
 
From the Department of Clinical Neuroscience, 

Karolinska Institutet, Stockholm, Sweden 

 

Neurobiological Effects of 
Early Life Cannabis 

Exposure in Relation to the 
Gateway Hypothesis 

Maria Ellgren 

 

 
Stockholm 2007 

 
 
 
  
 



 

Cover: Pot head, drawing by Maria Ellgren 
 
All previously published papers were reproduced with permission from the publisher. 
 
Published by Karolinska University Press and printed by Text & Rubrik AB, Stockholm, 
Sweden. 
 
© Maria Ellgren, 2007   
ISBN 91-7357-064-8



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my dear Fredrik 



 

 

ABSTRACT 
The use of Cannabis sativa preparations, such as hashish and marijuana, is wide-spread 
among young people, including pregnant women. Despite this concern, the 
consequences of cannabis exposure on the brain during periods of active brain 
development, such as the prenatal phase and adolescence, is not well known. Several 
epidemiological studies support the cannabis gateway hypothesis, where early cannabis 
use is suggested to increase the risk of initiating use of other illicit drugs, e.g., 
amphetamine or heroin. However, the nature of such direct links are unclear. Therefore, 
the aim of this thesis was to test experimentally the cannabis gateway hypothesis, i.e., 
to determine whether cannabis exposure during periods of active brain development 
alters reward-related behavior and neurobiology for psychostimulant and opioid drugs 
by the use of animal models. 

In the first study, we examined the effects of early adolescent exposure 
(postnatal day; PND; 28-32, one injection per day) with the synthetic cannabinoid CB1 
receptor agonist WIN55,212-2 and the main psychoactive substance in C. sativa, Δ9-
tetrahydrocannabinol (THC) on amphetamine-induced motor behavior and dopamine 
release in the nucleus accumbens during adolescence. No alterations were evident in 
the cannabinoid exposed rats, results which did not support the cannabis gateway 
hypothesis in relation to subsequent psychostimulant abuse. 

Next, we investigated the effects of adolescent exposure on subsequent opioid 
reward-related behavior and the neurobiology of opioid and cannabinoid systems 
during adulthood. We studied THC exposure across the full adolescent period (PND 
28-49), and administered the drug once every third day in order to better mimic the 
pattern of intermittent use seen in teenagers. The results revealed discrete opioid-related 
alterations within brain regions highly implicated in reward and hedonic processing 
(e.g., increased proenkephalin gene expression in the nucleus accumbens and increased 
mu opioid receptors in the ventral tegmental area). This was coupled to increased 
heroin intake in a self-administration paradigm and increased morphine conditioned 
place preference, indicating altered sensitivity to the reinforcing properties of opioids. 

Furthermore, in evaluating the adolescent ontogeny of the opioid and 
cannabinoid systems within limbic-related brain areas, we found that active 
endocannabinoid- and opioid- related neurodevelopment takes place to a very high 
extent during this period. Most pronounced were the alterations in endocannabinoid 
levels in cognitive brain areas, even though alterations were also apparent in reward-
related regions. 

Finally, we investigated the effects of prenatal cannabis exposure (gestational 
day 5- PND 2) on subsequent opioid reward-related behavior and neurobiology of the 
opioid and cannabinoid systems in adulthood. Similar to adolescent cannabis exposure, 
prenatal exposure induced discrete opioid-related alterations within brain regions 
highly implicated in reward and hedonic processing. Moreover, elevated heroin-seeking 
observed during extinction and after food deprivation was evident in the THC exposed 
rats, suggesting an increased motivation for drug use under conditions of stress.  

Taken together, this thesis presents neurobiological support for the cannabis 
gateway hypothesis in terms of adult opiate, but not amphetamine, abuse, with 
underlying long-term disturbances of discrete opioid-related systems within limbic 
brain regions. 
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1 INTRODUCTION 
1.1 CLINICAL BACKGROUND 

Cannabis is the most commonly used illegal drug around the world. The use often starts 
at an early age and surveys have shown that as much as 21% of 16 year olds in Europe 
report having tried cannabis (Hibell et al 2004). In Sweden, 7% of 16 year olds have 
tried cannabis and 21% report having had the possibility to try the drug. Cannabis use is 
also rather common during pregnancy. Statistics from health surveys in the US show 
that, depending on age and ethnicity, 7-17% of women used cannabis during pregnancy 
(SAMHSA 2002). Despite the widespread use among these groups, the neurobiological 
effects of exposure to cannabis during periods of active brain development, like the 
prenatal phase and adolescence, is poorly understood. 
 
1.2 CANNABIS 

Cannabis is produced from different parts of the hemp-plant (Cannabis sativa; figure 
2). The most common preparations are marijuana, a combination of dried leaves and 
flower buds, and hashish, dried resin. It is generally smoked in hand-rolled cigarettes or 
pipes, but also orally ingested by eating e.g. hash brownies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The hemp plant, Cannabis sativa. Detail of drawing from Franz Eugen Köhler's Medizinal-
Pflantzen (Gera-Untermhaus 1887). 
 
 
 
Hashish and Marijuana contain around 60 active substances of which the main 
psychoactive substance is Δ-9-tetrahydrolcannabinol (THC), that was isolated in the 
early 1960s (Gaoni and Mechoulam 1964). The acute effects of smoking cannabis 
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include a sense of euphoria and well-being, distorted perception of colors, sounds and 
other sensations, impaired cognitive functions (e.g. short-term memory, learning and 
problem solving), distorted sense of time, anxiety and paranoid thoughts, impaired 
motor coordination, increased appetite, increased heart rate and reddened eyes. 
Repeated intake may lead to addiction, impaired cognitive functions that continue even 
after acute intoxication, damage on the respiratory system, reduced fertility, and 
enhanced risk of developing schizophrenia and depression. 
 
1.3 THE CANNABIS GATEWAY HYPOTHESIS 

The fact that cannabis use most often precedes the use of other drugs has given rise to 
the cannabis gateway hypothesis, where it  is proposed that early cannabis use increases 
the risk of initiating use of other illicit drugs, such as amphetamine or heroin. Many 
population surveys in western societies show that those who started using cannabis at 
age 14 or younger had a higher percentage of present illicit drug abuse or dependence 
than those starting at an older age (SAMHSA 2004). Further, several epidemiological 
studies have supported a link between cannabis use and the use of other illicit drugs 
(Agrawal et al 2004; Fergusson and Horwood 2000; Lessem et al 2006; Lynskey et al 
2003; Stenbacka et al 1993; Yamaguchi and Kandel 1984). Whether there is or not a 
direct causal relationship between cannabis use and the progression to the use of other 
illicit drugs has been heavily debated over the last decades. Apparent links could be 
non-causal given that the same characteristics may cause vulnerability to use cannabis 
as other illicit drugs (e.g. (Hall and Lynskey 2005; MacCoun 1998; Morral et al 2002). 
The model of common liabilities explain the observed associations by e.g. genetic 
predisposition, peer-pressure, drug availability, risk-taking behavior and underlying 
possible gateway-effects of nicotine or alcohol. Indeed, support have been found for 
shared genetic risk factors contributing to the association between use of cannabis and 
other drugs in twin studies (Agrawal et al 2004; Lessem et al 2006; Lynskey et al 
2003), however, they could not rule out the effects of other factors.  
  Possible direct causal links between early cannabis use and subsequent abuse of 
other illicit drugs could reflect neurobiological disturbances to early cannabis exposure 
that makes individuals more vulnerable to the reinforcing effects of other drugs. One 
strategy to evaluate the relationship of prior cannabis experience with specific drugs, 
independent of e.g. cultural, social and moral factors is the use of experimental animal 
models.  
 
