ct-value 18 vs. 23, respectively). The 
overall expression profile in both brain areas is very similar, with an up-regulation acutely 
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after morphine on day 1, a tolerance effect (down-regulation) at the first drug-free day and a 
return to up-regulation in the third week of abstinence.  

 
Figure 3. Temporal expression profile of β-hemoglobin. 
Bars represent the level of β-hemoglobin-induced gene expression (morphine vs. saline treated) in the NAc 
(filled) and VTA (open) on day 1 of morphine exposure (E day 1) and subsequent abstinence (A day 1 and 18). 
Each time point is a measurement on pooled cDNA from 4 animals per treatment (see chapter 3). 
 
 
Discussion 
We find in both the NAc and the VTA of morphine-sensitized animals long-term changes in 
expression levels of the transcript for the β-chain of hemoglobin, suggesting that the β-
hemoglobin gene might be part of the morphine-induced adaptation underlying the long-
lasting nature of the morphine-induced behavioral state. Before discussing these findings in 
detail, we will first focus on some of the methodological aspects of this screening. 
 
Assessment of DD-PCR results 

155, 161DD-PCR analysis is known to be error-prone . To avoid artefacts arising from 
differences in dissection or between individuals and from the incidental amplification of low 
abundant transcripts163, our DD-PCR study was performed with cDNA templates generated 
from individual rats (4 morphine-sensitized vs. 4 saline-treated). We adopted strict criteria by 
which only PCR products that are reproducibly differentially displayed in three out of four 
lanes were further analyzed. Because excised PCR products might be contaminated with 
unresolved PCR products, which are smaller in size and which are not related to the PCR 
product of interest, we sequenced at least 5 different subclones of each ligation reaction. Even 
by applying these strict criteria, from the initial 10 candidate DD-PCR products (see Table 1) 
selected for further analysis only 2 were found to be morphine-regulated transcripts when 
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quantified independently by qPCR (Fig. 1). This underscores the notion that DD-PCR is very 
sensitive to artefacts, and always requires independent corroboration of the obtained results. 
 
β-hemoglobin gene is expressed in specific cell types in the brain 
In situ hybridization showed that the β-hemoglobin gene is widely expressed in brain tissue 
as observed from coronal sections at the level of the midbrain (Fig. 2a). At least two types of 
cell express the  β-hemoglobin gene, namely a subset of cells in the epithelium of blood 
vessels and a subset of glia cells. Although the presence of β-hemoglobin in the brain is not 
expected at first glance, there are more examples of globin-like molecules in the brain. A 
recent paper has demonstrated the neuronal expression of a novel myoglobin-like gene, 
named Neuroglobin, throughout the brain, however, without specification of cell type164. In 
addition, the expression of the α-hemoglobin gene is developmentally regulated in embryonic 
mouse central neurons165. 
 
Expression of the β-hemoglobin gene is regulated by morphine 
Consistent with our findings using DD-PCR on cDNA of the NAc of animals abstinent from 
morphine for a period of 3 weeks, our independent qPCR analysis on a separate cohort of rats 
shows regulation of expression of the β-hemoglobin gene. In addition, both the NAc and 
VTA show a similar profile of β-hemoglobin gene expression; a morphine-induced acute up-
regulation at day 1 of exposure, a down-regulation at day 1 of abstinence of the drug, and a 
long-term up-regulation 3 weeks after exposure. In fact, this type of response is very similar 
to the evoked release of dopamine in the NAc in vitro8. In addition, a similar development of 
sensitivity during the abstinence period is observed for the D1-receptor-stimulated adenylyl 
cyclase activity in the NAc. The up-regulated gene expression of β-hemoglobin in the NAc 
and VTA long after morphine exposure, suggests that it might be linked to the development 
of persistent neuroadaptations that are caused by previous exposure to morphine. However, 
given the wide expression of the β-hemoglobin gene throughout the brain, this regulation may 
not be specific to these nuclei. 
 
A possible role for β-hemoglobin in morphine-induced neuroadaptation 
There are several possibilities regarding the role of the basal expression of the β-hemoglobin 
gene in glia cells and epithelial cells of blood vessel in the brain. First, the expression of the 
β-hemoglobin gene might serve cellular oxygen metabolism. However, the confined 
expression of β-hemoglobin in a subset of both glia and epithelia cells would argue for a 
specific rather than a general physiological function. Second, the β-hemoglobin chain might 
be involved in the binding of other molecules than oxygen. For instance the β-hemoglobin 
chain may function as a nitric oxide scavenger, because it plays a role in regulating nitric 
oxide levels166. In order to be functional as a nitric oxide scavenger, β-hemoglobin must be 
assembled with α-hemoglobin into a tetramer. However, whether tetramers are present in the 
glia cells, or are formed as an effect of morphine exposure and abstinence is as yet not clear.  

A more exciting possible role linking morphine-induced regulation of β-hemoglobin 
gene expression to the behavioral state of these drug-treated animals comes from observations 
that the hemoglobin β-chain is the precursor of neuroactive peptides, the so-named 
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hemorphins, that are liberated from hemoglobin by proteinases present in the brain167, 168. It 
has been shown that high concentrations of hemorphins are able to activate μ-opioid 
receptors167, 169. Thus, it is possible that during the first days of morphine exposure b-
hemoglobin might enhance the morphine signal, whereas during abstinence it might develop 
to render the mesolimbic dopamine system more sensitive to a future morphine exposure. 
Animals that are abstinent from morphine for a period of 3 weeks are sensitized for the 
locomotor and biochemical effects of morphine12, 151. 

In addition, the family of hemoglobins has been related to outgrowth and regeneration 
of neurons on the basis of their expression during development and regeneration of peripheral 
nerves165. The latter suggests a functional role in neurite outgrowth and patterning, which is 
strengthened by the observation that hemorphins can act as endogenous agonists for the 
angiotensin IV (AT4) receptor170. Activation of this receptor by angiotensin IV and analogs 
increases LTP171 and inhibits neurite outgrowth in culture172. Because morphine treatment 
decreases the complexity of dendritic branching as well as the number of dendritic spines on 
medium spiny neurons7, 173, it is attractive to suggest that the up-regulation of β-hemoglobin 
and hemorphins during the late phase of abstinence has a role in the reorganization of 
neuronal connectivity underlying the development of a morphine-induced behavioral state, 
such as behavioral sensitization. 
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Abstract 
Intermittent exposure to addictive drugs causes long-lasting changes in responsiveness 
to these substances due to persistent molecular and cellular alterations within the meso-
corticolimbic system. In this report, we studied the expression profiles of 159 genes in 
the rat nucleus accumbens during morphine exposure (14 days, 10 mg/kg s.c.) and drug-
abstinence (3-weeks). We used real-time quantitative PCR to monitor gene expression 
after establishing its sensitivity and resolution to resolve small changes in expression for 
genes in various abundance classes. Morphine-exposure (5 time points) and subsequent 
abstinence (6 time points) induced phase-specific temporal gene expression of distinct 
functional groups of genes, e.g. short-term homeostatic responses. Opiate withdrawal 
appeared to be a new stimulus in terms of gene expression and mediates a marked wave 
of gene repression. Prolonged abstinence resulted in persistently changed expression 
levels of genes involved in neuronal outgrowth and re-wiring. Our findings substantiate 
the hypothesis that this new gene program, initiated upon morphine-withdrawal, may 
subserve long-term neuronal plasticity involved in the persistent behavioral 
consequences of repeated drug-exposure. 

37 



Chapter 3 

Introduction  
Repeated exposure to drugs of abuse leads to long-lasting changes in behavioral 
responsiveness to these substances and to environmental stimuli. According to current 
views the development and maintenance of this drug-induced behavioral repertoire is 
paralleled by neuroadaptations, which predominantly occur in the meso-corticolimbic 
dopamine system of the brain114, 174, 175. The nature and tempo of these progressive and 
persistent neuroadaptations are as yet not well understood. Common to the acute effects 
of addictive drugs, is the enhanced release of dopamine in the nucleus accumbens9, 52. 
However, long-lasting drug-induced changes in behavioral responsiveness must rely on 
more permanent neuroadaptations. Indeed, the NAc has been shown to display enduring 
drug-induced neuroplasticity 48, such as in transmitter release9, 52, in signal transduction 
pathways78, 176 6, 173, and in the structural alterations in dendrite- and spine morphology .  

Depending on the type of drug and treatment-paradigm, enduring neuronal 
adaptations develop with time and in concert in various neuronal systems 6, 9, 77, 151, 173. It 
is likely that drug-induced neuronal adaptations involve the coordinated temporal 
expression of various genes and proteins in different type of cells177. Indeed, in addition 
to immediate and transient expression of transcription factors129, and neuropeptides126, 
long-lasting changes in the expression of transcription factors126, signal transduction 
components105, trophic factors 105 and glutamate receptor subunits79, 178 have been 
described. These few examples demonstrate that much broader, yet unrevealed, 
temporal rearrangements in gene expression that might be necessary for the 
development and endurance of the drug-induced behavioral state remain to be 
discovered.  

Here, we measured the temporal expression profile of a set of genes expressed in 
the NAc during exposure to morphine and the subsequent drug-abstinence phase using 
sensitive quantitative real-time PCR (qPCR). Previously, we have shown that this 
morphine administration paradigm produces behavioral12 and neurochemical9 
sensitization that is fully evident 2 weeks to 1 month after the last drug treatment. The 
genes analyzed encode various types of protein, each with well-described neuronal 
functions, which might be indicative for cellular events occurring during 
neuroadaptation. Mapping the temporal expression of these genes is a first step to gain 
insight in their role in the development of drug-induced neuroadaptation, specifically 
during the exposure and abstinence phases, and is a prelude to studies into their causal 
involvement. 
 
Materials and Methods 
Animals and experimental paradigm 
Male Wistar rats (Harlan, the Netherlands) (150-250 g body weight), housed (two per 
cage) in Macrolon cages under controlled conditions (21 °C, 12 h/12 h light/dark cycle) 
with food and water ad libitum were accustomed to the housing conditions for 1 week 
and were handled 3 days before drug treatment. They were treated with a morphine 
exposure protocol which leads to sensitization12, i.e. they received daily morphine 
injections (10 mg/kg morphine hydrochloride dissolved in saline, s.c., OPG Utrecht, The 
Netherlands) for 14 days at 9.00 a.m. in their home cage. Control animals received 
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saline injections (s.c.). After morphine exposure, experimental (and control animals) 
were kept abstinent from morphine for a period of 18 days. For the time course analysis, 
animals were decapitated at 12.00 p.m. for 5 time points during morphine exposure and 
6 time points during drug abstinence. (Fig. 1; 4 animals per time-point per treatment), 
and the brains were immediately frozen. The NAc was cryo-dissected and kept at -80 °C 
until further use. A separate group of animals was given a morphine challenge after the 
abstinence period in order to check for locomotor sensitization (data not shown). 
 

 

 
 

Figure 1. Schematic of the morphine administration and tissue collection. 
A morphine administration paradigm known to induce alteration in neuronal morphology, biochemistry 
and behavior was used to examine morphine-responsive gene expression during morphine exposure (14 
daily injections for 2 weeks) and abstinence from the drug (3 weeks) (morphine treatment, gray; saline 
controls, white). Time points used for tissue collection and gene expression analysis are indicated (days).  
 
 
RNA isolation and cDNA synthesis 
After isolation of total RNA10 equimolar amounts, from 4 animals, were pooled, then 
split in two batches (named A and B) for independent DNase-I treatment (20 U; 
Boehringer Mannheim, Germany) and subsequent random-primed (100 pmol; 
Eurogentec, Belgium) cDNA synthesis (5 µg total RNA). For one time point (abstinence 
day 18; see Fig. 2B), separate DNase-treatment and subsequent cDNA synthesis were 
carried out on individual RNA samples. 
 
Quantitative PCR  
PCR measurements (20 µl; ABI PRISM 7700) were done with transcript-specific 
primers (300 nM) on cDNA corresponding to ~20 ng RNA10. Criteria for and design of 
primers were as described10, primer efficiencies of each reaction were analyzed by the 
LinRegPCR-program179. Cycle of threshold (Ct) values were used to calculate the 
relative level of gene expression normalized to the mean of the replicated reference 
control180 181 10 hypoxanthine phosphoribosyl transferase  (HPRT) , which will be denoted 
by Ctnorm. Morphine-induced expression (log -scale) was calculated according to the -2
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ΔΔCt-method: for gene x under condition y (y = mor for morphine and y = sal for 
saline), the normalized Ct value, Ctnorm,x,y is thus given by 

Ct  = Ct  – Ctnorm,x,y x,y HPRT,y , 
 

where Ctx,y and CtHPRT,y are the Ct values of gene x and HPRT under condition y, 
respectively; for statistical analysis Ctnorm-values were used. Because only highly 
efficient primers were used 10, the morphine-induced ratio for gene x, rx, was calculated 
from these normalized values as 

rx = 2^(Ctnorm,x,sal - Ct )norm,x,mor , 
 

and for negative ratios this was converted by 
rx = - 1/rx. 

 
and referred to as fold regulation, frx (morphine- to saline-treated). Expression levels of 
4 additional housekeeping genes were measured as independent controls10. Batch A and 
B cDNA was pooled for measurements on the complete data set. All measurements were 
duplicated independently (fold regulation of >1.3), and frx was calculated from the 
average of log (rx). 2

 
Statistical analysis 

(rWe assumed an additive normally distributed error model for log x2 ), with no 
systematic error (error has mean zero) and error variance σ2  . Estimate s for the error 
standard deviation σ was obtained as follows: for the i-th set of duplicates, the sample 
variance s2

i was calculated (s  = √ s2
i i is the sample standard deviation of the i-th set of 

duplicates), and s was then calculated by the square root of the mean of all variances, 
similar to the estimation procedure of the common standard deviation as described 
previously182. Regulation cut-offs were determined based on s for an average of 5% per 
test (t-test) and for an average of 5% for the whole experiment182. For replicate 
measurements the regulation cut-off was calculated based on s*1/√ n, where n is the 
number of replicates.  

Statistical significance (Student’s t-test) on cDNA dilutions and individual 
cDNA samples was determined on Ct values, and Ctnorm values (saline vs. morphine), 
respectively. Regulation values were calculated by averaging the individual Ctnorm 
values for each treatment, which is an alternative algorithm for group-wise 
comparison183. 

 
Bio-informatics 
Genes were grouped according to protein function (e.g. transcription factors, 
neurotransmitters), and by similarity of expression profiles using three different type of 
algorithms to assign confidence to the clusters detected: i) Cluster184, ii) GS4H5D185, 
and iii) Gene Profile (W.P.H. de Boer, unpublished algorithm). For Cluster, clusters 
were assigned so that 7 clusters would appear in each phase. For GS4H5D only those 
genes are selected to form a cluster that meet a clustering error per gene of 0.5, 2 and 
4%. Only those clusters have been retained that survived addition of noise and that 
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showed regular development from a kernel of genes into a wider cluster. Because 
clusters are typically smaller than 25, and given the maximal 4% clustering error limit, 
they are likely to be error-free. Gene Profile (GP) divides genes in equivalence classes 
using rank correlation as the equivalence relation186. Cluster validity was tested (using 
GS4H5D and GP) by introducing random perturbations to the data set comparable to the 
experimentally defined noise (Fig. 2A), i.e. Gaussian noise with a mean value of zero 
and a experimentally determined standard deviation with ratio-weighted amplitudes; if 
r (rx > 1, the amplitude is (0.0789* log x) + 0.0491); if rx2  < -1, the amplitude is (-0.0224* 
log (rx) + 0.0598). 2

 
Hybridization 
Reverse Northern blot (gene array) analysis was performed by immobilization of gene-
specific PCR products (~50 ng, 80-130 bp) and a negative control (a PCR product 
corresponding to a ~150 bp fragment of the multiple cloning site (PbluescriptSK)), in 
duplicate on charged nylon membranes (Boehringer Mannheim, Germany) in 6x SSC 
(1x SSC: 0.15 M NaCl and 0.015 M sodium citrate). After blotting the membrane was 
denatured (0.2 M NaOH, 0.2 mM Na-EDTA) and neutralized. From total RNA (~10 µg) 
of the morphine and saline-treated pooled samples oligo dT-primed radiolabeled target-
cDNA ([α-33P]dATP; specific activity >109 dpm/μg) was generated and used to 
hybridize to the membranes in 6x SSC, 0.2% SDS, 5 x Denhardt's solution and 10 µg/ml 
herring sperm DNA at 65 °C. Hybridization and washing was as described187. 
Hybridization signal intensities were measured by densitometry (phosphor-imager GS-
525 and Molecular Analyst 1.02 Biorad, USA). Subsequently, membranes were stripped 
and cross-hybridized to the other labeled target-cDNA. Hybridization signals were 
corrected for background and negative control values, after which signal ratios for each 
membrane were calculated. Student’s t-tests (p<0.05) were performed using InStat 2.0. 
 
Results 
In this study we used a paradigm previously shown to give rise to a drug-induced 
biochemical and behavioral state 12 in order to study expression profiles of major gene 
families with roles in intra- and intercellular signaling and transcriptional regulation 
(Table I), which are deemed important for the development of drug-induced 
neuroplasticity12. Drug-induced expression profiles were measured in the NAc at days 1, 
2, 4, 8 and 14 of the 14-day morphine exposure period, and at days 1, 2, 4, 8, 12 and 18 
of the 3-week morphine abstinence period (Fig. 1). A separate group of animals was 
given a morphine challenge after the abstinence period in order to check for positive 
locomotor sensitization (data not shown). A comprehensive quantitative gene expression 
analysis in the cellular heterogeneous tissue of the NAc, requires a sensitive technique 
that allows detection of transcripts over a large dynamic range, and with high resolution 
to discriminate between small changes in gene expression. Therefore, we first assessed 
several crucial parameters of qPCR used in this study. 
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Table I. Functional groups/gene families (159 genes) analyzed in this study. Four genes 
were placed in multiple classes. 
 
Gene class n Gene class n 
Neuropeptides 4 (Growth cone) motility/plasticity 22 

G-protein coupled receptor (GPCR) signaling 19 Adhesion  12 
Ligand-gated ion channels (LGIC) 33 Trophic factors (receptors) 12 
Pre-/post-synaptic markers 9 Kinases 11 
Neurotransmitter enzymes/transporters 9 Miscellaneous 8 

 Transcription factors 19  Controls 4 
 
Assesment of qPCR 

Reproducibility- First, we assessed measurement reproducibility by duplicating 
239 data points using a single batch of cDNA (pooled batch A and B) to obtain the 
estimated standard deviation of the measurement error, swithin. Additional influence of 
sample-handling (DNase treatment, cDNA synthesis) was determined by measuring 
gene expression separately in batches A and B for 792 data points to obtain the 
estimated standard deviation of the measurement error, sbetween, which was in the same 
range as swithin (Table II). The distribution (data not shown) and the mean (Table II) of 
the sample standard deviations, smean, from the two types of analysis also indicated that 
cDNA was synthesized equally well in the two batches used. A comparison of the HPRT 
values for all time points showed a small variation (24.5 ± 0.44), which indicated that 
quantity of cDNA, i.e. RNA input and subsequent cDNA synthesis, was nearly identical 
for all samples at all time points. As cDNA synthesis was not a critical factor in 
introducing variation, variation could be ascribed to the PCR step (see Resolution). 
Transcripts with different abundance levels (~16 log2 units; Fig. 2A) could be detected, 
resulting in a dynamic range of ~6.5x104 difference in expression level. Transcript 
abundance was not a determinant of variation in qPCR (Fig. 2A). 
 
 
Table II. Overview of the mean sample standard deviation (smean) and the estimated 
standard error s for replicates measured within and between batches of cDNA. The latter 
was used to calculate ff with a t-test or Bonferroni for single measurements or duplicate 
measurements as measured within and between the estimated regulation cut-o batches of 
cDNA.  
 

s s t-test  mean Bonferroni 

  single single measurements duplica duplica
qPCR within 0.080 0.100 1.1464 1.1015 1.3592 1.2425 

qPCR between 0.087 0.131 1.1951 1.1343 1.4830 1.3214 

qPCR pool vs. individual 0.138 0.191     

qPCR individual 0.525 n.d.     
  n.d.: not determined. 
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Biological variation- Morphine-induced regulation as measured in pooled cDNA 
of 76 genes of different abundance classes was found to be in accordance with the 
regulation values obtained from the individual animals (as represented in the pool) 
(Table III). Because pooled RNA gave an accurate representation of the average of the 
individual samples, it was used to measure the large numbers of genes and time points. 
The estimated standard deviation of the measurement error based on the regulation 
factors of the pooled vs. the average of the individual samples was spool vs. ind = 0.191 
(Table II). This variation, which includes biological variation, is much larger than 
experimental variation only, and was taken into account for the resolution of detection. 

 
Resolution- HPRT was measured on a serial dilution of cDNA (n = 5 for each 

dilution; data not shown), and showed a resolution of factor ≥ 1.142. Next, we 
calculated values for the resolution of detection, i.e. a regulation cut-off, from the 
measured variation in replicates (within and between cDNA batches) using different 
tests (Table II). For the biological resolution of detection, we analyzed the cut-off for 
regulation as measured in the pooled sample that would result in a significant factor of 
regulation (Student’s t-test) in the individual samples (Fig. 2B). There was a dramatic 
drop in the number of significant regulation values (i.e. from 90-100% to 50%) when 
the regulation factor of the pooled sample was set from the interval 1.35-1.40 to 1.30-
1.35, respectively. From this we concluded that although the biological variation 
between individual animals was larger than the measured experimental variation (Table 
II), regulation of ≥ 1.35 could be measured significantly, with little incorrectly judged 
positives (4.9%) and without too many incorrectly judged negatives (22.9%; Fig. 2B).  

 
Reverse Northern blotting- We used reverse Northern blotting as independent 

method to confirm morphine-induced regulation of a sample of 60 genes (exposure day 
1, abstinence day 2; duplicate). Only 40% of the genes were well detectable using 
hybridization (30% below and 30% too close to background), which underscores the 
insensitivity of hybridization-based techniques 188 compared to qPCR. Regulation values 
were similar to those measured by qPCR (Fig. 2C, Table IV), with low abundant 
transcripts, such as krox-20 and -24 (zif268), giving slightly deviant regulation values.  
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Table III. Morphine-induced gene expression after 3 weeks abstinence as measured in 
individual animals (ind.; n=4 per treatment). Shown are the regulated genes (p<0.05) 
from the 76 genes measured. From these 7 were not identified in the pooled sample 
(false-negatives; bold). Only 3 genes were falsely identified as being regulated in the 
pool (underlined), although for 2 genes regulation is in the same direction but not 
significant. Expression values were rounded at one decimal. 
 
 

Gene pool ind. p-value  Gene pool ind. p-value 
EphrinA4 1.6 1.8 0.023 GABA β2 -1.5 -1.6 0.013 
#11.4 subPR 1.5 1.7 0.020 -1.4 -1.6  0.047 
Arc SORLA 1.5 1.5 0.023 -1.5 -1.6  0.036 
MENI trkA 2.0 1.5 0.036 -2.1 -1.6  0.037 
junD nAChR β4 1.3 1.4 0.035 -1.4 -1.6  0.028 

GluR4 NAC 1.4 1.3 0.040 -1.3 -1.6  0.032 
#10.1 GABA γ1 -1.4 -1.2 0.297 -1.7 -1.6  0.036 
NR2a NARF -1.5 -1.3 0.037 -1.3 -1.6  0.048 
μ-OR GABA α2 -1.4 -1.4 0.027 -1.4 -1.7  0.031 

rGβ EphRA7 -1.4 -1.4 0.041 -1.4 -1.7  0.045 
nAChR α2 #27 -1.5 -1.4 0.040 -1.9 -1.7  0.046 
GluR2 krox-20 -1.4 -1.4 0.036 -2.3 -1.7  0.031 
Zfp40 EGFR -1.4 -1.4 0.042 -1.4 -1.8  0.042 
Gephyrin synaptophysin -1.3 -1.4 0.046 -2.1 -1.8  0.021 
GABA β3 GluR3 -1.3 -1.4 0.045 -1.6 -1.8  0.010 
GSK3β Gβ3 -1.5 -1.5 0.047 -1.4 -2.0  0.026 
GAP-43 IP3R -1.4 -1.5 0.049 -2.0 -2.0  0.003 
5HT3R GABA ε -1.4 -1.5 0.046 -1.5 -2.2  0.047 
Synaptotagmin GABA β1 -1.5 -1.5 0.023 -1.7 -2.6  0.001 
TGFR sub P -1.3 -1.5 0.017 -1.6 -2.7  0.001 
Neurodap Neuregulin -1.6 -1.5 0.029 -1.5 -3.0  0.004 
PLA2 CART-1.3 -1.5 0.016 -1.8 -1.6  0.087 
EphrinB2 -1.7 -1.5 0.044 Neuroligin -2.1 -1.9  0.074 
GR  -1.6 -1.5 0.022     
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Figure 2. Assesment of qPCR measurements.  
 values vs. standard deviation of regulation (logA) Scatter plots of mean Ctnorm 2-transformed) per 

duplicate pair for the analysis within (239 data points, left panel) and between batches (792 data points, 
right panel) (see text). Abundance-dependent standard error was not observed (hatched line) when 2 too 
low abundant transcripts (Ct >8, generally Ct values >32) were excluded from the analysis157

norm . (B) 
Histogram (left panel) for extent of significant regulation (Student’s t-tests (p<0.05)), as determined in the 
individual samples (n=4 per time point and treatment) among 76 transcripts (see Table III), compared to 
the absolute morphine-induced gene regulation in the pooled sample. A minimum of 5 genes is present 
per bin. Note the drop in significant regulation in the individual samples when regulation in the pooled 
sample was <1.35. The percentage of incorrectly judged regulation (right panel) shows a drop for 
incorrect positives (filled circles) at a regulation of factor ≥1.35, and an ongoing increase for incorrect 
negatives (open diamonds). (C) Examples of morphine-induced regulation as evaluated by reverse 
Northern blotting at two time points: exposure day 1 and abstinence day 2 (see Table IV). Shown are 
hybridizations (morphine and saline) for genes from different abundance classes that were chosen for 
their different correlation between qPCR and reverse Northern blotting (rNB) values: CB1-R, egr-3, 
EGFR, GAP-43. Phosphor-images were taken well below the point of saturation. 
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Table IV. Values of morphine-induced regulation (fold to saline) determined by qPCR 
or reverse Northern blotting (rNB) yields 76% concordance for a selection of well 
detectable transcripts on the indicated time points; Exp 1, exposure day 1; Abs 2, 
abstinence day 2. Expression values were rounded at one decimal. Not detectable: n.d. 
 