1.4  DRUG ADDICTION 

Sweden is estimated to have 26 000 heavy drug addicts (individuals that have had daily 
drug use during the last four months or intravenous intake at least once during the last 
12 months). Polysubstance abuse is very common and cannabis is reported to be the 
main drug for 8% of the heavy drug addicts. In most cases though, amphetamine or 
heroin is the main drug. 
 However, not all individuals that try addictive substances do become dependent, 
and the drug taking behavior is therefore clinically divided into different stages; use, 
abuse and dependence. Substance use is defined as recreational intake of drug for non-
medical purposes (e.g. social alcohol drinking). Diagnostic criteria of substance abuse 
and dependence are given in the Diagnostic and Statistic Manual of Mental Disorders 
(DSM-IV) by the American Psychiatric Association (APA 1994). Substance abuse is 
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defined as continued drug use despite harmful effects on a social and/or personal level 
(e.g. failure to fulfill obligations at work, school or home or physical hazards). The 
hallmark for substance dependence is a loss of control over the drug use, leading to 
compulsive intake. It is a chronic relapsing disorder often associated with tolerance and 
withdrawal. Diagnostic criteria for substance dependence are also given in the 
International Classification of Diseases and Health Problems (ICD-10) from the World 
Health Organization (WHO 1992), that are essentially the same as DSM-IV. They both 
use the term “substance dependence”, but “drug addiction” is a term that also is used to 
a wide extent. The latter emphasizes a behavioral disorder and is less likely to be 
confused with physical dependence, and is therefore preferred in this thesis. The 
Swedish language has a word for dependence (“beroende”), but lack a specific word for 
addiction. 
 
Addictive drugs can motivate repeated drug use by acting as positive reinforcers 
(producing euphoria) or as negative reinforcers (alleviating withdrawal symptoms or 
other negative states). The positive reinforcing properties of a drug is usually most 
important in the initiation of drug use, but is decreased with repeated use.  

Different theories have evolved in attempts to understand the mechanism behind 
the transition from controlled intake of drug to drug addiction. Koob and LeMoal have 
proposed a theory of hedonic allostasis, where addiction is presented as a cycle of 
spiraling dysregulation of reward systems (Koob et al 1997; Koob and Le Moal 2001). 
Physiological systems are kept stable by homeostasis, a self-regulating process for 
maintaining body parameters around a set point critical for survival. However, during 
certain conditions, counteradaptive processes fail to return within the normal 
homeostatic range. Koob and LeMoal suggest that repeated drug intake leads to 
dysregulation of reward circuits, creating an allostatic state, i.e. a chronic change in 
hedonic set point. Activation of brain and hormonal stress responses is also involved in 
this process. The allostatic state drives further intake, ultimately compulsive intake, and 
in turn exaggerates the allostasis. 

The incentive-sensitization theory of addiction proposed by Robinson and 
Berridge focus on how drug cues trigger excessive incentive motivation for drugs, 
leading to compulsive drug seeking, drug taking and relapse (Robinson and Berridge 
1993; Robinson and Berridge 2001). Addictive drugs are hypothesized to alter 
mesolimbic brain systems that mediate a basic incentive-motivational function, the 
attribution of incentive salience, so they become hypersensitive or “sensitized”. 
Dissociation is made between the incentive value of the drug (“wanting”) and its 
pleasurable hedonic effects (“liking”), and the sensitization of neural systems leads to 
pathological “wanting” to take drugs. The psychomotor-activating effects of many 
drugs of abuse can also be sensitized and these are mediated by brain systems that 
overlap with those involved in reward (Wise and Bozarth 1987). 
 
1.4.1 Animal models in drug addiction research 

Animal models are very important tools in the work towards understanding the 
addiction process and in the search for medical intervention. Passive administration of 
drugs by the experimenter, giving a precise dose and timing, is a good method to use 
when the general acute or chronic pharmacological effects are studied. However, more 
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refined methods are available for the evaluation of the reinforcing properties of a drug 
and for modeling different features of human addiction behavior. 
  
1.4.1.1 Self-administration 

In this model, the animal controls its own drug intake and normally develops a 
behavioral pattern with many similarities to human addictive behavior. The animal is 
trained to perform an operant (press a lever or do nose poke) to receive the drug, most 
typically by the means of an intravenous infusion, but it could e.g. also be an 
intracranial infusion or presentation of alcohol for oral intake. The drug delivery is 
accompanied by a presentation of stimuli, e.g. a light or the sound of the activated 
pump, which becomes conditioned cues to the drug effects. If the self-administered 
substance has positive reinforcing effects, lever pressing will be continued and the 
animal will acquire a stable self-administration behavior. The basic paradigm is the 
fixed ratio 1 (FR-1) schedule, where one lever press results in one drug delivery and the 
animal can then easily regulate the drug intake. However, the level of intake on an FR-
1 schedule does not dissociate between “liking” and “wanting”. One way of measuring 
the “wanting” is to use a progressive ratio (PR) paradigm, where the number of lever 
presses required for a drug delivery progressively increases. By finding out how many 
times the animal is willing to press the lever before giving up provides a measure of the 
motivation to get the drug. The “wanting” could also be studied in terms of drug-
seeking in a reinstatement paradigm. Extinction of the self-administration behavior is 
achieved after repeated sessions where no drug is delivered upon lever-pressing, only 
the conditioned cues are presented. Once the self-administration behavior is 
extinguished, different events such as presentation of drug-associated cues, stress and 
drug exposure could reinstate drug-seeking, similar to what is seen to induce relapse in 
the clinic.  
 
1.4.1.2 Conditioned place preference 

Reinforcing properties of substances can also be tested in a conditioned place 
preference paradigm, where the drug exposure is paired with specific environmental 
stimuli. Typically, two distinct compartments are used, where one is repeatedly paired 
(conditioned) with the drug and the other with saline. Subsequently, the animal gets 
free access to both compartments and if the drug constitutes positive reinforcing effects, 
the animal will spend more time in the drug-paired environment. Also this paradigm 
can be used in studies of relapse behavior, after extinction of the conditioned behavior 
by repeated exposure to the drug-paired compartment in the absence of drug-
administration. 
 
1.4.1.3 Intracranial self-stimulation 

Another way of evaluating the reinforcing effects of substances is by the use of 
intracranial self-stimulation (ICSS). In this model, an animal receives an electric pulse 
within a reward-related brain site and the animal must subsequently perform an 
operant, e.g. press a lever, in order to receive an additional pulse. The lowest dose to 
maintain responding can be estimated if the current of the electrical pulse is varied, and 
gives a measure of the threshold current that induces reward. The administration of 
several drugs of abuse including cocaine, amphetamine, morphine, ethanol and nicotine 



 

  5 

reduce the ICSS reward threshold (Kornetsky and Bain 1992; Olds and Fobes 1981; 
Wise 1996) and in contrast, an elevation of the threshold has been observed in drug-
dependent animals during withdrawal (e.g. Markou and Koob 1990). 
 
1.5 NEUROCHEMICHAL AND NEUROANATOMICAL SUBSTRATES IN 

DRUG ADDICTION 
1.5.1 Dopamine 
1.5.1.1 Dopamine synthesis and metabolism  

In the late 1950s, Arvid Carlsson and co-workers discovered that dopamine was a 
neurotransmitter on its own, and not only a precursor for other catecholamines like 
noradrenaline and adrenaline (Carlsson 1959; Carlsson et al 1957). Dopamine is 
synthesized from the amino acid tyrosine, which is converted into L-
hydroxyphenylalanin (L-DOPA) by the rate-limiting enzyme tyrosine hydroxylase. L-
DOPA is quickly converted to dopamine, which is stored in vesicles and released upon 
nerve stimulation in a calcium-dependent manner. Dopamine transmission is regulated 
by the reuptake of released dopamine back into the cell by the dopamine transporter, 
and is there metabolized by monoamine oxidase (MAO) into 3,4-
dihydroxyphenylacetic acid (DOPAC). DOPAC diffuses out of the cell and is 
converted to homovanillic acid (HVA) by cathecol-O-methyltransferase (COMT). 
Extracellular dopamine can also be metabolized by COMT to 3-methoxytyramine, 
which in turn is converted by extracellular MAO into HVA. 
 