Abs 2  Exp 1 
Gene qPCR rNB qPCR rNB 
Arc 1.6 1.5 1.6 nd 
α-tubulin 1.0 -1.1 1.2 1.0 
CB1-R -1.0 1.1 -1.3 -1.7 
c-fos  1.9 1.5 1.7 1.4 
c-jun 1.5 1.2 1.2 1.0 
EGFR 1.6 1.7 1.7 1.6 
egr-3 -1.5 -1.2 1.0 1.0 
fra-2 -1.0 1.0 1.6 1.3 
GAP-43 -1.8 -1.2 -1.7 -1.4 
krox-20 1.8 2.1 -1.3 -1.2 
krox-24 -1.6 -1.4 1.3 1.1 
synaptophysin 1.5 2.5 -1.3 -1.1 
trkA 2.6 1.6 1.5 1.3 

 
 
The morphine exposure phase is characterized by dynamic gene expression profiles 
As a fold regulation of ≥1.35 was judged biologically significant (Fig. 2, see above), all 
measurements with fold regulation >1.3 were duplicated independently (sample 
standard deviation equals 0.087). At first inspection, the morphine exposure phase is 
characterized by many different profiles of fluctuating gene expression. In contrast, the 
expression profiles in the abstinence phase are characterized by dynamic profiles with 
more coherent expression, with a notable drop in gene expression one week after the last 
exposure to morphine. Daily injections of morphine typically induced strong temporally 
dynamic changes in gene expression. There was a trend for increased numbers of 
repressed genes (11%, 13%, 12%, 18%, 23% on days 1, 2, 4, 8 and 14, respectively), at 
the same time reducing the number of induced genes (16%, 10%, 4%, 9%, 8% on days 
1, 2, 4, 8 and 14, respectively) (Fig. 3F).  
 
Next page: 
Figure 3. Gene expression profiles of various functional groups of genes in the morphine exposure and 
abstinence phases. Color-coded gene expression (left; red, induction; green, repression (A)) and profiles 
(right (B,C,D,E)) of individual genes, or averaged gene expression profiles (containing genes indicated by 
colored vertical bars matching the profile), from several functional groups (see Table I) during exposure 
and abstinence are depicted. Days of treatment and color intensity code for amount of regulation are 
indicated. (B) Note that receptors directly involved in the processing of the morphine signal, i.e. µ-opioid 
receptor (µ-OR) and the dopamine receptors (D1, D2L, D2S, D3), are among the early-activated genes. 
(C) Ligand-gated ion channels (glutamate and GABAA) show a major repression between 4–12 days of 
abstinence. (D) Transcription factors can be divided into two groups, of which one group is up-regulated 
at the end of the abstinence-phase (and contains the Menin (MENI gene) synapse-stabilizing protein). (E) 
Subgroups of growth-related molecules contain strongly co-regulated genes during exposure and 
abstinence. Further, see text. Gray lines indicate biological significant regulation. (F) Profiles of up-
regulated (red) and down-regulated genes (green) during morphine exposure and abstinence is given (as 
the percentage of the total). Days of treatment are indicated. Note the substantial repression of gene 
expression after withdrawal of morphine. 
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Morphine elicited a genomic response on the first day(s) that is strong among the 
transcription factors, GPCR-signaling and trophic factor (receptor)s, whereas ligand-
gated ion channels (LGICs) hardly reacted (Fig. 3). The group of GPCR-signaling 
showed a high regulation upon the first exposure to morphine that disappeared at day 4. 

The profiles of this group were similar, and the GPCRs could be divided into 
two related clusters (Fig. 3B). These coherent subgroups were (i) the dopamine 
receptors (D1, D2L, D2S, D3) and the µ-opioid receptor (µ-OR), melanocortin receptor 
(MC4-R), substance P receptor (subP-R) and 5HT1b-R, and (ii) the receptors CB1, 
5HT1d and muscarinic acetylcholine receptors (mACh-R m1, mACh-R m2) (Fig. 3B). 

In particular the dopamine receptors are dynamically and tightly co-regulated, 
in line with previous findings189, and receptors as µOR, MC4-R, subP-R showed no 
down-regulation during the last weeks of exposure, as previously reported190, 191. In 
contrast to the GPCR-signaling group, the LGICs were only moderately regulated upon 
the first exposure and also throughout the exposure period (Fig. 3C). Overall, they show 
heterogeneity in their response, although kainate and NMDA subunits of the glutamate 
receptor type (Glu5-7, NR1, NR2A, NR2B) showed a homogeneous up-regulation at the 
last day of the exposure period (Fig. 3C).  

The immediate response of transcription factors, in particular that of c-fos, has 
previously been shown by various drugs of abuse192 and by dopaminergic stimulation130. 
Although the time-course of activation may be different in our paradigm, there is 
notable absence of up-regulation of krox-24, egr-3 and fra-2 compared to that observed 
by specific D1 receptor stimulation130. In particular for the transcription factors and 
trophic factor (receptor)s, the immediate response was transient, as observed from the 
drop in regulation on day 2 (trophic factor (receptor)s) and day 4 (transcription factors) 
(Fig. 3). For the transcription factors the individual profiles of this group differed and 
distributed over two groups (Fig. 3D), each showing a different regulation at the end of 
exposure and abstinence phases. For the group of trophic factor (receptor)s, the 
individual profiles were very similar to several of the adhesion group (Fig. 3E). In the 
late part of exposure a few trophic factor (receptor) genes showed repression (Fig. 3E).  

A typical feature of the exposure phase is the dynamic expression of many genes 
(Fig. 3), which might indicate a homeostatic response to morphine stimulation in order 
to reach a semi-stable state. Typical examples of these profiles included receptors from 
several classes (GPCR-signaling, LGICs, and trk receptors), as well as genes involved 
in cell adhesion (NCAM, OBCAM and ephrin receptors: EphRA4, EphRA7). 
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The abstinence phase is characterized by early induction and late repression of gene 
expression 
In many cases administration of narcotic antagonists, such as naloxone, are used to 
acutely precipitate the phenomena of opioid withdrawal. Whereas this method is useful 
in that it produces a high intensity of withdrawal reliability within an easily observed 
interval, it does not reproduce the time course of withdrawal that is most characteristic 
of clinically observed withdrawal, which typically occurs over a period of several days. 
In addition, withdrawal severity is probably dissociated from the tendency to relapse2. 
To permit observation of more slowly developing cellular phenomena, we chose to 
monitor gene expression in a time-frame of hours to days after natural withdrawal (Fig. 
1).  

First, the withdrawal of morphine treatment at the first days of abstinence gave 
rise to a new type of genomic response. Typically, compared to the end of the exposure 
phase, the first two days of drug-abstinence were marked by few down-regulated genes; 
in fact, compared to the last day of exposure most down-regulated genes were now up-
regulated (86%, see also Figs. 3F and 4C). Then, after these first two drug-free days 
most genes showed a down-regulation of expression during the remainder of this period, 
with a major down-regulation at 1 week of abstinence, with 9%, 1%, 25%, 47%, 22%, 
26% of the genes repressed on days 1, 2, 4, 8, 12, 18, respectively (Fig. 3F). The 
number of up-regulated genes showed a drop after two days of abstinence followed by a 
small increase (i.e. 6%, 10%, 2%, 1%, 8%, 3% on days 1, 2, 4, 8, 12, 18, respectively; 
Fig. 3F). This indicated that repression of gene expression is a major component of the 
physiological response to drug exposure and of the consecutive abstinence from drugs 
of abuse 10. During abstinence there were three groups with typical gene expression 
profiles, i.e. the early response group, the late repressed group, and the late induced 
group.  

The early-response group consists of genes up-regulated in the first 2 days of 
abstinence compared to day 14 of exposure. In particular, it comprised members of the 
transcription factors and trophic factor (receptor)s. Up-regulation of transcription factors 
(Fig. 3D) corroborated previous findings of up-regulated c-fos expression in the NAc 
after naloxone-precipitated morphine withdrawal193. At the first day of exposure c-fos 
and c-jun were up-regulated, which might result in heterodimer formation in the AP-1 
complex, whereas during abstinence only c-fos was regulated, suggesting that it either 
forms homodimers or heterodimerizes with other transcription factors, e.g. fra-2 (Fig. 
3D). The observed up-regulation of fra-2 might be related to the down-regulation of D2-
receptors (day 1 of abstinence), as shown previously 194. Early up-regulation was also 
observed for some members of LGICs (Fig. 3C) and their putative associated proteins 
(e.g. GABAAR-α1 with gephyrin, and AMPA receptors as GluR3 and GluR4 with 
Homer-1a), and members of GPCR-signaling (µ-OR and MC4-R) were up-regulated at 
day 2 of abstinence (27 h after natural withdrawal).  

The late repressed group showed major repression after the first week of drug 
abstinence. Repression at 1 week of abstinence affects specific groups of genes, i.e. 
LGICs and GPCR-signaling (Fig. 3B,C). In particular in the group of LGICs, glutamate 
(8 out of 10 genes) and GABA (8 out of 13 genes) receptor subunits were repressed, 
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whereas a few nACh receptors (3 out of 9 genes) were repressed at this time point. 
Repression at later time points is present for the LGICs and GPCR-signaling genes, 
although to a lesser extent. In the groups of trophic factor (receptor)s and adhesion 
molecules various genes (e.g. EGFR, EphrinB2, EphRA7, trkA) are strongly repressed at 
1-week abstinence. At 2-weeks abstinence adhesion molecules were repressed to the 
same extend, whereas trophic factor (receptor)s showed a transient decrease in 
repression and even induction (Fig. 3E). Groups with a milder repression were 
transcription factors (6 out of 19 genes) and motility/plasticity genes (6 out of 22). At 3 
weeks abstinence the group of transcription factors shows either up-regulation (see 
below) or down-regulation (6 out of 19 genes) (Fig. 3D). In addition, at this time point 
molecules involved in neuronal plasticity, such as adhesion, motility/plasticity 
molecules and some trophic factor (receptor)s are repressed (EphrinB2, EphrinA4, 
Neuroligin7, GAP-43, EGFR, GDNF, trkA), which might be related to the decrease 
observed in spine density185. Data from this time point was confirmed by measuring 
gene expression in individual animals (Table III).  

A minor group of genes showed induction during the late phase of abstinence, 
i.e. from day 12 of abstinence. These are involved in (cholinergic) signaling and 
transcription, i.e. acetylcholine receptor subunits nAChR-α7 and - β3, dopamine 
receptor D2S, and several neurotransmitter transporters (vAChT, 5-HTT, GLYT), as well 
as MEN1, junD, IGF-I and -II, and the repulsion/cell adhesion molecule ephrinA4 (Fig. 
3). At abstinence day 18, only a small set of up-regulated genes were detected, which 
included the transcription factors junD, MEN1, NAC-I and Arc, as well as ephrinA4, and 
EST#11.4 (Fig. 3; Table III). 

Taken together, the transcription factors, trophic factor (receptor)s, GPCR-
signaling molecules and LGICs were not only target of regulation upon morphine 
withdrawal, but also long after cessation of drug in-take. 
 
 
 
Next page: 
Figure 4. Co-regulation of gene expression. Clusters of gene expression profiles that are co-regulated 
during both phases of treatment (left; color-coded: red, induction; green, repression) and average profiles 
of the clustered genes (right; blue line, average; gray line, min-max regulation) are depicted. Gray lines in 
graphs indicate biological significant regulation. (A) Five prominent clusters could be detected, of which 
three show a preference for a typical functional group, such as a group with only ligand-gated ion 
channels (panel 1), a group with preference for adhesion molecules (panel 2), and a group containing 
several G-protein coupled receptors and down-stream signaling molecules (panel 3). (B) Gene expression 
profiles of ligand-receptor pairs during exposure and abstinence. Examples of co-regulation (bFGF and 
bFGFR) and opposite regulation (NT3 and trkC) of ligand and receptor during the exposure and 
abstinence phase. Time of treatment (days) of exposure and abstinence phase and color intensity code for 
amount of regulation are indicated. (C) Overview of the dynamic regulation of functional groups of genes 
during exposure (gray) and abstinence (white). Dynamic regulation is indicated as the difference in 
morphine-induced expression vs. saline control of two consecutive time points (days of treatment; red: 
induced change; green: repressed change; increase in color brightness indicates increase of change. 
Whereas the responses during the exposure phase are dynamic and differential, the responses during the 
abstinence phase are dynamic and coherent. Note that (i) the majority of dynamic expression is in the 
abstinence phase, (ii) in contrast to the exposure phase, most functional groups are dynamically regulated 
during abstinence, and (iii) after a repression between 2 and 8 days, virtually all groups respond between 
8 and 12 days with an increase in gene expression. 
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Co-expression during exposure and abstinence 
Clustering of gene expression profiles could indicate groups of genes that are functional 
during a particular physiological process195, 196. However, in this study the set of genes 
to be clustered is limited. Here, we used three types of clustering algorithm to 
complement one another185. Hierarchical clustering showed that the branch-lengths of 
the abstinence-tree are much shorter than that of the exposure-tree (not shown). This 
indicates that gene expression profiles during abstinence were more similar than during 
exposure, mainly due to the prominent repression after 1 week of abstinence. We then 
used clustering algorithms to define groups of genes that co-regulate during both 
exposure and abstinence phases.  

The content of hierarchical clusters during these phases was analyzed, and genes 
part of the same cluster during exposure and abstinence were sorted out (Fig. 4A). In 
this way genes with a similar regulation were detected, which resulted in several 
interesting co-regulated groups. For instance, a group containing the G-protein coupled 
D2Rs and the MC4-R, also contains the signal transduction components downstream of 
these, the G-protein Gαolf and adenylate cyclase type V (AC-V) (Fig. 4A). A second 
group contains only GABAA- and glutamate receptor (subunits) together with the 
glutamate transporter (GLAST) (Fig. 4A). Another group contains several adhesion and 
motility/plasticity molecules (OBCAM, EphA4, EphA7, and GAP-43). Whether the tight 
co-regulation of the transcription factors krox-20 and c-fos with several of these growth 
factor and receptors indicates a functional link remains to be determined (Fig. 4A).  

In addition, this type of analysis detected pairs of genes that are known to 
function together, such as ligand-receptor pairs. Examples of these are bFGF197 and its 
receptor (bFGFR)(Fig. 4B), and BDNF and its receptor (trkB) (not shown). In contrast, 
NT3 and trkC, another ligand-receptor pair, have opposite profiles during exposure and 
abstinence (Fig. 4B), which may indicate that the functional ligand-receptor pair is not 
synthesized at the same site.  
 