1.5.1.2 Dopamine receptors 

Dopamine receptors are divided into two classes, D1-like (including D1 and D5 
subtypes) and D2-like (including D2, D3 and D4 subtypes) dopamine receptors (Sibley et 
al 1993). All dopamine receptors belong to the seven-transmembrane G-protein 
coupled receptor family; the D1-like receptors are coupled to stimulatory Gs proteins 
and thereby stimulate the formation of cyclic adenosine 3’ 5’ monophosphate (cAMP), 
whereas the D2-like receptors are coupled to inhibitory Gi/0 proteins, decreasing the 
levels of cAMP. Both types of receptors are found post-synaptically, but only the D2-
like receptors are expressed pre-synaptically and thereby function as autoreceptors.  
 
1.5.1.3 Dopamine projections 

There are two major dopaminergic projection systems, the mesocorticolimbic and the 
nigrostriatal. The mesocorticolimbic dopamine neurons originate in the ventral 
tegmental area (VTA) and project to cortical and subcortical forebrain areas, including 
the prefrontal cortex, cingulate cortex, nucleus accumbens, amygdaloid complex, bed 
nucleus of stria terminalis, hippocampus, septum and olfactory tubercle (Dahlström and 
Fuxe 1964; Ungerstedt 1971) and is implicated in limbic functions, e.g. reward (see 
section 1.4.3). Dopaminergic cells are also found in substantia nigra compacta 
(Dahlström and Fuxe 1964), innervating the dorsal part of the striatum, the caudate 
putamen, and forming the nigrostriatal dopamine system. This core component of the 
basal ganglia is involved in regulating motor behavior.  
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1.5.2 Opioid peptides 

The opioid receptors were discovered in the early 1970s, when three laboratories 
independently discovered endogenous binding sites for opioids (Pert and Snyder 1973; 
Simon et al 1973; Terenius 1973). There are three main classes of opioid receptors, μ, κ 
and δ, that are all inhibitory seven-transmembrane G-protein coupled receptors, 
negatively coupled to adenylate cyclase. The μ- and δ opioid receptor ligands mediate 
euphoria and the κ opioid receptor mediate dysphoria, as e.g. shown in a place 
preference experiment where μ- and δ opioid receptor ligands induced place preference 
while the κ opioid receptor ligand induced place aversion (Mucha and Herz 1985). 

The classical endogenous opioid peptides derive from three different genes that 
each code for a precursor protein: proopiomelanocortin (POMC), proenkephalin and 
prodynorphin. POMC was the first one to be cloned (Nakanishi et al 1979) and is the 
precursor of β-endorphin and non-opioid peptides like α, β and γ melanocyte 
stimulating hormone (MSH) and adrenocorticotropin releasing hormone (ACTH). 
Proenkephalin gives rise to four Met-enkephalin, one Leu-enkephalin and two longer 
opioid peptides, Met-enkephalin-Arg-Phe and Met-enkephalin-Arg-Gly-Leu. 
Dynorphins like dynorphin A, dynorphin B, α- and β-neoendorphin, dynorphin B-29 
and dynorphin 32 are generated from prodynorphin. Dynorphin A, dynorphin B and β-
neoendorphin can be enzymatically converted to Leu-enkephalin (Nyberg and 
Silberring 1990). β-endorphin has high affinity for both μ- and δ opioid receptors, 
enkephalin has the highest affinity for δ opioid receptors but high affinity for μ opioid 
receptors as well, while dynorphins have the highest affinity for κ opioid receptors. 
Endomorphin is another group of opioid peptides, discovered as late as in the 1990s, 
that binds selectively to the μ opioid receptor (Zadina et al 1997). Also, a dynorphin-
like peptide was discovered, nociceptin/orphaninFQ (Meunier et al 1995). It does not 
bind to any of the opioid receptors however, but to the opioid receptor-like 1 (ORL-1) 
receptor.  
 
1.5.2.1 Enkephalin 

Enkephalins are widely distributed in the brain, with high densities in e.g. the nucleus 
accumbens, central amygdala, bed nucleus of stria terminalis, medial prefrontal cortex 
and the ventral pallidum (Watson et al 1982; Williams and Goldman-Rakic 1993), 
brain areas highly implicated in reward and stress. Opioid neurotransmission in the 
nucleus accumbens shell is thought to participate in generating hedonic impact for drug 
rewards and for natural sensory pleasures such as sweetness (Kelley et al 2002; Pecina 
and Berridge 2005). Specifically enkephalin has been shown to mediate the basal 
affective state (Skoubis et al 2005), since the non-selective opioid receptor antagonist 
naloxone induced conditioned place aversion in β-endorphin k-o mice (as in wild-
types), but failed to do so in enkephalin knock-out mice. 
 
1.5.3 The reward system 

Brain regions involved in reward behavior, which constitutes the “reward system”, was 
first identified in the 1950s by Olds and Milner (Olds and Milner 1954). The 
investigators were studying mechanisms of learning by the use of intracranial electrical 
stimulation and noticed that rats seemed to like electrode placements in specific brain 
areas. The rats liked it so much, that if they were given the opportunity to regulate the 
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stimulation themselves, they often did so to such extent that other needs were 
neglected. It was later revealed that what Olds and Milner had stimulated was the 
median forebrain bundle, which e.g. contains the mesocorticolimbic dopamine neurons 
that originate in the VTA and project to the nucleus accumbens. The natural function of 
the reward system is to motivate actions necessary for survival of the individual or the 
species, e.g., intake of food and water as well as sexual behavior. However, substances 
with addictive potential have been shown to also activate this system and to have a 
common feature of enhancing dopamine release in the nucleus accumbens (e.g. Di 
Chiara and Imperato 1988). 
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Figure 2. Schematic overview of brain areas of the mesocorticolimbic dopamine system most 
associated with reward, focused on the VTA projections to the nucleus accumbens shell with selected 
important related projections. Other brain areas are also included within the mesocorticolimbic 
dopamine system, like the nucleus accumbens core, basolateral amygdala, extended amygdala and 
hippocampus which are also highly implicated in different aspects of addiction behavior. There are two 
types of GABAergic medium spiny neurons projecting from nucleus accumbens; Enkephalin-
containing neurons (ENK) express inhibitory dopamine D2 receptors and project to the medial ventral 
pallidum and dynorphin-containing neurons (DYN) express dopamine D1 receptors and project back to 
the VTA. mPFC, medial prefrontal cortex; MD Thal, mediodorsal thalamus; mVP, medial ventral 
pallidum; NAc shell, nucleus accumbens shell; VTA, ventral tegmental area. 
 
 
 
The nucleus accumbens contain GABAergic medium spiny neurons, which co-express 
different neuropeptides. Sub-populations that express the dopamine D1 receptor 
primarily contain the opioid peptide dynorphin and substance P, while those that 
express the dopamine D2 receptor predominantly contain the opioid peptide enkephalin. 
The nucleus accumbens is divided into two anatomically and functionally distinct 
compartments, shell and core (Heimer et al 1991). The shell is the more limbic related 
component where D1/dynorphin expressing GABAergic neurons project to the VTA 
and D2/enkephalin GABAergic neurons project to the medial ventral pallidum that in 
turn projects to the VTA and mediodorsal thalamus. The shell compartment is also 
tightly interconnected with the extended amygdala (de Olmos and Heimer 1999), with 
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projections to the lateral hypothalamus and the brainstem. The nucleus accumbens core 
on the other hand is more motor-related, innervating the VTA, but also substantia nigra 
compacta/reticulata.  
 
 
1.6 THE CANNABINOID SYSTEM 
1.6.1 Cannabinoid receptors 

Evidence for a high affinity binding site for cannabinoids in brain membranes 
was found in the end of the 1980s (Devane et al 1988) and a few years later the 
cannabinoid CB1 receptor was cloned from brain tissue (Matsuda et al 1990). 
Subsequently, another cannabinoid receptor was identified, the CB2 subtype, which has 
only 44% homology with the CB1 receptor (Munro et al 1993). The cannabinoid CB1 
receptor is widely expressed in the brain (Wang et al 2003) with high densities in the 
cerebral cortex, hippocampus, amygdala, basal ganglia (striatum, globus pallidus and 
substantia nigra), and cerebellum (Herkenham et al 1990; Tsou et al 1998). The 
anatomical distribution of the CB1 is consistent with the behavioral effects of THC such 
as impairment of cognition, learning, memory, motor function and distorted sense of 
time. The cannabinoid CB1 receptors emerge early in the brain during fetal 
development (Berrendero et al 1998; Romero et al 1997) and the gene is predominantly 
expressed in limbic brain areas (Wang et al 2003). CB1 receptors during early 
development have a higher density in white matter areas than during adulthood, which 
together with other data, implies that the cannabinoid system is involved in 
neurodevelopmental events such as synaptogenesis, proliferation and migration of 
neuronal cells (see e.g. review by Fernandez-Ruiz et al 2000). 

Cannabinoid CB2 receptors are found in peripheral tissues, mainly within the 
immune system. The CB1 and CB2 receptors are seven-transmembrane G-protein 
coupled receptors, coupled to inhibitory Gi/0 proteins, causing inhibition of adenylate 
cyclase and stimulation of the mitogen-activated protein (MAP) kinase pathway. 
Activation of the CB1 subtype also leads to inhibition of voltage-activated calcium 
channels and activation of potassium channels (for review see e.g. Howlett et al 2002). 
Several pharmacological studies indicate that there are additional cannabinoid receptor 
subtypes (Breivogel et al 2001; Hajos et al 2001; Kofalvi et al 2003; Ma et al 1987). 
However, only CB1 and CB2 have been cloned thus far. A number of synthetic 
cannabinoid receptor agonists and antagonist have been developed, of which the most 
frequently used are the agonists WIN 55,212-2, CP 55,940 and HU-210, and the 
antagonist SR141716A (rimonabant). 
 
1.6.2 Endocannabinoids 

The search for an endogenous ligand began shortly after the cannabinoid receptors were 
discovered. A lipid cannabinoid-like component was isolated, which was identified as 
the ethanolamide of arachidonic acid, arachidonoylethanolamine (Devane et al 1992). It 
was named "anandamide" after the sanskrit word "ananda" that means inner bliss. Later, 
another endocannabinoid was identified, 2-arachidonoylglycerol (2-AG; Mechoulam et 
al 1995; Sugiura et al 1995), which is approximately 200 times higher in concentration 
in the brain than anandamide (Sugiura et al 1995) and acts as a full agonist at the CB1 
receptor compared to anandamide that is a partial agonist. 2-AG is involved in multiple 
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routes of lipid metabolism, which can explain the high concentration in the brain. The 
endocannabinoids are released from cells upon demand by stimulus-dependent 
cleavage of phospholipid precursors (N-arachidonoyl-phosphatidylethanolamine and 
phospatidylinositol for anandamide and 2-AG respectively) situated in the plasma 
membrane (Di Marzo et al 1994). The synthesis and release of anandamide and 2-AG 
are calcium dependent and they function through retrograde signaling; they are released 
from the postsynaptic neuron upon stimulation and bind to the cannabinoid CB1 
receptor that is predominantly situated on the presynaptic neuron. After release, 
anandamide and 2-AG may be eliminated by a two-step mechanism consisting of 
carrier-mediated transport into cells (Beltramo and Piomelli 2000; Beltramo et al 1997; 
Hillard et al 1997) and once inside the cells, anandamide and 2-arachidonoyl glycerol 
are immediately degraded to arachidonic acid and ethanolamine or glycerol, 
respectively, through the enzymatic hydrolysis by fatty acid amid hydrolas (FAAH) (Di 
Marzo et al 1998; Di Marzo et al 1994). Even though the transport carrier has not been 
identified, the reuptake can be pharmacologically blocked by the transport inhibitor 
AM404 (Beltramo et al 1997; Calignano et al 1997). 
 
1.6.3 Interactions with the reward system 

Smoking cannabis induces subjective feelings of well being and euphoria in humans 
(Chait and Zacny 1992), effects that can be blocked by the cannabinoid CB1 receptor 
antagonist SR141716A (Huestis et al 2001), indicating that these effects are mediated 
through the cannabinoid receptor. Additionally, similar to other addictive drugs, both 
THC and synthetic cannabinoid receptor agonists are self-administered by animals 
(Fattore et al 2001; Justinova et al 2003; Tanda et al 2000), induce conditioned place 
preference (Lepore et al 1995; Valjent and Maldonado 2000) and lower the threshold 
dose for intracranial self stimulation (Gardner et al 1988; Gardner and Vorel 1998), 
indicating activation of reward neuronal pathways. Indeed, cannabinoids have been 
shown to activate the mesocorticolimbic dopamine neurons in terms of increased 
dopamine cell firing in the VTA (French et al 1997) as well as increased dopamine 
release in the nucleus accumbens (Chen et al 1990b; Tanda et al 1997) and prefrontal 
cortex (Chen et al 1990a). How this effect is achieved is however not clear. 
Cannabinoid CB1 receptors are not present directly on the mesolimbic dopamine 
neurons (Herkenham et al 1991; see figure 3), nevertheless, cannabinoid agonists 
increase the activity of dopamine neurons in the VTA in brain slices (Cheer et al 2000). 
The fact that prior application of a GABAA receptor antagonist, bicuculline, blocks this 
effect implies that cannabinoids work through activation of CB1 receptors on GABA 
interneurons within the VTA, disinhibiting the dopamine neurons in a similar manner 
as opioids (Johnson and North 1992). Supporting this theory, THC have been shown to 
be self-administered locally into the VTA (Zangen et al 2006), however, direct infusion 
of THC into the VTA did not elevate dopamine release in the nucleus accumbens in 
another study (Chen et al 1993). Further support for the capacity of THC to activate the 
dopaminergic activity was found recently, in a study where chronic treatment with a 
rather low dose of THC was shown to enhance the number of dendritic branches in the 
nucleus accumbens and medial prefrontal cortex, output regions for the 
mesocorticolimbic dopamine neurons, but not in the striatum, hippocampus and some 
other cortical regions (Kolb et al 2006). The fact that cannabinoid-induced dopamine 
release in the nucleus accumbens is attenuated by systemic and intra-VTA 
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administration of naloxone (Chen et al 1990b; Tanda et al 1997) has given rise to the 
suggestion that the dopamine-enhancing mechanism is mediated through elevation of 
endogenous opioids in the VTA. Indeed, THC has been shown to increase the level of 
beta-endorphin within the VTA (Solinas et al 2004b).  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Putative locations of the cannabinoid CB1 receptor within the reward system, including the 
mesolimbic dopamine projection (DA), enkephalin and dynorphin containing medium spiny neurons 
(GABA/ENK and GABA/DYN), glutamatergic prefrontal cortex projections (GLU) and GABAergic 
interneurons in the nucleus accumbens and the VTA (GABA). For functional implications, see the text. 
mPFC, medial prefrontal cortex; mVP, medial ventral pallidum; NAc, nucleus accumbens shell; VTA, 
ventral tegmental area. 
 
 
 
Direct actions within the nucleus accumbens also seem to play a role in the rewarding 
effects of cannabinoids, since the study by Zangen et al (2006) showed that THC was 
self-administered directly into the nucleus accumbens. Further, local administration 
was shown to increase extracellular levels of dopamine within the same area (Chen et al 
1993). WIN 55,212-2 and CP55,940 have been shown to decrease GABA release onto 
medium spiny neurons in the nucleus accumbens (Hoffman and Lupica 2001; Manzoni 
and Bockaert 2001) which matches the localization of CB1 receptors on GABAergic 
neurons in the nucleus accumbens (Pickel et al 2004). CB1 receptors are also located 
presynaptically on glutamatergic neurons in the nucleus accumbens (Pickel et al 2004), 
and activation of these receptors could explain the inhibition of glutamate release in the 
nucleus accumbens observed after cannabinoid receptor agonist administration (Robbe 
et al 2001). Furthermore, increased enkephalin levels have been detected in the nucleus 
accumbens after acute cannabinoid exposure (Valverde et al 2001). Clearly, more 
research is needed to evaluate the importance of these events in the rewarding 
properties of cannabinoids. 
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1.7 CONSEQUENCES OF CANNABIS EXPOSURE DURING 

DEVELOPMENT 

As previously mentioned, cannabis smoking is very common among young people, 
including pregnant women. During periods of brain formation and development, such 
as the prenatal stage and adolescence, the brain is likely to be more sensitive to external 
and internal variables, such as drug exposure, stress and gonadal hormones.  
 