Dynamic regulation of genes in overview 
Gene expression was also analyzed in terms of the difference in morphine-induced 
expression vs. saline control of two consecutive time points (Fig. 4C). Whereas the 
responses during the exposure phase are dynamic and different, the responses during the 
abstinence phase are dynamic and coherent. In summary, (i) the majority of dynamic 
expression is in the abstinence phase, (ii) in contrast to the exposure phase, most 
functional groups are dynamically regulated during abstinence, (iii) after a repression 
between 2 and 8 days, virtually all groups respond between 8 and 12 days with an 
increase in gene expression, and (iv) at this time point genes encoding pre-/post-
synaptic proteins, neurotransmitter (NT) enzymes/transporters and growth factors are 
the most dynamically regulated. An important conclusion from this is that the morphine-
free abstinence period is the most active period in terms of gene regulation, in line with 
the idea that neuroadaptation related to behavioral changes may be prominent during 
this period. 
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Discussion 
The persistent nature of morphine-induced neuroadaptations in the mesocorticolimbic 
system at various levels of organization9, 32, 47, 52 indicates that gene expression and 
synthesis of novel proteins may have an important role in these neuroadaptations. 
Indeed, this study shows that profound gene expression changes occur not only during 
exposure but also long after cessation of drug-treatment. This stage-specific expression 
of genes may have a role in the reorganization of neuronal networks and the resulting 
behavioral state that is apparent upon long-term abstinence.  
 
Changes in the expression of molecules involved in neurotransmission 

Acute exposure to morphine results in stimulation of dopamine- and glutamate 
receptors, via which immediate early gene expression is induced90. We show that 
dopamine receptors and several neuropeptides are coherently expressed during exposure 
(Figs. 3 and 4C) as previously observed189. The observed dynamic regulation might be 
indicative for a homeostatic response due to repeated morphine-exposure. Prolonged 
exposure and short natural withdrawal (1 day) down-regulates dopamine receptor 
expression (Fig. 3B) as was demonstrated earlier198. During abstinence, dopamine 
receptors and neuropeptides also cluster, except for the D2-receptor isoforms (D2L, 
D2S), important receptor subtypes for opioid reward198. This difference might be 
explained by specific glutamatergic medial prefrontal cortex projections to the NAc, 
which were shown to modulate D2 gene expression different from other dopamine 
receptor genes199.  

Glutamate receptors have different functions in the development of drug-induced 
behavioral sensitization200, 201. Increased AMPA-receptor (GluR3/4) expression at 1-day 
abstinence (Fig. 3C) correlates well with increased AMPA-binding202. The GluR1-
expression profile during abstinence is similar to that described for extinction after 
cocaine self-administration203. In addition, long-term down-regulation of all AMPA 
receptor subunits (Fig. 3C, Table III) might be related to altered dendritic morphology 
observed long after morphine-exposure203, and is in accordance with the inability of 
AMPA-antagonists to attenuate expression of behavioral sensitization203. Down-
regulated sensitivity of NMDA receptors in the NAc (1-week abstinence) was suggested 
to correlate with changes in NMDA receptor composition61. We observed a shift in 
relative expression that likewise may change NMDA receptor stoichiometry; a down-
regulation for NR1 and NR2B, with no down-regulation for the NR2A subunit.  

Down-regulation of several subunits of the GABAA and glutamate receptors 
(Table III) long-term after cessation of drug-intake suggests a long-term change in 
receptor stoichiometry, which probably occurs in the 95% of GABAergic medium spiny 
interneurons of the NAc. In addition, there is a tight co-regulation in expression of these 
subunits and interaction partners, such as the postsynaptic density proteins PSD-95 and 
Homer-1a. This indicates that both receptors and interaction partners, part of receptor-
protein complexes, might be coordinately regulated at the level of gene expression to 
yield adapted post-synaptic structures important for long-term morphine-induced 
neuronal plasticity. 
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Changes in the expression of molecules involved in neuronal plasticity 
In addition to adaptation of neurotransmission, also alterations in neuronal connectivity 
might be an effective mechanism to give rise to a permanent change in properties of the 
neuronal network147. The coherent activation of transcription factors and trophic factor 
(receptor)s during the first two days of abstinence suggests that the intermittent 
morphine regimen followed by drug-abstinence triggers a new gene expression program 
(Fig. 3). This complies with the idea that this period is crucial to the development of 
drug-induced behaviors 12, drug-seeking and craving204, and to the observed changes in 
neurotransmitter release and synaptic wiring9, 173.  

Several growth factors and plasticity molecules show co-regulation during both 
exposure and abstinence, e.g. several ligands and receptor-ligand pairs (Fig. 4), 
suggesting that these genes are genetically and functionally linked, e.g. common 
transcriptional activators might regulate their expression. Ephrins and their receptors are 
known to inhibit or stimulate neurite outgrowth depending on the neuron-type205, e.g. 
addition of ephrins to cultured striatal neurons inhibits neurite extension. Therefore, the 
observed tiled pattern of down-regulation of ephrinA4, -A5 and -B2 in the NAc during 
abstinence (Fig. 3) could reflect plasticity/re-wiring of the neuronal network as 
previously observed from the decrease in spine density173. Also, it might allow in-
growth of Eph-receptor containing neurons from different brain regions, e.g. from the 
VTA206, each specified by the type of ligand-receptor pair. In line with this, decreasing 
receptor numbers by down-regulated EphA4 and EphA7 genes in the NAc during 
abstinence (Fig. 3) may point to outgrowth of these neurons into other regions, e.g. 
cortical or mesolimbic areas207.  

During abstinence transcription factor are regulated. Down-regulation of Hes-1 
is required for neuronal differentiation in vitro and in vivo208, 209. Thus, the observed 
down-regulation of Hes-1 during the first 4 days of abstinence may indicate initial steps 
in neuronal plasticity. The subsequent down-regulation after 1-week abstinence of the 
differentiation factor Prox-1, which is negatively regulated by Hes-1, might indicate an 
arrest of the growth-promoting Hes-1 cascade. On the other hand, transcription factors 
such as MEN1, junD, krox-24, NAC-1, and the immediate early gene Arc, are part of 
clusters that resist major down-regulation during abstinence (Fig. 3D), and some even 
show long-term up-regulation (Table III). Induction of the transcriptional regulator 
menin (MEN1 gene) leads to repression of neuronal outgrowth, and subsequently allows 
generation of central synapses210. Menin is known to interact with JunD211. It is 
tempting to speculate that since MEN1 and junD are both up-regulated at 2- and 3-
weeks abstinence, they might then be active as heterodimers in a growth-response. The 
plasticity gene Arc is known for accumulation of its mRNA in dendrites at sites of 
recent synaptic activity212, where it associates with cytoskeletal proteins213. Disruption 
of Arc expression with antisense oligonucleotides shows an impairment of long-term 
memory consolidation and impaired maintenance of LTP214. Our observation, that Arc 
resists down-regulation during abstinence and is up-regulated at day 18 of abstinence, 
suggests that Arc might play an active role in drug-induced plasticity. Thus, by (long-
term) up-regulation of synapse-stabilizing molecules such as Arc and menin synaptic 
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plasticity might precipitate in stably changed synaptic connections, a hypothesis worth 
testing. 
Different drugs of abuse target common genes during exposure and abstinence 

Various genes, of which the expression was investigated in this study, have been 
previously reported to be target of regulation by different types of drugs of abuse.  

Immediate early genes: Arc is induced after cocaine-exposure215. Arc shows an 
immediate response to morphine-exposure (Fig. 3D), in addition to an up-regulation 
after repeated exposure (day 14). NAC-1, a transcription factor up-regulated long after 
the termination of cocaine self-administration in the NAc142, is up-regulated at 3-weeks 
morphine abstinence (Fig. 3). NAC-1 antisense treatment increases behavioral responses 
to cocaine and dopamine216, and over-expression of NAC-1 in the NAc prevented the 
development of cocaine-induced behavioral sensitization150. We observed that NAC-1 
lacks the down-regulation that is seen for most genes in the abstinence phase, which 
may indicate that NAC-1 is part of a compensatory mechanism that counteracts a 
sensitization response, as previously suggested216.  

Endogenous opioid-peptides: The expression profiles of enkephalin (exposure-
responsive) and dynorphin (abstinence-responsive, Table III) suggest a different role for 
these two neuropeptides in the NAc. Indeed, acute morphine has no direct effect on 
enkephalin expression217, and enkephalin is down-regulated after chronic morphine and 
morphine-withdrawal in the NAc and striatum135, 198. Different drugs of abuse, although 
both increasing extracellular dopamine levels, have distinct effects on dynorphin 
expression135, 217, explaining the absence of dynorphin expression after acute morphine-
exposure. Similar to acute amphetamine-exposure, morphine elevated the levels of 
substanceP and not those of enkephalin or dynorphin 218. Shortly after termination of 
drug-exposure, the observed increase in dynorphin expression, might reflect a 
compensatory adaptation137, 138 (Fig. 3). CART, of which the peptides themselves have 
reinforcing properties and modulate locomotor activating and rewarding effects of 
psychostimulants195, 196, is increased by acute psychostimulant exposure in the NAc139. 
In our paradigm, CART is up-regulated acutely after morphine-administration  (Fig. 3) 
as well as after a morphine-challenge in naive and sensitized rats (see Chapter 4), 
indicating that CART regulation is an acute target of various types of drugs of abuse. 

 
Conclusion 
This study demonstrates that exposure to morphine and subsequent abstinence from the 
drug induces distinct phase-specific temporal gene expression of functional groups of 
genes. In particular, we show that withdrawal of morphine is a new stimulus in terms of 
gene expression (Figs. 3, 4C), and that this genomic response is long-lasting, with 
changes in gene expression evident even after a drug-free period of 2-3 weeks. This 
underscores that abstinence from drugs of abuse after exposure is relevant to the 
development of certain aspects of drug-induced behavior204. The observed persistent 
changes in gene expression of a wide range of plasticity genes are likely candidates 
mediating neuroadaptations related to the development of the drug-induced behavioral 
state. 
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Abstract 
Intermittent exposure to addictive drugs induces transient and long-lasting changes in 
the mesocorticolimbic system, and leads to persistent alterations in behavioral output. 
Here, we investigated the possible existence of an enduring drug-adapted state in cells 
of the nucleus accumbens of morphine-sensitized rats. We measured the temporal 
genomic response (1, 3, 6, 12, 27 h) to a morphine challenge (10 mg/kg) in morphine-
pretreated vs. saline-pretreated rats using real-time PCR, for 159 genes involved in 
synaptic transmission and plasticity, and stress response. Both genomic and proteomic 
responses upon renewed morphine exposure in morphine-sensitized animals show 
remarkable differences to those in animals that experience morphine for the first time. 
In particular, this renewed morphine-exposure enhanced morphine-induced reactivity 
and the temporal coherency of gene expression for proteins involved in opiate signaling 
(G-protein coupled receptors, neurotransmitter synthesizing enzymes/transporters, 
neuropeptides). The enhanced response of the glucocorticoid receptor, specifically 
upon renewed morphine exposure, may mediate stress-induced addictive behavior. A 
reduced morphine-induced reactivity in morphine-pretreated animals was observed for 
ligand-gated ion channels and transcription factors. For a set of tightly co-regulated 
growth factor genes we predict two candidate transcriptional modulators (Sox11, Klf7) 
by combining genomic and genetic information. This cross-species genetical genomics 
QTL analysis demonstrates that gene expression-regulating factors may act 
independent of species, and as such might be identified in silico. Taken together, 
morphine-induced long-term neuroadaptation leads to profoundly altered genomic 
reactivity at renewed drug exposure. This may well subserve the maintenance of the 
drug-adapted state and concomitant behavioral sensitization.  
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Introduction 
Repeated exposure to drugs of abuse leads to persistent molecular and cellular changes 
in the mesocorticolimbic system of the brain, thereby altering motivational behavior in 
a long-lasting manner. These enduring neuroadaptations are thought to play a role in 
the acquisition and maintenance of addiction behavior35, 147, 219. Accordingly, repeated 
morphine administration in rats has been shown to induce a variety of molecular and 
cellular neuroadaptations that persist long after opiate exposure as apparent in 
transmitter release8, 9, 47, 58, in signal transduction pathways60, 220, and in neuronal 
dendrite- and spine morphology7, 173, 221, 222. 

Previously, we described genomic responses to occur not only during the drug 
exposure phase but also during the 3-week drug abstinence phase11. These changes may 
be part of a gene program which is responsible for the long-term neuroadaptation at the 
level of synapses and neuronal circuitry133, 134, 223. Most drug-induced changes in gene 
expression, however, are transient11, 224-228, indicating that after a short initial period of 
substantial genomic responses only a limited number of persistent changes in the 
expression of a particular set of genes and/or proteins may uphold the drug-adapted 
state11. Therefore, the end result of molecular neuroadaptation might be hidden and 
become apparent in terms of specific genome reactivity only after the system is 
challenged by drug(-related) stimuli. Indeed, initial studies confirmed a differential c-
fos reactivity due to morphine pretreatment226, 229-231. In the present study we examined 
as to whether the genomic response to a challenge of morphine is qualitatively and/or 
quantitatively affected for a group of 163 genes, which members are involved in 
neurotransmission, neuroplasticity, and apoptosis in the rat NAc long after previous 
drug exposure. 
 