1.7.1 Prenatal exposure 

Approximately one third of the plasma THC levels of a cannabis-smoking mother cross 
the placenta (Behnke and Eyler 1993) and it is also transferred to maternal milk during 
lactation, resulting in that the offspring becomes exposed to THC. Two longitudinal 
birth cohorts have followed cannabis-exposed children and evaluated different 
cognitive and behavioral parameters from birth to adolescence — the Ottawa Prenatal 
Prospective Study (Fried 1995) and the Maternal Health Practices and Child 
Development Project in Pittsburg (Day and Richardson 1991). These studies found 
impairment in memory, verbal function and reasoning in children of cannabis-smoking 
mothers at 3 years of age (Day et al 1994; Fried and Watkinson 1990) as well as 
deficits in visuospatial reasoning and memory and increased impulsivity, inattention 
and hyperactivity around 10 years of age (Fried et al 1998; Goldschmidt et al 2000; 
Richardson et al 2002). Interestingly, nicotine and cannabis use in 16-21 year olds was 
increased in offspring exposed to cannabis, but not those exposed only to nicotine 
(Porath and Fried 2005). This effect was more pronounced in males. 
 Studies on human fetuses, at mid-gestation development, in our lab have shown 
a reduction in dopamine D2 receptor mRNA expression in the basolateral amygdala 
primarily in male subjects (Wang et al 2004) and in the nucleus accumbens (Wang et 
al., unpublished results). No differences were seen in dopamine D1 receptor or 
cannabinoid CB1 receptor mRNA expression. Selective changes were also detected 
within the opioid system, showing increased µ opioid receptor mRNA expression in the 
amygdala, decreased κ opioid receptor mRNA in the mediodorsal thalamus and 
decreased proenkephalin mRNA in the caudal putamen (Wang et al 2006).  

Animal studies on the effects of prenatal cannabinoid exposure have revealed 
disturbances of both the opioid and dopamine systems. Sexually dimorphic 
disturbances was found in PENK, POMC and PDYN mRNA expression in THC 
exposed offspring at the end of the prenatal stage (Perez-Rosado et al 2000). However, 
most other investigations have used an extended period of cannabis exposure that also 
covers the lactation phase, ending at PND 24. These studies have found disturbances in 
µ opioid receptor levels (Vela et al 1998) and ontogeny of dopamine receptors 
(Rodriguez de Fonseca et al 1991; Rodriguez de Fonseca et al 1992). On a behavioral 
level, perinatal THC exposure alters basal motor behavior and novelty reactions 
(Navarro et al 1994). Moreover, elevated morphine conditioned place preference was 
found in perinatally THC exposed offsprings (Rubio et al 1998). THC exposed females, 
but not males, had a higher rate of acquiring morphine self-administration behavior 
(Vela et al 1998), but no differences were seen between pre-exposure groups in a 
progressive ratio paradigm (Gonzalez et al 2003). An altered function of dopamine 
autoreceptors has also been suggested, since THC exposed rats showed elevated 
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sensitivity to dopamine D2 receptor agonists in behavioral tests (Moreno et al 2003). 
However, in all these studies of prenatal and perinatal THC exposure an oral maternal 
THC administration route was used. This might not be optimal since it results in slower 
onset and enhanced metabolism of the substance, compared to the pharmacokinetics 
seen in marijuana-smoking women (Grotenhermen 2003). 
 
1.7.2 Adolescent exposure 

Active neural changes, e.g. synapse formation and elimination, take place during 
adolescence (Charmandari et al 2003; Rice and Barone 2000). Consequently, cannabis 
exposure during the adolescent period may increase the vulnerability to 
neuropsychiatric disorders and clinical evidence has confirmed such links. Early-onset 
cannabis use increases the risk of developing schizophrenia (Arseneault et al 2002; 
Fergusson et al 2003; van Os et al 2002; Zammit et al 2002) as well as a worsen course 
of the disorder (Green et al 2004; Veen et al 2004). It has also been shown that 
subclinical positive and negative symptoms were more strongly associated with first 
time use before age 16 than after, and was independent of lifetime frequency of use 
(Stefanis et al 2004). Adolescent cannabis exposure have been shown to also affect 
cognition, in terms of impaired attentional functions (Ehrenreich et al 1999) and lower 
verbal IQ (Pope et al 2003). In agreement, animal studies demonstrate that chronic 
cannabinoid exposure in adolescent but not adult rats produce long-lasting memory 
impairment and increased anxiety (O'Shea et al 2004), impaired spatial and non-spatial 
learning (Cha et al 2006) as well as impaired prepulse inhibition (Schneider and Koch 
2003). All together, these studies further implicate the influence of adolescent cannabis 
exposure on neuropsychiatric functioning. 

Furthermore, adolescent cannabis use is suggested to influence the subsequent 
abuse of other drugs. As previously mentioned, several epidemiological studies report 
that early regular use of cannabis increases the risk of initiation of use of other illicit 
drugs (Agrawal et al 2004; Fergusson and Horwood 2000; Lynskey et al 2003; 
Yamaguchi and Kandel 1984), supporting the cannabis gateway hypothesis of cannabis 
as a steppingstone towards abuse of other drugs. Cross-interactions between cannabis 
and other illicit drugs have been evaluated to some extent in animal models (see section 
1.8). However, these studies have been carried out on adult rats, whereas in humans 
most individuals start smoking cannabis in adolescence. Prior to this thesis, no 
information was available about the consequences of adolescent cannabis exposure on 
the reinforcing properties of other illicit drugs. 
 
1.8 CANNABIS INTERACTIONS WITH OTHER DRUGS OF ABUSE 
1.8.1 Psychostimulants 

Amphetamine and cocaine are the most common psychostimulant drugs and they are 
both highly addictive. Cocaine is derived from the coca plant (Erythroxylum coca) and 
increases the dopaminergic tone in the brain by blocking the dopamine transporter that 
normally is responsible for the reuptake of dopamine from the synaptic cleft into 
neurons. Amphetamine is a synthetic drug that also increases the dopamine tone, but to 
an even higher extent than cocaine, by reversing the dopamine transporter resulting in 
release of dopamine, and at high doses, also blockade of dopamine reuptake. 
Amphetamine also affects the vesicular dopamine transporter that normally packs 
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dopamine from the cytosol into vesicles. Both cocaine and amphetamine are well 
documented to induce a marked increase in extracellular dopamine in reward-related 
brain areas, like the nucleus accumbens, to increase locomotor activity and to induce 
stereotypic behavior (Di Chiara and Imperato 1988; Hurd and Ungerstedt 1989; Hurd et 
al 1989; Kuczenski and Segal 1989; Zetterström et al 1983). Repeated administration of 
psychostimulants leads to sensitization of dopaminergic and behavioral responses 
which is frequently interpreted to reflect drug dependence vulnerability (Robinson et al 
1988; Roy et al 1978). 
 
1.8.1.1 Cross-interactions between cannabinoids and psychostimulants 

Investigations of cross-interactions between cannabinoids and psychostimulants, e.g., 
amphetamine and cocaine, have shown diverse results. Chronic THC-exposure 
sensitized the amphetamine-induced locomotor activity response (Gorriti et al 1999), 
while chronic WIN 55,212-2 exposure did not (Muschamp and Siviy 2002). Although, 
stereotypic behavior was enhanced in both studies. Amphetamine-induced locomotor 
activity was also found to be increased after chronic THC exposure in rats defined as 
high responders to a novel environment (Lamarque et al 2001). However, no locomotor 
cross-sensitization was seen between the CB1 receptor agonists CP 55,940 or HU-210 
and cocaine (Arnold et al 1998; Ferrari et al 1999).  