Materials and methods 
Animals and drug treatment 
Male Wistar rats (Harlan, the Netherlands) (150-250 g body weight), housed (two per 
cage) in Macrolon cages under controlled conditions (21 °C, 12 h/12 h light/dark cycle) 
with food and water ad libitum were accustomed to the housing conditions for 1 week 
and were handled 3 days before drug treatment. For gene and protein expression 
studies, rats were treated in four parallel handled groups (4-5 animals per time point 
per treatment). Animals from group 1 and 2 were treated with a morphine exposure 
protocol which leads to behavioral sensitization12, i.e. they received daily morphine 
injections (10 mg/kg morphine hydrochloride dissolved in saline, s.c., OPG Utrecht, 
The Netherlands) for 14 days at 9.00 a.m. in their home cage. After an abstinence 
period of 17 days, they received either a control saline injection (1 ml/kg, s.c.), or a 
morphine challenge (10 mg/kg, s.c.) at day 18 of drug abstinence. Animals from group 
3 and 4 were repeatedly injected with saline (once daily, for 14 days) and at day 18 
they received either a control saline injection, or a morphine challenge. The animals of 
these four different groups were killed at 1, 3, 6, 12 and 27 h after the drug challenge 
for gene expression, and at 6 and 27 h for protein expression (Fig. 1). The brains were 
immediately frozen on dry ice and kept at -80° C until the NAc was cryo-dissected 
from a coronal slice (Bregma +1.2 to +2.2 mm), using the anterior commissure as 
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reference point, as described previously10. A separate group of animals was given a 
morphine challenge after the abstinence period in order to check for locomotor 
sensitization. 
 
RNA isolation and cDNA synthesis, real time quantitativePCR, and data analysis 
After isolation of total RNA152 equimolar amounts (n=4) were pooled into two batches 
for DNAse treatment and cDNA synthesis; samples were run in parallel with those for 
time points during exposure and abstinence as described earlier11. Real-time 
quantitative PCR (qPCR) measurements (20 µl; ABI PRISM 7700) were done with 
transcript-specific primers (300 nM) on cDNA corresponding to ~20 ng RNA for each 
transcript (n=2-3). Criteria for and design of primers were as described10, primer 
efficiencies of each reaction were analyzed by the LinRegPCR-program179. Cycle of 
threshold (Ct) values were used to calculate the relative level of gene expression 
normalized to the mean of the replicated reference control hypoxanthine 
phosphoribosyl transferase (HPRT). Morphine-induced expression (log2-scale; 
morphine vs. saline) was calculated according to the -DDCt-method for each 
pretreatment; for details see11. The expression level of 4 additional housekeeping genes 
was measured as independent control.  
 
Bioinformatics 
Quantitative indices were calculated for the amount of regulation (A-reg), 
 

A-reg = (S |log (rx)|) / n(t ) 2 i

 
where rx is the morphine-induced ratio for gene x on time point t , and n(ti i) is the total 
number of time points. This index was not corrected for differences in time interval. 
For each functional group, the similarity of the profiles of this index for morphine and 
saline pretreatments were analyzed by calculating the Pearson moment correlation 
product, where correlations of >0.55 and <-0.55 were regarded as similar and 
dissimilar profiles, respectively. In addition, the Pearson moment correlation product 
was calculated for each gene to analyze the similarity of the morphine and saline 
pretreatment profiles; genes with a significant regulation11 at any time point in the 
series and correlations of >0.75 and <-0.75 were regarded as similar and opposite 
profiles, respectively. 
 
Protein isolation and Western blot analysis 
Each tissue sample was grinded in 100 µl lysis buffer (150 mM NaCl, 6.67 mM 
HEPES pH 7.0, 1% Triton-X-100, 0.4% SDS) containing 1x protease inhibitor (EDTA-
free complete; Company) and centrifuged at 1000 g for 2 min at 4° C. The remaining 
pellet was redisolved in another 100 µl lysis buffer and grinded once more. Samples 
were rotated for 1 hr at 4° C, spun at 1000 g for 2 min at 4° C. Supernatants were 
pooled and centrifuged at 16000 g for 15 min at 4° C. Protein content of the 
supernatant was determined by Bio-Rad protein assay. Samples (n=5 per treatment 
group) were pooled in a ratio-weighted manner. Loading buffer was added, samples 
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were boiled at 98°C for 3 min and then stored at -20°C until further use. SDS-PAGE 
was performed on 5 µg protein of each pooled sample (10% tris-glycin gel), and 
proteins were transferred onto PVDF-membrane (PerkinElmer, Belgium) using 1x TGS 
and 20% methanol. Blots were blocked in PBS-T (0.05% Tween20) with 2% nonfat 
dried milk (1 h), rinsed in PBS-T, and probed with 1st antibody (b-actin (m), 1:20000, 
Chemicon, Temecula, USA; Munc-18 (m), 1:1000, Transduction Labs, San Diego, 
USA; Synaptophysin (Rb), 1:4000, Transduction Labs, San Diego, USA; GAP-43 (m), 
1:4000, Pierce, USA) for 120 min at room temperature (RT). Blots were rinsed in PBS-
T, probed with 2nd antibody (RbaM HRP, 1:20000; SwaRb HRP (p), 1:20000; DAKO, 
Denmark) for 60 min at RT, and rinsed in PBS-T. Protein bands were visualized using 
ECL Plus Western blotting detection reagent on hyperfilms (Amersham Biosciences, 
Great-Brittain). Autoradiograms were scanned on a BioRad GS-800 calibrated 
densitometer. Optical density (OD) was determined (ImageJ; National Institute of 
Health, USA), from a 16-bit pixel image in the center of the bands, with equal surfaces 
for each group, for each protein (n=2). OD values were compensated for background, 
and normalized for loading amounts (β-actin). Morphine-induced protein expression 
(log -scale) was calculated in a similar way as for morphine-induced gene expression. 2

 
Transcriptome QTL analysis 
Genetic information and forebrain gene expression data (UTHSC Brain mRN U74Av2, 
analyzed by RMA and HWT1PM) on WebQTL ( 232, 233www.genenetwork.org)  of a 
recombinant intercross population from C57B/6J and DBA2/J (BXD recombinant 
inbred lines) was used. High abundant probe sets (EGFR, 101841_at, 101842_g_at; 
GDNF, 161589_at, 92738_at) with good inter-probe correlations were used for 
multiple mapping and finding co-regulated expression (Pearson moment correlation 
product >0.7 for at least 3 genes, and >0.6 for the fourth gene). Genes were identified 
as candidate transcriptional modulators when their expression was correlated and the 
identified trans-QTL for GDNF and EGFR expression was located in the region of their 
chromosomal location Sox11 (93669_f_at on Chr 12 @ 23.8 Mb), CREB1 (102672_at 
on Chr 1 @ 64.8 Mb), Klf7 (104645_at on Chr 1 @ 64.3 Mb).  
 
Results 
In order to determine genomic responses in the NAc during the drug-adapted state, a 
saline or morphine challenge was given 3 weeks after the repeated saline or morphine 
pretreatment. We confirmed the sensitization of the locomotor-stimulating effect of the 
morphine challenge by the repeated morphine exposure. Genomic responses were 
monitored at 1, 3, 6, 12 and 27 hours after the challenge (Fig. 1). It is important to note 
that GAPDH, β-actin, NSE, and α-tubulin showed no significant regulation due to the 
morphine challenge in both types of pretreatment.  
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Figure 1. Schematic of the morphine administration and tissue collection. A morphine administration 
paradigm known to induce alteration in neuronal morphology, biochemistry and behavior, was used to 
examine morphine-responsive gene expression after a challenge of morphine (10 mg/kg, s.c.) in non-
sensitized and morphine-sensitized animals (saline, white; morphine, gray). Time points used for tissue 
collection and gene expression analysis are indicated (h). 
 

In order to find the major differences in genomic response due to the 
pretreatment, we first analyzed gene expression by examining the percentage of 
significantly up- and down-regulated genes due to the morphine challenge in each 
pretreatment group. The number of up-regulated genes at the different time points after 
the morphine challenge was similar for saline- and morphine-pretreated animals. 
However, during the first hours after the morphine challenge, the number of down-
regulated genes differed substantially between the two types of pretreatment (Fig. 2A). 
Second, we analyzed the profile of morphine-induced reactivity (irrespective of the 
direction of change; up- or down-regulation) for four main groups of genes, i.e. 
transcription factors and immediate early genes (IEG), G-protein coupled receptor 
signaling (GPCR-signaling), growth factors and receptors, and ligand-gated ion 
channels (LGIC) (see Fig. 3 for classification). This was done using an index for 
amplitude of regulation (A-reg) for each time point (Table 1). 
 
 
Table I. Indices for amplitude of regulation (A-reg) for different time points after a 
morphine challenge in saline and morphine-pretreated animals for four functional 
groups of genes; G-protein coupled receptor signaling (GPCR-signaling), ligand-gated 
ion channels (LGIC), transcription factors and immediate early genes (TF/IEG), and 
growth factors and receptors (GF). The mean indices for each treatment, and the 
Pearson moment correlation product (Pearson), calculated on the A-reg values for the 
two types of pretreatment are indicated. Correlations of >0.55 and <-0.55 (italics) were 
regarded as similar and opposite profiles, respectively.  
 

Saline pretreatment Morphine pretreatment Pearson 
Time 1 3 6 12 27 mean 1 3 6 12 27 mean 

GPCR 0.20 0.45 0.25 0.35 0.34 0.317 0.58 0.24 0.31 0.45 0.53 0.422 -0.567 

LGIC 0.32 0.31 0.25 0.30 0.45 0.325 0.32 0.26 0.37 0.30 0.25 0.300 -0.777 

TF/IEG 0.29 0.45 0.40 0.38 0.49 0.399 0.40 0.40 0.31 0.28 0.25 0.328 -0.465 

GF 0.23 0.34 0.29 0.15 0.56 0.313 0.34 0.37 0.42 0.57 0.44 0.427 -0.235 
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Overall, morphine-pretreated animals showed increased morphine-induced reactivity 
for the GPCR-signaling and growth factor (receptor) groups, but reduced morphine-
induced reactivity for the LGIC and transcription factor/IEG groups. The group-wise 
calculated profiles for the GPCR-signaling, transcription factor/IEG, and LGIC group 
were opposite for the two pretreatment groups (Pearson correlation, see Materials and 
Methods), with main differences at 1, 3, and 27 h for the GPCR-signaling group, at 1 
and 27 h for transcription factor/IEG group, and at the 27 h time point for the LGIC 
group. Thus, the morphine challenge clearly elicits different genomic responses in each 
of the two pretreatment groups that become apparent mainly at the late time points. 
Calculation of A-reg profiles for the individual genes, indicated genes that were 
specifically regulated after the morphine challenge in one of the two pretreatment 
groups, and it indicated genes that were regulated by the morphine challenge 
indifferent of the type of pretreatment (Fig. 2B). In particular, the expression of genes 
in the groups of transcription factors/IEGs and of LGICs is more affected in response 
to morphine in saline-pretreated animals, whereas neuropeptides and neurotransmitter 
synthesizing enzymes were more affected in response to morphine in the morphine-
pretreated group.  
 

 
 
Figure 2. Difference in time of regulation of genes after a morphine-challenge. Gene expression profiles 
after a morphine challenge in saline- and morphine-pretreated animals were analyzed at different levels. 
A, Profiles of up-regulated (red) and down-regulated genes (green) is given (as the percentage of the 
total). B, Examples of individual gene expression profiles (average value +/- standard deviation) with a 
low saline and high morphine (upper panel), with a high saline and high morphine (middle panel), and 
with high saline and low morphine (lower panel) amplitude of regulation. The time of measurement after 
the morphine challenge is indicated (h). 
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In order to compare the morphine-induced regulation for the two types of pretreatment 
in more detail, genes were grouped according to function of the encoded protein (Fig. 
3A). 
 First, we analyzed the temporal profile of morphine-induced expression for 
pretreatment-specific gene expression differences. Thereto, for each gene the two 
profiles were analyzed on (dis-) similarity, using a Pearson correlation (Fig. 3B). Only 
a limited number of genes (4/163 genes) have a high (<-0.75) negative correlation 
(opposite response), compared with genes that have a high positive (>0.75) correlation 
(20/163 genes; similar response). As an example a few genes with high positive and 
negative correlations are shown in Figure 4A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Next page:  
Figure 3. Gene expression profiles of various functional groups of genes after a morphine challenge. 
Color-coded gene expression (red, induction; green, repression (A)) and bar graphs depicting amplitude 
of regulation (B, left) and the Pearson correlation (B, right) of individual genes from several functional 
groups (Table 1) after the morphine challenge in saline- and morphine-pretreated animals. A, Time after 
the morphine challenge (h) and color intensity code for amount of regulation, are indicated. B, The blue 
line indicates the top 15% of amplitude of regulation (orange bars), or profiles with similar (yellow bars) 
or dissimilar (blue bars) regulation (absolute Pearson correlation > 0.75). 
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Figure 4. Reactivity of genes to a morphine challenge in naive and behaviorally sensitized animals. A, 
Examples of some gene expression profiles (average value +/- standard deviation) of morphine-induced 
gene expression with a high negative (upper three panels), or high positive Pearson correlation (lower 
three panels), between saline- (gray line, diamonds) and morphine (red line, squares) pretreatment. B, 
Expression profiles (averaged value per time point; black line) of group of genes showing a more 
coherent and increased response to the morphine challenge (left panel; groups of GPCR-signaling, 
neurotransmitter synthesizing enzymes/transporters, neuropeptides), and specific activation by morphine 
in saline treated animals (right panel; transcription factors/IEGs). The maximum and minimum 
regulation of each group per time point is indicated by the gray line. C, The glucocorticoid receptor 
(GR) is specifically activated by the morphine challenge in morphine-treated animals D, The different 
classes of LGICs showed on average similar profiles for the different pretreatments, although 
glutamate/NMDA and GABA receptors were more regulated only in the late phase after morphine 
challenge in the morphine treated animals. Time points of measurement (h) after the challenge are 
indicated. 