Investigations of the importance of a functioning cannabinoid CB1 receptor for 
the rewarding effects of psychostimulants have also been carried out. CB1 receptor 
knock-out mice did not differ from wild-type in cocaine-induced conditioned place 
preference or acute cocaine self-administration behavior (a single 30 min session; 
Cossu et al 2001; Martin et al 2000). The same lack of effect on acute cocaine self-
administration and cocaine induced place preference was seen with acute blockade of 
the CB1 receptor with the antagonist SR 141716A (Chaperon et al 1998; Lesscher et al 
2005). However, in a resent study, CB1 knock-out mice did show altered cocaine self-
administration behavior in terms of decreased acquisition, maintenance responding and 
break point in a progressive ratio paradigm (Soria et al 2005). Further evidence for 
cannabinoid involvement in cocaine reinforcement is that the cannabinoid CB1 receptor 
agonist promotes reinstatement of cocaine seeking after extinction of self-
administration behavior, while the antagonist SR 141716A blocked cocaine priming-
induced reinstatement (De Vries et al 2001).  
 
1.8.2 Opiates 

Opiates are derived from the opium poppy (Papaver somniferum). Opium is obtained 
from the fruit capsules of the poppy and contains several alkaloids, e.g. morphine. 
Heroin is synthesized from morphine, and the difference between the substances is that 
heroin passes the blood-brain-barrier faster and thereby gives a more intense initial 
effect. Heroin is however quickly metabolized to morphine, exerting its effects by 
binding to µ and δ opioid receptors in the brain. Both heroin and morphine are highly 
addictive substances, shown to, e.g., increase mesolimbic dopamine signaling. 
 
1.8.2.1 Cross-interactions between cannabinoids and opiates 

Converging lines of evidence indicate strong links between the cannabinoid and opioid 
systems. Cannabinoid CB1 receptors and µ opioid receptors are often co-localized, even 
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in the same subcellular compartments, in many brain regions including the striatum and 
the VTA (Pickel et al 2004; Rodriguez et al 2001). Recent evidence have led to the 
suggestion that CB1 receptors heterodimerize with e.g. µ and δ opioid receptors 
(Mackie 2005; Rios et al 2006), and such cooperation might lead to altered functioning. 

Behavioral studies using cannabinoid CB1 and µ opioid receptor knock-out 
mice have shown that the cannabinoid system is needed for opiate reward-related 
behavior and vice versa, since CB1 knock-outs failed to self-administer heroin or to 
show conditioned place preference to morphine and µ opioid receptor knock-outs did 
not develop place preference to THC or CP 55,940 (Cossu et al 2001; Ghozland et al 
2002; Ledent et al 1999; Martin et al 2000). Further more, acute block of the opioid 
receptors with the antagonist naltrexone attenuates CP 55,940 conditioned place 
preference as well as THC self-administration (Braida et al 2001; Justinova et al 2004). 
Similarly, acute block of the cannabinoid CB1 receptor with SR141716A attenuates 
opioid-induced conditioned place preference and self-administration behavior (Caille 
and Parsons 2003; De Vries et al 2003; Navarro et al 2004; Navarro et al 2001) 
preferentially in dependent animals and in progressive ratio paradigms (De Vries et al 
2003; Solinas et al 2003). In addition to blocking opioid self-administration, systemic 
SR141617A also attenuated heroin- and morphine-induced reduction in GABA levels 
in the ventral pallidum, but not the dopamine increase in the nucleus accumbens (Caille 
and Parsons 2003; Caille and Parsons 2006). Local administration of the cannabinoid 
receptor antagonist into the nucleus accumbens, but not the ventral pallidum, attenuated 
heroin self-administration and together these experiments indicate that the attenuating 
effect of SR141617A on opioid reinforcement is mediated through CB1 receptors 
within the nucleus accumbens and regulation of GABA levels in the ventral pallidum. 
 As mentioned previously, chronic cannabis exposure during the perinatal phase 
induced opioid-related neurobiological and behavioral alterations (see paragraph 
1.5.3.1). However, opioid-related alterations are also seen after chronic cannabinoid 
exposure in adult rats. Chronic CP 55,940 exposure was shown to enhance morphine 
behavioral sensitization and alter morphine self-administration behavior (Norwood et al 
2003). Chronic THC exposure also enhanced subsequent heroin-intake, but not the 
motivation and/or reinforcing efficacy of the drug as assessed by the progressive ratio 
self-administration paradigm (Solinas et al 2004a). On a neurobiological level, chronic 
CP 55,940 exposure induced transient increases in µ opioid receptor levels in the 
caudate putamen, nucleus accumbens shell and core, medial amygdala, substantia nigra 
and the VTA that normalized to vehicle levels after 7-14 days of treatment (Corchero et 
al 2004). Also, chronic administration of CP-55,940 increased PENK mRNA levels in 
the caudate putamen, nucleus accumbens and hypothalamus (Manzanares et al 1998). 
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2 AIMS OF THE STUDY 
The general aim of this thesis was to test experimentally the cannabis gateway 
hypothesis, whether cannabis exposure during periods of active brain development 
alters reward-related behavior and neurobiology for psychostimulant- and opioid- 
drugs.  

More specifically, by the use of rat models to: 

• Examine the effects of early adolescent cannabinoid exposure on amphetamine-
induced motor behavior and dopamine release in the nucleus accumbens during 
adolescence. 

• Evaluate the effects of prenatal and adolescent cannabis exposure on opiate 
reward related behavior during adulthood. 

• Characterize alterations in the opioid and cannabinoid systems within limbic- 
related brain areas induced by prenatal and adolescent cannabis exposure.   

• Study the ontogeny of the opioid and cannabinoid systems within limbic-related 
brain areas during the adolescent period. 
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3 MATERIALS AND METHODS 
3.1 SUBJECTS 

Sprague-Dawley (B&K Universal, Sollentuna, Sweden; paper I) and Long-Evan (M&B 
Taconic, N.Y., USA; paper II and III) male rats, 28 days old at the start of the 
experiments, were used in the adolescent studies. Male and female Long-Evan rats 
(approximately 6-7 weeks old) were obtained from Charles River, Germany for the 
prenatal study in paper IV. They were housed in a temperature-controlled environment 
with ad libitum access to food and water. The rats were kept on a 12-h light/dark cycle 
with lights turned off at 7 p.m. (paper I) or 11 a.m. (paper II-IV; reversed day cycle). 
Hence, all experiments were performed during the light phase in study I and during the 
dark phase in studies II-IV. The rats were allowed to acclimate in their new 
environment and were handled daily for one week before the experiments were 
initiated. All animal experiments were performed in accordance with the guidelines of 
The Swedish National Board for Laboratory Animals under protocols approved by the 
Ethical Committee of Northern Stockholm, Sweden. 
 
3.2 DRUGS 

THC (10 mg/ml in ethanol solution; Sigma-Aldrich, Sweden) was evaporated under 
nitrogen gas, dissolved in 0.9% NaCl with 1% Tween 80 and administered intra-
peritoneally (i.p.) in a volume of 1.25 ml/kg in paper I. In paper II-IV the evaporated 
THC was dissolved in 0.9% NaCl with 0.3% Tween 80 and administered i.p. at a 
volume of 2 ml/kg and 0.5 ml/kg intravenously (i.v.). WIN 55,212-2 mesylate (WIN; 
Sigma-Aldrich, Sweden) was dissolved in 0.9% NaCl with 1% Tween 80 and 
administered i.p. at a volume of 1.25 ml/kg. Rimonabant (also known as SR 141716A; 
Sanofi-Aventis) was dissolved in 0.9% NaCl and administered at a volume of 2 ml/kg 
i.p. Amphetamine sulphate (Apoteket AB, Sweden) was dissolved in 0.9% NaCl and 
administered i.p. Heroin HCl (Apoteket AB, Sweden) was dissolved in 0.9% NaCl and 
administered i.v. at a volume of 85 µl/infusion. Morphine sulphate was dissolved in 
0.9% NaCl and administered sub cutaneously (s.c.) at a volume of 1 ml/kg. 
 