 
Among the group of genes that display similar responses were many 

transcription factors/IEGs 226, 230, 231, of which almost all showed more pronounced 
regulation in the saline- compared with the morphine-pretreated animals (Fig. 4B). 
Genes that showed more regulation in the morphine- compared with the saline-
pretreated group and that did not show similar profiles in the pretreatment (Pearson 
correlation < 0.4) encoded plasticity/motility molecules (Bax, Rheb, SFRP-1, N-
cadherin, Neuroligin), molecules of the pre- and post-synapse (PSD-95, Syntaxin Ia, 
Synapsin I), neurotransmitter transporters/synthezing enzymes (5-HTT, GLYT, 
vAChT, GAD65/67) and GPCR-related molecules (IP3R, MC4R and dopamine 
receptors 1,2L, and 2S). In particular, the groups of GPCR-signaling, neurotransmitter 
synthesizing enzymes/transporters, as well as neuropeptides showed an increased 
response to the morphine challenge in morphine-pretreated animals (see Table 1). In 
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addition, these genes showed a more similar profile of gene expression after the 
morphine challenge in morphine-pretreated animals (Fig. 4B). Transcription factors 
were specifically activated by morphine in saline-pretreated animals (see Table 1), and 
showed a more similar profile of expression in saline-pretreated animals. The 
exceptions were krox-24 (egr1) and the glucocorticoid receptor (GR) that were 
specifically activated by the morphine challenge in morphine-pretreated animals (Fig. 
4C). The different classes of LGICs (glutamate/NMDA, GABA, nACh) showed similar 
profiles for the different pretreatments, although glutamate/NMDA and GABA 
receptors were more regulated in the late phase (27 h) after morphine challenge in the 
morphine-pretreated animals (Fig. 4D). 

Some of the growth factors and their receptors were differentially activated by 
morphine according to the type of pretreatment, e.g. trkA, EGFR and GDNF (Fig. 5). 
Interestingly, these three genes always showed a tight co-regulation, indifferent of the 
type of pretreatment, as has been previously observed for a temporal gene expression 
profile during morphine exposure and subsequent abstinence11. In order to study the 
existence of possible common transcriptional activator, first the promotor regions of 
these three genes were analyzed for transcriptional binding elements using Match 
(Table 2). Basic searches did not reveal a single binding element common to all three 
genes. Therefore, we used transcriptome quantitative trait locus (QTL) mapping234 
using WebQTL, a web-based interface that allows custom genetic linkage and 
identification of groups of co-regulated transcripts232, 233. Such a genetic network 
approach has previously been successfully applied to track major-effect QTL that 
jointly modulate large sets of transcripts235, 236 on a retrievable pool of genetic 
information of recombinant inbred (RI) strains. First, we analyzed whether the pattern 
of GDNF and EGFR gene expression was correlated across strains using mouse 
forebrain gene expression data. Duplicate probe sets for GDNF and EGFR resulted in 
high correlation values (0.7-0.8). Then, gene expression for each gene was mapped to 
the genome to search for overlapping trans-QTL regions, yielding small effect trans-
QTLs (7.5 to 10 LRS score) at chromosome 1 (63-69 Mb), 6 (113-124 Mb), 12 (14-24 
Mb) and 14 (40-58 Mb). In order to narrow down the number of candidate modulator 
genes, we searched for transcripts with a known transcriptional regulator function 
within these trans-QTL regions of which the expression pattern was correlated to that 
of GDNF and EGFR237. None of the factors for which binding elements were initially 
identified (see Table 2), or general transcription factors as GR, c-fos, c-jun, egr1, egr-2, 
egr-3, were located in the trans-QTL regions. Genes that fulfilled the criteria set were 
Creb1 (Chr1), Klf7 (Chr 1), and Sox11 (Chr 12). For these, we profiled gene 
expression after the morphine challenge in morphine- and saline-pretreated animals 
(Fig. 5). In particular the expression profile of Sox11 revealed its putative role as 
transcriptional modulator since it preceded the profiles of EGFR, GDNF, and trkA in a 
temporal way. The expression of Klf7 was similar to that of the 3 effector genes after 
morphine in saline-pretreated animals (averaged Pearson 0.56), and its expression 
profile in morphine-pretreated animals was similar to that of Sox11 (Pearson 0.87). The 
expression of Creb1 was similar as measured before (Fig. 3), and showed no clear 
correlation with the effector genes (averaged Pearson -0.35 and -0.29 for saline- and 
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morphine-pretreatment, respectively). When the promotor regions of the presumed 
target genes were searched for Sox and Ikaros (Klf7) binding elements238, several of 
these elements were indeed found (Table 2). 

 

 
 
Figure 5. Gene expression profiles of candidate transcriptional modulators of EGFR, GDNF and tkrA. 
Transcriptome QTL analysis using forebrain gene expression data on WebQTL of a recombinant 
intercross population from C57B/6J and DBA2/J (BXD recombinant inbred lines) indicated Sox11, Klf7 
and CREB1 as candidate transcriptional modulators. Therefore, the expression profiles (average values) 
of these genes (Sox11, left; Klf7, middle; CREB1, right) after the morphine challenge in saline- and 
morphine-pretreated animals was analyzed and compared to that of EGFR, GDNF and trkA (average 
values; shown in each panel for comparison). In particular, Sox11 showed the expression profiles typical 
of a modulator both in saline- and in morphine-pretreated animals, whereas Klf7 only displayed this 
profile in morphine-pretreated animals. A more detailed search revealed several Sox and Ikaros (Klf7) 
binding elements present in the promotor regions of the three target genes (see Table 2). 
 
 
Table II. Transcriptional binding elements in rat promotor regions of EGFR, trkA, 
GDNF as found by Match version 1.0 in the Transfac 6.0 database using vertebrate 
search profiles, and using specific profiles for Sox5 and Sox9, and for Ik-1. 
 

Binding elements EGFR trkA GDNF 
PAX4 2  1 
PAX6 1   
HNF1 1   
Oct-1 3  1 
vMyb 1   
ER 1   
HNF4  1 3 
MyoD  1  
E2  1  
CDP CR1  2  
CDP CR3  1  
Nkx2-5   1 
FOXD3   1 
AP1   1 
SOX5 or 9 4 2 6 
Ik1 6 8 31 
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In order to confirm the difference in genomic response also at the protein level, 
morphine-induced protein expression was determined by Western blot analysis at two 
time points, i.e. 6 and 27 h after the morphine challenge, on an independent group of 
animals. For this, we selected a functional group of high abundant and differentially 
regulated genes, i.e. several pre-synaptic markers. A clear differential response upon 
the morphine challenge in the two pretreatment groups was observed (Fig. 6). In 
addition, a correlation was observed for the dynamics of regulation of mRNA and 
protein levels (Fig. 6). Only for the saline-pretreated samples a similar dynamics of 
regulation for protein and gene expression was observed when a time-shift was taken 
into account; gene expression at 3 and 12 h (t3 , t12g g) equals protein expression at 6 
and 27 h (t6 , t27p p), respectively. This might suggest that morphine-pretreatment has 
changed the temporal correlation between induction of transcript and protein levels. 

 
Discussion 
Previous studies have shown that opiate exposure causes long-lasting adaptations in 
neurochemistry and signaling8, 9, 29, 60 and gene expression10, 11, 82 of the mesolimbic 
system, as well as in behavior12, 33. Here, we show evidence that drug pretreatment 
generates a different state of genomic responsiveness towards the opiate. Morphine-
pretreated animals showed profoundly different profiles of gene expression upon 
renewed morphine exposure compared to those observed after opiate exposure of drug-
naïve animals. This altered reactivity of genes suggests that the molecular and cellular 
signaling cascades subserving these genomic responses in the NAc, are persistently 
changed in the drug-adapted state. In particular, we showed that the expression of 
synaptic proteins (several receptors, transporters and neuropeptides; see below) in the 
rat NAc upon a morphine challenge is altered both in a quantitative and qualitative 
fashion, long after morphine pretreatment.  

Renewed exposure to a drug might trigger gene expression that is crucial for the 
maintenance of a sensitive state caused by prior drug exposure. Morphine pretreatment, 
and subsequent opiate abstinence followed by a morphine challenge resulted in less 
morphine-induced regulation of transcription factors/IEGs (egr-3, c-fos, fra-2, Zfp40) 
as compared to that observed in drug-naïve animals (Figs. 3, 4). In this respect, changes 
in expression of the pattern of c-fos positive cells or of its level of expression due to 
drug pretreatment has been shown previously226, 229-231, 239, and the increase in 
locomotor sensitization appeared to correlate with such a decreased c-fos activity240. 
The observed changes in levels of c-fos induction due to drug-pretreatment could 
probably be attributed to changes in dopaminergic and glutamatergic transmission in 
the NAc76, 87, 90, 241, and due to suppression of GABAergic communication in the 
VTA242. The reduced response of this subset of genes might indicate that only at the 
first exposure to morphine, activation of these transcription factors is necessary for 
organizing the resulting neuroadaptation, whereas renewed exposure of the already 
adapted system would not require activation of these transcription factors anymore. 
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Figure 6. Differential regulation of presynaptic proteins to a morphine challenge in naive and 
behaviorally sensitized animals. Semi-quantative analysis of protein expression (average value +/- 
standard deviation) at two time points (6, 27 h) after a morphine challenge was analyzed in pooled 
samples of the NAC of morphine- and saline-pretreated animals (n=5) for SNAP25, synaptophysin, and 
Munc-18. Similar dynamics of regulation for protein (square) and gene (circle) expression was observed 
when a time-shift was taken into account; gene expression at 3 and 12 h (t3g, t12g) equals protein 
expression at 6 and 27 h (t6p, t27p), respectively. However, for morphine-pretreated animals the 
dynamics correlated better without (square, solid line) than with (square, broken line) this shift, 
suggesting that morphine-pretreatment changes the temporal correlation between transcript and protein 
levels. Insets show Western blot analyses for the protein of interest (upper panel), and β-actin (lower 
panel) 
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Functional groups that showed enhanced morphine-induced regulation due to 
morphine pretreatment were growth factor (receptor)s, neurotransmitter 
synthesizing/degrading enzymes, transporters and molecules from the pre- and 
postsynaptic element. Although morphine sensitization is associated with altered 
accumbal neurotransmission58, 60, 243 and different morphology of synaptic boutons7, 173, 

222, the molecular basis for these changes is as yet unknown. Morphine pre-exposure 
has been shown to change gene expression levels for several growth-related molecules 
long after the last morphine exposure11. Here, we show that also the genomic response 
of several plasticity/motility molecules (Rheb, SFRP-1, GAP-43) and growth factor 
(receptors) (trks, IGF-II, GDNF, EGFR, bFGF) show enhanced down-regulation due to 
morphine pre-exposure. Regulation of striatal GDNF is related to self-administration of 
drugs of abuse106, 244.  

We observed that several synaptic proteins (GPCRs, neuropeptides) in the 
morphine-sensitized group are co-regulated upon the morphine challenge. Previously, 
we already observed a coherency of this group during the opiate exposure phase11. This 
suggests that these genes are part of a functional cluster under common transcriptional 
control (see below). Moreover, for a subgroup of synaptic proteins (presynaptic 
proteins), we showed that they are not only target of a differential regulation at the 
level of gene expression, but also at the protein level (Fig. 5). The absolute fold 
regulation at the protein level was not related to those observed at the mRNA level, 
which has been observed in other studies as well245, 246. However, we observed that the 
dynamics of regulation correlated well with gene expression. Only for saline-pretreated 
animals this correlation was present when a time-shift was taken into account; gene 
expression at 3 and 12 h equals protein expression at 6 and 27 h, respectively. This may 
suggest that morphine-pretreatment changes protein-turnover and dynamics and/or the 
temporal correlation between transcript and protein levels. It should be noted that time-
delay in regulation of gene networks is a commone phenomenon. 

Other differential genomic responses are, for instance, clearly illustrated by the 
genes encoding GDNF, EGFR, trkA (see below), several plasticity/motility molecules, 
molecules of the pre- and post synapse, and that for GR. The altered response of these 
genes due to pretreatment shows that previous exposure to morphine induced a clear 
change in the genomic response to renewed opiate exposure. The extreme reactivity of 
the GR gene on a morphine challenge observed in morphine-pretreated animals, is in 
agreement with the proposed cross-sensitization that occurs between stressors and 
drugs of abuse. A common pathway of dopamine and corticosterone has previously 
been suggested to play a role in the enduring nature of behavioral sensitization to drugs 
of abuse. In addition, it has been shown that rats sensitized to morphine can overcome 
the normally observed escape deficit when previously exposed to unavoidable stress247. 
Also, it has been observed that the NAc, and in particular the shell region, is most 
reactive when an animal is confronted with stressors248.  

In our analysis to find transcriptional modulators of EGFR, GDNF, and trkA, 
we exploited the wealth of genomic and genetic data available across species. This type 
of analysis showed that it is possible to detect co-regulated genes that may function as 
transcriptional modulators, as exemplified for Sox11 and Klf7. The profile of Sox11 
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showed regulation typical of a modulator –with a small time-delay– both in saline- and 
in morphine-pretreated animals, whereas Klf7 only showed this type of regulation in 
morphine-pretreated animals. In morphine-pretreated animals the expression of EGFR 
is less correlated with GDNF and trkA (0.59 and 0.52, respectively) than in saline-
pretreated animals (0.83 and 0.78, respectively). The concerted action of multiple 
modulators, each active at particular stages (and hence regulated by morphine 
pretreatment), may well explain this phenomenon. A more detailed search revealed 
several Sox and Ikaros binding elements present in the promotor regions of the three 
target genes. This indicates that particular modulators that regulate gene expression 
may do so independent of species, neuronal cell type or stimulus236, 249. The actual 
contribution of these transcription factors to transcriptional regulation of these target 
genes obviously now needs further experimental verification. 