3.3 CANNABIS EXPOSURE 
3.3.1 Adolescent cannabis exposure 

In paper I, WIN (0.625, 1.25 or 2.5 mg/kg), THC (0.75, 1.5 or 3.0 mg/kg) or vehicle 
was given once a day between PND 28-32. After a one week drug-free period, in vivo 
microdialysis and behavioral experiments were performed on PND 40; behavioral 
testing was performed also on PND 68. The pre-exposure design was chosen in order to 
that both cannabinoid pre-exposure and testing could be carried out within the 
adolescent period (days 28-42; (Spear 2000). 
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Figure 4. The experimental design used in paper I. 
 
 
 
In papers II and III, the rats were exposed to THC (1.5 mg/kg i.p.) or vehicle (0.9% 
NaCl with 0.3% Tween 80) during postnatal days 28 to 49 to extend beyond the 
prototypic adolescent period. In order to mimic the intermittent use seen in teenagers, 
the drug was given once every third day; this resulted in a total of eight injections. 
There was a one week drug-free period between the cannabis exposure and the 
behavioral and post mortem experiments starting on PND 57 in paper II. In paper III, 
rats were sacrificed for neurochemical studies 24 h after the first, fourth and eighth 
injection, i.e. on PND 29 (early adolescence), 38 (mid adolescence) and 50 (late 
adolescence) respectively. 
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Figure 5. Experimental design in papers II (molecular studies on PND 57 and heroin self-administration) 
and III (molecular studies on PND 29, 38 and 50); the same cannabis pre-exposure design was used for 
these two studies. 
 
 
 
3.3.2 Prenatal cannabis exposure 

Pregnant females received daily intravenous injections of THC (0.15 mg/kg) or vehicle 
from gestational day 5 to PND 2 (which corresponds to the mid-gestation (≈ week 20) 
development stage in humans (Bayer et al 1993), the time period examined in our 
human fetal studies). An intravenous route of administration was used since it more 
closely mimics the pharmacokinetics of cannabis smoking, the normal route used in 
pregnant women (Grotenhermen 2003). The dose of THC is an extrapolation from 
current estimates of low cannabis cigarettes (about 16 mg of THC), correcting for 
differences in route of administration and body weight (Grotenhermen 2003). During 
the course of the drug treatment, gestational parameters were recorded, such as 
maternal weight gain, gestational length and fetal weights. On PND 2, pups from both 
groups were cross-fostered and culled 8 to 10 from vehicle mothers; brains were taken 
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from other sets of animals at this time period. On PND 21, male offspring were weaned 
from their mothers and housed 4/cage.  Brains were taken from one group of rats for 
post-mortem studies at PND 62 when the behavioral studies were initiated in the other 
animals.  
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Figure 6. The experimental design in paper IV. 
 
 
 
3.4 BEHAVIORAL AND IN VIVO NEUROCHEMICAL STUDIES 
3.4.1 In vivo microdialysis  
3.4.1.1 Stereotaxic surgery 

Two days prior to the microdialysis testing, animals were anesthetized with isoflurane 
(Forene, Apoteket, Sweden) and a guide cannula (CMA Microdialysis, Sweden) was 
implanted above the nucleus accumbens using stereotaxic surgery. The coordinates for 
the position of the guide cannula were AP +1.5 mm, ML +1.0 mm and DV _2.5 mm 
from bregma or the dura, according to the atlas of Paxinos and Watson (1997) and to 
empirical tests in 150-g rats. The guide cannula was secured to the scull with stainless 
steel screws and dental cement (AgnTho’s, Sweden). After surgery, the rats were kept 
in single cages. 
 
3.4.1.2 In vivo microdialysis 

On the evening prior to the test day, a microdialysis probe (CMA 12, CMA 
Microdialysis, Sweden) was lowered into the nucleus accumbens (DV _7.5) via the 
guide cannula. In the morning, the probe was connected to an infusion pump 
(Univentor syringe pump 801, AgnTho’s, Sweden) and artificial cerebrospinal fluid 
(148 mM NaCl, 2.7 mM KCl, 0.85 mM MgCl2, 1.2 mM CaCl2, pH 7.1; Apoteket, 
Sweden) was pumped through the probe at a constant rate of 1 Al/min. After 
approximately 30 min of equilibration, dialysate samples were collected every 20 min 
(Univentor microsampler 810, AgnTho’s, Sweden) in vials containing 2.2 Al of 1 M 
perchloric acid (to give a final concentration of 0.1 M perchloric acid) to minimize 
catecholamine degradation. The microdialysis experiment was performed in the rat’s 
homecage, and immediately after the end of the experiment, the rats were anaesthetized 
with CO2, followed by decapitation. The brain was removed, frozen in ice-cold 
isopentane and sliced in a cryostat. The sections were validated for correct probe 
localization with the guidance of the brain atlas of Paxinos and Watson (1997). 
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3.4.1.3 HPLC analysis 

The dialysate samples were injected into a high-performance liquid chromatograph 
(HPLC) equipped with a reverse phase column (Reprosil, 150_4 mm, 3 Am particle 
size) for separation and a coulometric detector (Coulochem II, ESA) to quantitate the 
dopamine, dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) levels. 
The oxidation electrode was set to 400 mV, and the reduction electrode to _200 mV. 
The mobile phase consisted of 55 mM sodium acetate, 0.5 mM octanesulfonic acid, 
0.01 mM Na2EDTA and 10% methanol (pH was adjusted to 4.1 with acetic acid) and 
was perfused at a constant flow rate of 0.7 ml/min. 
 
3.4.2 Motor behavior monitoring 
3.4.2.1 Locomotor activity 

Locomotor activity was measured in two activity chambers (45x45 cm; ActiMot, TSE 
Systems, Germany) with transparent walls. Behavioral activity was monitored by three 
sets of 32 infrared emitters and receivers with 14 mm distance between beams, two sets 
in the x–y axis to register horizontal activity and one set 8–15 cm above the floor to 
monitor rearing behavior. Novelty was measured during the first 30 min of the session, 
and thereafter, a challenge amphetamine injection was given. Locomotor activity was 
measured for an additional 90 or 120 min. All tests were carried out between 8:00 AM 
and 12:30 PM. 
 
3.4.2.2 Stereotyped behavior 

The rats were videotaped during the locomotor activity tests and stereotyped behavior 
was scored manually according to a scale developed by Kalivas et al. (1988). The scale 
ranged from 1–10 as follows: 1. asleep or still; 2. inactive, grooming or mild licking; 3. 
locomotion, rearing or sniffing; 4. any combination of locomotion, rearing or sniffing; 
5. continuous sniffing without locomotion or rearing; 6. continuous sniffing with 
locomotion or rearing; 7. patterned sniffing for 5 s; 8. patterned sniffing for 10 s; 9. 
continuous gnawing; 10. bizarre diskinetic movements or seizures. The behavior was 
analyzed for 10 s every 10 min for 90 min, giving a maximum score of 90. 
 