Taking together these and previous data11, we can attempt to reconstruct some 
aspects of the molecular events that occur during drug treatment. First, morphine-
induced neuronal adaptation may start off by initiating novel gene expression, and 
continues to be affected when exposure to morphine has been terminated. The typical 
gene expression profiles observed during morphine exposure and abstinence are 
examples of this11. The gene expression profiles, and its translated proteins, may 
coordinate cellular activities that lead to adaptation of connectivity and altered 
transmission in neuronal networks60. While this process is ongoing, the changed 
transmission of the network will still feed back to the genome. It is ultimately the 
interplay of both gene expression and the changes in neuronal connectivity and 
synaptic transmission that causes the drug-adapted behavioral state of the neuronal 
circuitry, which is different from the one that characterizes the initial drug-naive 
condition. It is important to conceive that the behavioral response to drug re-exposure 
is immediate (minute time-scale) and does not likely depend on the elicited drug-
adapted genomic response (hour-days time-scale). However, one might speculate that 
those genes that have become new targets of regulation in the adapted gene network are 
also functionally important for the maintenance of this state, i.e. plasticity at the level 
of the synapse (both pre- and post-synaptically) may result in altered synaptic 
communication. As such, genes that show a clear shift in genomic output might be 
targeted for intervention in order to causally determine their role in drug adapted 
neuronal circuitry and in (addiction) behavior. 
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Neuroplasticity and morphine 
Drug-induced sensitization involves neuroplastic processes that affect specific neuronal 
substrates and induce persistent alterations in cellular functioning and intracellular 
communication, which are finally reflected in behavioral changes. These changes are 
thought to be the consequence of a molecular cascade of fast and transient changes 
upon the first and subsequent exposures to the drug. In Chapter 1, we introduced four 
mechanisms to explain long-term plasticity of the brain, i.e. pre- and postsynaptic 
modification, glial regulation of neurotransmission, and rewiring of neuronal 
connections. In chapters 3 and 4, we analyzed genes from different cellular localization 
and functional classes during morphine exposure and abstinence, as well as after 
morphine re-exposure. Although many processes are triggered by the injection of 
drugs, the focus in this discussion will be mainly on the development of behavioral 
sensitization. In light of this, it should be noted that in particular the abstinence phase is 
thought to be crucial for long-term behavioral sensitization, and hence the gene 
expression changes during the abstinence phase are the focus of this discussion. 
 
Pre- and postsynaptic changes - Regarding the role of the NAc in terms of gene 
expression, it should be noted that these neurons act both as pre- and as postsynaptic 
cells. The majority of the GABAergic and cholinergic neurons  NAc neurons (95%) act 
as output neurons, and hence could be regarded as presynaptic neurons. On the other 
hand, many inputs converge to the NAc, and hence the NAc could be regarded as 
postsynapyic neurons, e.g for neurons from the VTA (dopaminergic), and the prefrontal 
cortex (glutamatergic). In general, typical pre- and postsynaptic proteins, such as 
transporters, PSD-95 and associated PSD molecules, and synaptic vesicle proteins 
show little fluctuations in gene expression. On the other hand, molecules involved in 
signal transduction (mostly acting postsynaptic), such as G-PCRs and LGICs 
(glutamate and GABA), are substantially down-regulated after cessation of drug 
exposure (~4-18 days abstinence). In particular, many of the regulated AMPA, NMDA 
and GABAA receptor subunits are highly abundant. The GluR2 subunit is the key 
subunit that controls recycling and degradation of AMPA receptors after 
internalization250. The observed down-regulation of GluR2 during abstinence may 
therefore suggest a difference in the sorting route of AMPA-receptors. The NMDA 
receptors on medium spiny neurons are predominantly tri-heteromers of NR1, NR2B, 
and NR2A. Based on relative gene expression values, we observed a high NR2B/NR2A 
ratio (~3.6) in the NAc, pointing to an important role of the NR2B subunit, as shown 
previously251. In our paradigm, the NR2B subunit is down-regulated during abstinence, 
thereby possibly changing the NR2B/NR2A ratio in favor of NR2A, as observed 
previously after chronic morphine treatment61, 252. This may affect NMDA channel 
properties in several ways, both at the level of deactivation253, as well as at the level of 
ligand binding252. From the GABAA receptor subunits, the abundant β3 subunit shows 
prominent down-regulation at morphine abstinence. Knockdown of the β3 subunit has 
been implicated in increased sensitivity to acute cocaine and decreased sensitivity to 
the short-term sensitizing properties of the drug254. In addition, this subunit has been 
associated with alcohol abuse255.  
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Glial regulation – In the brain, the glial cells are divided into three major classes, 
astrocytes, oligodendrocytes and radial glia. In particular, astrocytes play an important 
role in the dynamic regulation of synaptic strength, synaptogenesis and neurogenesis256 
(Hama et al. 2004 Neuron). Recently, it was shown that specifically astrocytes play an 
important role in the development of sensitization and addiction257, 258. Astrocytes 
express many factors that have been related to the rewarding effect of addictive drugs 
(GFAP, GDNF, bFGF). Increased GFAP expression has been observed for long 
withdrawal periods259, 260, similar to the observed GFAP up-regulation after morphine 
withdrawal as described in this thesis. Although increased GFAP expression is often 
seen as a stress-response, it is also associated with (non-injury) neuroplasticity such as 
learning and memory261.  

Regulation of GDNF has a major role in the addiction-process106, 244. GDNF 
deletion mainly acts on the maintenance rather than the development of morphine 
reward262. The decrease of GDNF that we observe during abstinence may therefore be a 
compensatory mechanism that counteracts the sensitization response, as previously 
suggested for NAC-1216. 

Enduring regulation of bFGF has been observed in areas, rich in dopaminergic 
projections after repeated cocaine injection263. Regulation of dopamine receptors (D1, 
D2) is known to induce bFGF in striatal astrocytes264. Remarkably, the expression of 
bFGF and the D1 receptor are very similar during exposure and abstinence. Thus, in 
our paradigm, the regulation of bFGF expression may be under control of the 
(changing) dopaminergic input into the NAc. The down-regulation of bFGF during 
abstinence may result in changed neuronal plasticity. 
 
Neuronal connectivity – During the different stages that lead to morphine sensitization, 
there is regulation of many of the factors involved in neuronal growth and plasticity 
and mobility of spines. In agreement with the observed attenuation in spine length and 
spine density (refs), during abstinence there is a sustained down-regulation of 
molecules (Gap43, c-jun) that have been implicated in sprouting response265. We 
cannot exclude, however, that the observed decrease in spine morphology is cell-type 
specific, and that connections between various populations of neurons or glia-neuron 
interactions show different morphine-induced responses. The reason for this is that we 
also find ‘conflicting’ expression profiles, i.e. the majority of some growth inhibitory 
molecules (ephrins) are down-regulated in the abstinence phase, indicating a possible 
window of increased plasticity. Recently, it has been suggested that cell-type specific 
changes in connectivity could explain regulation of cytoskeletal, outgrowth-related and 
synaptic proteins in a sucrose self-administration paradigm266. 
 
Taken together, we and others observed that –depending on the brain region, the time 
points analyzed, the type of drug, and the paradigm used38, 106, 267, 268- one or more of 
the 4 mechanisms could play (simultaneously) a role in the development of drug-
induced behavioral changes, among which is behavioral sensitization. 
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Gene expression networks and morphine 
As set out in the introduction, we expected that the development of long-term neuronal 
adaptations that give rise to behavioral sensitization is complexly organized, and that a 
large number of genes will be orchestrated in an organized spatio-temporal fashion. By 
analyzing the expression profiles during morphine exposure and abstinence (Chapter 
3), it became clear indeed that several molecular actions are ongoing coinciding within 
the cellular context of the NAc. The temporal response observed shows a dynamic 
regulation of gene expression due to morphine exposure and abstinence. Using 
clustering analysis, we observed some tight co-regulation of several sets of genes 
during exposure and abstinence phase. In addition, several clusters from the exposure 
phase were partially overlapping with those of the abstinence phase. These 
observations indicate that there are probably main regulators of these down-stream 
genes. In particular, during the exposure to morphine gene expression values are 
fluctuating tremendously, probably indicative for a homeostatic response to morphine. 
This interpretation fits with the observation that during the late time points of the 
abstinence phase, in the absence of the drug, there are almost no abrupt changes 
observed anymore. This may indicate that the trajectories of gene expression are near 
to or may have reached a stable state of the network. Measurements even beyond this 
time point will be necessary to examine this. 

Furthermore, we postulated that alterations of a large number of genes might 
give rise to the specific behavioral phenotype as seen in morphine-sensitized rats. The 
process of drug sensitization is thought to develop in particular during abstinence. 
Although during the abstinence phase many genes showed regulation, finally after 3 
weeks of abstinence only a small fraction of the genes analyzed showed regulation 
(Chapter 3). This result, together with previous finding of limited persistent gene 
expression changes10 would indicate that only a limited and specific set of genes and/or 
proteins might uphold the drug-adapted state. These results led to the hypothesis that 
because drug re-exposure in sensitized rats yields a large behavioral response, the 
molecular neuroadaptations that have led to this drug-sensitized state might be hidden 
and become apparent in terms of specific genome reactivity only after the system is 
challenged by drug(-related) stimuli (Chapter 4). 

In this chapter, we asked the question as to whether also genomic reactivity in 
the system might have changed as a result of the neuroadaptation. It is of interest to 
know whether processing of information at the genomic level has changed its behavior 
over time as well. Specific genome reactivity might become apparent only after the 
system is challenged by drug(-related) stimuli. The conclusion from chapter 4 is that 
indeed this is true. Drug pre-exposure changes the expression profile of particular sets 
of genes upon drug (re-)exposure. This indicates that existing gene trajectories (and 
hence the wiring rules of the genomic (and maybe the cellular) network shows long-
term adaptation and has been prone to the drug exposure. To date it is not clear whether 
wiring rules, defining the gene expression response, that were changed upon (repeated) 
drug exposure might ever be restored. Gaining knowledge on the precise molecular 
changes that have occurred in the network should help to make this clear. In addition, 
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in order to define the gene regulatory network that underlies the drug-sensitized state, 
the data obtained may need to be re-analyzed with recently available models269, 270. 

After measuring gene expression during, after and upon re-exposure to 
morphine, we found some genes to be co-regulated throughout all paradigms used. In 
particular, a set of growth factors (GDNF, EGFR, and trkA) fell into this category 
(Chapter 4). As a first step in the identification of the potential regulators of this set of 
growth-related molecules271, 272, we focused on the co-expression profiles of 
transcription factors that were located at the genomic region of the QTLs. The presence 
of several binding sites in the growth factor genes together with the observed correlated 
expression profiles of both TFs and these growth factors suggests their involvement in 
regulating the growth factor gene expression. A more detailed analysis270, including 
intervention of expression, is necessary to rule out the involvement of other and/or 
additional factors.  
 

In conclusion, in this thesis we find ample evidence for long-term regulation of 
gene expression during and also after exposure to morphine. We find indications for 
molecular adaptation at various levels of integration in the system. These changes in 
gene expression result in a neuroadaptation of the system, which can be observed by its 
typical sensitized behavioral response to re-exposure of the drug, as well as in terms of 
an adapted activity of gene expression. Future experiments will have to determine how 
particular changes observed contribute to the change in physiology of the system. 

77 



 

 

  



 

 
 
 
 
 
 
 
 
 
Nederlandse samenvatting 
 
 
 
 

79 



Nederlandse Samenvatting 

Dit proefschrift behandelt moleculaire veranderingen die plaatsvinden in de hersenen 
van de rat na blootstelling aan morfine, een verslavende stof. Dit type onderzoek is 
zowel van belang voor farmacologen om mogelijke geneesmiddelen tegen verslaving te 
vinden, als ook voor neurobiologen voor het verkrijgen van inzicht hoe verslaving tot 
stand komt.  
 
Gedrag wordt op verschillende niveaus in de hersenen geregeld 
De laatste tientallen jaren is veel onderzoek gedaan naar de werking van de hersenen. 
Gedrag van mens en dier wordt op verschillende niveaus in de hersenen geregeld, dit 
strekt zich uit van moleculen, tot enkele zenuwcellen (neuronen) tot aan complexe 
netwerken van cellen in (verschillende) deelgebieden van de hersenen. Voorbeelden 
van hersengebieden die belangrijk zijn voor een bepaald gedrag zijn bijvoorbeeld de 
hippocampus (bij leer en geheugen processen), en het mesolimbisch dopamine systeem 
(motivatie voor nieuwe of aan drugs-geassocïeerde stimuli). Voor ons functioneren in 
het dagelijks leven is het belangrijkste proces de (verandering in) communicatie tussen 
neuronen. Neuronen communiceren met elkaar d.m.v. gespecialiseerde delen van de 
cel, de synaps genaamd. Op deze plek naderen twee neuronen elkaar heel dicht, maar 
raken elkaar niet. Vanuit de ene cel, die het presynaptisch neuron wordt genoemd, 
wordt een signaalmolecuul (neurotransmitter) afgegeven. Deze neurotransmitter wordt 
opgevangen door een receptor eiwit van het ontvangende neuron, die het 
postsynaptisch neuron wordt genoemd. Verschillende type neurotransmitters 
(dopamine, glutamaat) hebben hun eigen specifieke receptoren. Naast deze chemische 
manier van neurotransmissie tussen neuronen, wordt het signaal binnen in de cel vanuit 
de uitlopers naar het cellichaam doorgegeven d.m.v. elektrische stroompjes.  

Nadat de neurotransmitter de receptor van het ontvangende neuron heeft 
bereikt, wordt in deze cel een cascade van processen geactiveerd. De eigenschappen en 
de activiteit van de neuronen worden bepaald door welke eiwitten erin voorkomen. 
Eiwitten zijn essentiële moleculen in de cel, ze zijn de bouwstenen en de werktuigen 
voor de cel. In de vorming van eiwitten speelt het genoom een belangrijke rol. De 
informatie die in het DNA ligt opgeslagen wordt niet altijd gebruikt; op specifieke 
momenten (afhankelijk van de omstandigheden waarin de cel zich bevindt) wordt de 
gecodeerde informatie afgelezen. Hierdoor kunnen de eiwitten, die voor het specifieke 
proces nodig zijn, worden gemaakt.  
Het genoom is het totaal van al het erfelijk materiaal van een organisme, en wordt 
gecodeerd door DNA. Het DNA bevat informatie over genen, nl alle informatie om 
eiwitten te maken, en ook voor niet-coderende sequenties. Het genomisch DNA 
wordt opgeslagen in de celkern van de cel.  
 
Het dopamine systeem wordt beïnvloed door verslavende stoffen 
Het mesolimbische dopamine systeem speelt een belangrijke rol in het verslavings 
proces. Onderzoek van de afgelopen jaren heeft duidelijk gemaakt dat verschillende 
neurotransmitters een rol spelen bij het verslavingsproces, waarvan een zeer 
belangrijke dopamine is. Het blijkt dat alle verslavende stoffen de afgifte van dopamine 
op een of andere manier beïnvloeden. Stoffen als cocaïne en amfetamine grijpen direct 
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aan op het dopamine signaal tussen de zenuwcellen; cocaïne door het recyclingproces 
te blokkeren, en amfetamine door de afgifte te stimuleren. Morfine en heroïne grijpen 
direct aan op een speciale receptor, de µ-opiaat receptor. Activatie van deze receptor 
zorgt via tussenkomst van verschillende celtypen uiteindelijk voor verhoogde afgifte 
van dopamine. Één van de belangrijkste kernen van dit systeem is de nucleus 
accumbens van het striatum, een klein hersengebiedje midden in de hersenen. In de 
nucleus accumbens komen verschillende signalen bij elkaar, en wordt informatie 
geïntegreerd en signalen naar andere hersendelen verspreid. In deze kern wordt gedrag 
gestuurd dat door emoties en stemmingen wordt geregeld. 
Aangezien de nucleus accumbens zo’n prominente rol heeft in de reactie op 
verslavende stoffen is het de meest voor de handliggende plaats om langdurige 
veranderingen die plaatsvinden door blootstelling aan morfine te onderzoeken. 
 
Intermittent morfine injecties veroorzaken langdurige veranderingen 
Voor het bestuderen van langdurige moleculaire veranderingen hebben we een 
diermodel gebruikt voor drug-geïnduceerde sensitisatie. Hierbij is er een progressieve 
toename van het effect van de drug waarneembaar (sensitisatie). Dit model heeft een 
aantal voordelen, waardoor het voor ons heel nuttig was om te gebruiken, maar ook 
nadelen. 

Allereerst is het een model waarbij de handelingen eenvoudig zijn. Verder is 
duidelijk dat alle effecten tot stand komen door de morfine injecties, omdat de 
levensomstandigheden voor alle dieren (experimentele en controle groep) gelijk zijn; 
dezelfde stal/kooien en hetzelfde eten/water. Tenslotte zorgen de morfine injecties 
ervoor dat er zich een geheugen voor de stof vormt; Immers een hernieuwde 
blootstelling na 3 weken (vergelijk ruim 2 jaar voor de mens) is er sensitisatie 
(gevoeliger worden) op allerlei niveaus waarneembaar (biochemisch, morfologisch, 
moleculair en gedragsmatig). Het betekent dat op de lange termijn veranderingen in 
zowel gedrag als hersenactiviteit hebben plaats gevonden. Een nadeel van dit model is 
dat sensitisatie slechts een onderdeel is van de processen die zich voordoen bij een 
verslaving. Desalniettemin hebben wij voor dit sensitisatiemodel gekozen omdat het 
een eenvoudige en robuuste manier is om moleculaire veranderingen in de hersenen te 
laten zien. 

Laten we nu terugkeren naar het de veranderingen in (dopamine) 
signaaloverdracht tussen neuronen.  
 
Neuronale plasticiteit 
Hoe komen de veranderingen in signaaloverdracht tot stand? En, in geval van het 
vormen van geheugen, hoe worden deze veranderingen in de neuronen blijvend 
vastgelegd? In het algemeen wordt aangenomen dat 4 algemene mechanismen een rol 
kunnen spelen bij het veranderen van de signaaloverdracht tussen neuronen. 

Ten eerste kan er een verandering in de afgifte zijn van de neurotransmitter  
door het presynaptische neuron, bv door verhoogde neurotransmitter-synthese 
(dopamine) of een facilitatie van het vesicle-fusieproces. Ten tweede kan het 
postsynaptische neuron de transmitter ‘beter’ ontvangen, b.v. door vermeerdering in het 
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aantal dopamine receptoren. Een derde mechanisme ligt in cellen die de neuronen 
ondersteunen (de zogenaamde glia-cellen). Voorheen werd aan deze cellen slechts een 
ondersteunende rol toebedacht (myeline-productie, stevigheid). Echter, de laatste jaren 
blijkt dat glia-cellen ook een rol kunnen hebben in de communicatie tussen neuronen, 
bv door neurotransmitter weg te vangen, zodat de communicatie tussen neuronen wordt 
gedempt. Een laatste zeer belangrijke manier van het veranderen van de 
signaaloverdracht tussen neuronen is het veranderen van de (hoeveelheid) synaptische 
contacten. Hiervoor moeten neuronen vaak opnieuw uitgroeien. De laatste jaren is dit 
opnieuw uitgroeien en ontstaan van nieuwe synaptische contacten een belangrijk 
onderwerp in het hersenonderzoek.  
 
Gen expressie netwerk 
Voor deze verschillende manieren van verandering van signaaloverdracht is een goede 
gecoördineerde aanmaak van nieuwe eiwitten essentieel. Hiervoor moet het genomisch 
DNA worden afgelezen. Eiwitten worden niet direct door het DNA aangemaakt, maar 
d.m.v. een ‘interim’ molecuul, het messenger RNA, ook wel een transcript genoemd. 
Een transcript bevat de informatie om één soort eiwit te maken, nl. de informatie van 
één gen op het genomisch DNA. De aanwezigheid van een bepaald transcript in de cel 
voorspelt de aanmaak van het eiwit waar het transcript voor codeert. Processen in de 
cel worden door verschillende eiwitten gestuurd, daarom is het noodzakelijk dat genen 
die coderen voor eiwitten die op hetzelfde moment nodig zijn ook tegelijkertijd worden 
afgelezen, en dus tegelijkertijd aanwezig zijn in de cel. Dit principe heb ik gebruikt in 
mijn experimenten, nl. door de aanwezigheid van verschillende transcripten te meten 
tijdens en na de blootstelling aan morfine in de nucleus accumbens. Dit wordt het 
maken van een gen-expressie profiel genoemd. Door transcripten te meten die coderen 
voor eiwitten met een bekende functie kan je een voorspelling doen welke eiwitten en 
welke processen van belang zijn tijdens en na de ontwikkeling van morfine sensitisatie. 
Verder, kan je de functie van transcripten die coderen voor eiwitten met een bekende 
en onbekende functie afleiden uit het samen voorkomen met transcripten waarvoor de 
eiwitfunctie wel bekend is. Dit is gebaseerd op het principe “schuldig door 
aanwezigheid”. 
 
Doel van dit onderzoek 
Het doel van dit onderzoek en daarmee van dit proefschrift is het onderzoeken van 
moleculaire veranderingen in de nucleus accumbens door morfine. Dit heb ik 
onderzocht door de expressie van verschillende genen te meten. Dit onderzoek geeft 
niet alleen inzicht in de ontwikkeling van verslaving (en het vormen van geheugen) 
maar levert ook informatie over de manier waarop verschillende genen samen de 
biochemische en fysiologische processen in de cel regelen en tot stand brengen. 
 
Hoofdstuk 2 
Ik heb de door morfine gereguleerde genexpressie onderzocht, zoals aanwezig in de 
nucleus accumbens 3 weken na de laatste morfine injectie. We richtten ons hier op 
genen waarvan de expressie langdurig is veranderd, of die pas na lange tijd is 
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veranderd. Ik heb dit onderzocht met de ‘differential display PCR’ techniek. Deze 
techniek wordt gebruikt om genexpressie in de experimentele en de controle groep te 
vergelijken (de morfine behandelde en de met fysiologisch zout behandelde dieren) 
door het cDNA te vermenigvuldigen voor ~1000 genen tegelijkertijd. Vervolgens kan 
de concentratie van de gevormde genproducten vergeleken worden tussen de 
experimentele en controle groepen. Het bleek dat er nogal wat haken en ogen aan deze 
techniek zaten; De techniek gaf geen goede representatie van de transcripten die 
aanwezig zijn in de cel. Bovendien is de kans om vals-positieve producten 
(transcripten) te vinden erg groot.  

Één van de genproducten die differentieel tot expressie kwam is het gen dat 
voor β-hemoglobine codeert. Het is een eiwit dat voornamelijk in rode bloedcellen 
voorkomt, en zorgt voor zuurstofbinding. Het zou een mogelijke rol kunnen spelen bij 
de langdurige veranderingen van neuronale communicatie, maar het is veel 
waarschijnlijker dat in morfine-behandelde dieren de doorbloeding in het brein is 
veranderd. Dit is een fenomeen dat ook bij verslaafde mensen bekend is. 
 
Hoofdstuk 3 en 4 
In hoofdstuk 3 en 4 is voor een andere aanpak gekozen. Ik heb uit de literatuur ~160 
genen gezocht die een rol spelen in de neuronale communicatie en die mogelijk een rol 
zouden kunnen spelen bij de neuronale plasiticteit die ten grond slag ligt aan morfine 
sensitisatie. Zoals eerder aangegeven, geeft de verandering in genexpressie van deze 
genen, tijdens en na (hernieuwde) morfine blootstelling, een indicatie welke 
biochemische en fysiologische processen zich op dat moment in de nucleus accumbens 
afspelen. We gebruikten hiervoor de ‘quantitatieve PCR’ techniek, gericht op de 
amplificatie van de geselecteerde genen. In tegenstelling tot de ‘differential display 
PCR’ techniek, is deze techniek gevoeliger en nauwkeuriger. 

In hoofdstuk 3 heb ik deze methode gebruikt om genexpressie tijdens de 
ontwikkeling van de sensitisatie te meten, nl. op verschillende dagen tijdens de 
blootstelling aan morfine (1, 2, 4, 8 en 14 dagen), en in de morfine-vrije periode (1, 2, 
4, 8, 12, 18 dagen). Het bleek dat niet alleen bij begin van de morfine injectie’s een 
aantal veranderingen in genexpressie te zien zijn, maar dat ook het plotseling 
wegvallen van de dagelijkse injectie’s veranderingen in de genexpressie patronen 
veroorzaakten. Verder vonden we dat genen waarvan de genexpressie hetzelfde patroon 
volgden vaak samen een rol spelen in een biochemisch proces. Genen die coderen voor 
verschillende dopamine receptoren vertonen éénzelfde patroon van genexpressie als de 
signaaleiwitten (G-eiwitten en neuropeptiden). Tevens hebben we groepjes van genen 
geïdentificeerd die betrokken zijn bij het veranderingen van de synaptische contacten. 
De resultaten van dit onderzoek levert nieuwe hypothesen over de functionele gen-
netwerken die betrokken zijn bij neuro-adaptaties veroorzaakt door verslavende 
stoffen. 

In hoofdstuk 4 heb ik gekeken naar genexpressie die optreedt wanneer morfine-
gevoelige dieren opnieuw worden blootgesteld aan morfine. Hiervoor werden 2 
groepen dieren behandeld, nl. dieren die herhaald morfine en dieren die herhaald 
fysiologisch zout kregen toegediend. Na de gebruikelijke periode van abstinentie (3 
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weken), werd iedere groep in tweeën verdeeld, en ontving een injectie met morfine of 
met fysiologisch zout. In deze 4 groepen kon ik specifiek naar het effect kijken van 
hernieuwde morfine blootstelling in morfine-gevoelige dieren vs. dieren die voor de 
eerste keer morfine ontvingen. In dit experiment waren wij geïnteresseerd óf en hoe de 
expressie respons van de geselecteerde genen zou verschillen door de voorbehandeling. 
Het bleek dat de respons op morfine in voorbehandelde dieren inderdaad verschilt van 
dieren die niet eerder morfine hebben gekregen. Veranderingen vinden plaats op genen 
die coderen voor transcriptie-factoren (factoren die de genexpressie regelen), en 
factoren die uitgroei sturen. Dit bevestigt het idee dat er een nieuw netwerk van 
interacties is onstaan, zowel op het niveau van gen-regulatie (gennetwerk) en op het 
niveau van de morfologie (veranderde verbindingen tussen neuronen). 
 
Uit de resultaten van deze experimenten kunnen we concluderen dat alle vier de 
geopperde mechanismen, die verandering kunnen brengen in synaptische 
communicatie (pre-en postsynaptische veranderingen, uitgroei en glia-interactie), 
mogelijk een rol spelen in het sensitisatieproces. Tezamen geven de resultaten van deze 
experimenten niet alleen meer inzicht in de rol van de verschillende genen in dit 
proces, maar ook inzicht in hoe verschillende moleculaire processen betrokken zijn bij 
de plasticiteit die optreedt na blootstelling aan verslavende stoffen. Wellicht kunnen 
hieruit nieuwe aangrijpingspunten worden gedefineerd om een medicijn tegen 
verslaving te ontwikkelen. 
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