3.4.3 Intravenous heroin self-administration  
3.4.3.1 Surgery and post-operative care 

Intravenous catheters (Brian Fromant, Cambridge, UK) were implanted into the right 
jugular vein under isoflurane (Isofluran Baxter, Apoteket AB, Sweden) anesthesia. 
During the first three days of recovery, the catheters were flushed with 0.1 ml of a 
saline solution containing 10U heparine (Heparin LEO, Apoteket AB, Sweden) and 
ampicillin (50 mg/kg; Doctacillin, Apoteket AB, Sweden). During this period, the rats 
were also given the analgesic carprofen (0.5 mg/kg s.c.; Rimadyl vet, Apoteket AB, 
Sweden). From the fourth day, the catheters were flushed with 0.1 ml of saline 
containing 30U heparin. This was also done before and after all self-administration 
sessions.  
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3.4.3.2 Apparatus 

Heroin self-administration studies were carried out in operant chambers (29.5 x 32.5 x 
23.5 cm) equipped with two retractable levers and infrared locomotor sensors (Med 
Associates Inc., Vermont, U.S.); each enclosed in sound-attenuating chambers. 
Depression of one lever (defined as active) resulted in an intravenous drug injection, 
while depression on the other lever (defined as inactive) had no programmed 
consequence but was always recorded. A single active lever press resulted in a 5s drug 
infusion (85 μl); concurrently a white light cue above this lever was turned on for 5s. A 
10s timeout period was then introduced, during which the white cue light was turned 
off and both levers were retracted. Each self-administration session started with the 
extension of the two levers. A red house light was illuminated throughout the sessions. 
Assessment of the self-administration schedule and data collection were controlled by 
Med Associates PC software. 
 
 
 

 
 
Figure 7. Illustration showing the set up of the operant chambers used in the self-administration 
experiments in papers II and IV. 
 
 
 
3.4.3.3 Self-administration training 

Animals were allowed to self-administer heroin (15μg/kg/inf) under a fixed-ratio 1 
schedule in 3 h daily sessions. The self-administration sessions were conducted daily 
during the dark cycle (11:00–18:00). To ensure patency, catheters were flushed daily 
before and after each IVSA session with a sterile saline solution containing heparin 
(30U). After 6 days, the dose of heroin was increased to 30μg/kg/inf and the rats 
received one priming infusion at the start of the following 1-4 sessions, until they 
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started to press on their own. The rats were food-restricted (20 g food pellets/day) 
during the acquisition phase that was carried out until stable baseline responding was 
reached. Drug self-administration was continuous with no drug-free periods during the 
acquisition and maintenance phases. THC and vehicle-pretreated rats were processed 
simultaneously throughout all phases of the self-administration procedure. The rats 
were kept on a maintenance heroin dose of 30 or 60 µg/kg FR-1 schedule. Stable heroin 
intake behavior was established for at least 3 days prior to all behavioral or 
pharmacological manipulations. 
 
3.4.3.4 Dose response test 

A between session dose response test was performed (30, 7.5, 100, 15 and 60 
µg/kg/infusion heroin). In paper II, each dose was tested for one session while in paper 
IV, each dose was tested for three consecutive sessions. 
 
3.4.3.5 Drug seeking 

Heroin seeking behavior was studied using a paradigm where the number of responses 
on the active lever were counted but had no programmed consequences; no heroin was 
delivered or cue light presented during this session. The effect of acute pretreatment 
with the CB1 antagonist Rimonabant (0.3, 1.0 and 3.0 mg/kg i.p.) was evaluated.  
 
3.4.3.6 Mild stress test 

24 hours food deprivation was used to examine the consequence of exposure to a mild 
stress on base-line heroin responding.  
 
3.4.3.7 Extinction and reinstatement test 

An extinction phase started following the procedures described above. Responding for 
heroin was extinguished in daily sessions by replacing the heroin solution in the syringe 
with physiological saline. Since not all catheters were patent for the entire extinction 
phase, saline infusion was only given during the first week of extinction. Subsequently, 
animals were connected to the liquid swivel and an empty syringe was connected to the 
infusion tubing to seal the system, but was not placed in the syringe pump. All others 
parameters were left unchanged. Drug-reinforced behavior was considered 
extinguished when responding on the active lever had decreased by at least 85% for 3 
consecutive days. After extinction criteria were reached, each rat was given one of the 
following priming injections to test its effect on reinstating heroin-seeking behavior: 
saline, heroin (0.25 mg/kg, s.c.; 10 min before the session) and CB1 antagonist, 
Rimonabant (3mg/kg, i.p.; 30 min before the session and 20 before heroin priming) + 
heroin combination. 
 
3.4.4 Morphine conditioned place preference 

An open field activity chamber with place preference inserts (45x45 cm; MED 
Associates Inc., Vermont, U.S.) creating two distinct compartments was used. One 
compartment had white walls and metal rod floor and the other had black walls and 
metal grid floor. A removable door separated the two compartments. The experiment 
started 8 days after the last THC or vehicle injection, on postnatal day 57, and was 
carried out under dim light during the first six hours of the dark phase of the light/dark 
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cycle. A biased conditioned place preference paradigm was used such that on 
experiment day 1, the rats were allowed to explore both compartments of the 
conditioned place preference box during a 15-minute habituation session. The pre-
conditioning test was conducted on day 2 where the rats, similar to the habituation 
session, were allowed to explore both compartments of the conditioned place 
preference box during 15 minutes to measure the baseline preference. On days 3, 5 and 
7 the rats were given an injection of low dose morphine (4 mg/kg s.c.) and after 15 
minutes in the home cage placed in the least preferred compartment, as revealed in the 
pre-conditioning test, for 30 minutes. On days 4, 6 and 8 the rats were given an 
injection of saline and after 15 minutes placed in the other compartment for 30 minutes. 
On day 9, a post-conditioning test was performed identical to the pre-conditioning test, 
where the rats had free access to both compartment for 15 minutes. Preference was 
calculated as the difference in time spent in the drug-paired compartment between the 
pre-conditioning and post-conditioning tests. 
 
3.5 IN SITU BRAIN STUDIES 
3.5.1 Brain section preparation  

Twenty-four hours after the last heroin self-administration session, rats were killed as 
described below and brains were processed for post-mortem studies. Rats were 
anaesthetized in a CO2 chamber and decapitated. Brains were quickly removed, frozen 
in isopentane (≈ -30°C) for 1 min, and stored at -80°C until cutting. Coronal sections 
(20-μm thick) of the striatum and midbrain were cut in a refrigerated cryostat (-15°C; 
Frigocut 2800E, Leica Instruments, Nobloch, Germany) according to Paxinos and 
Watson rat brain atlas (1997) and mounted onto Superfrost Plus slides (Brain Research 
Laboratories, Newton, Massachusetts). The sections were stored at -30°C until 
processed as described below.  
 
3.5.2 In situ mRNA hybridization  

PENK and PDYN mRNA expression levels were studied by ISHH.  The PENK 
riboprobe was complementary to a 333 kb fragment of the rat PENK cDNA (bp291-
624 GenBank accession number Y07503). The PDYN riboprobe was complementary 
to a 534 kb fragment of the rat PDYN cDNA (bp349-883; accession number 
NM_019374). The RNA probes were transcribed in the presence of [35S]uridine5’-[α-
thio]triphosphate (specific activity 1000-1500 Ci/mmol; New England Nuclear, Boston, 
MA, USA). The ISHH procedure was similar to published protocols (Hurd et al 2001). 
Briefly, the labeled probe was applied to the brain sections in a concentration of 2 x 103 
cpm/mm2 of the coverslip area. Two adjacent sections from each subject were studied. 
Hybridization was carried out overnight at 55°C in a humidified chamber. After 
hybridization, the slides were apposed to β-max Hyperfilm (Amersham, Bucks, UK) 
along with 14C-standards (American Radiolabelled Chemicals, St Louis, MO, USA): 1-
4 days for PENK; 6 days for PDYN.   
 
3.5.3 GTPγS stimulation  

WIN 55,212-2- and DAMGO-induced [35S]GTPγS stimulation was measured in order 
to asses whether THC pretreatment altered CB1 and µOR receptor function, 
respectively. Brain sections were rinsed in Binding Buffer (50 mM Tris HCl, 3mM 
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MgCl2, 0.2mM EGTA, 100 mM NaCl, pH 7.4) at 25°C for 10 min, followed by a 15 
min preincubation in Binding Buffer containing 2mM Guanosine D phosphate (GDP) 
at 25°C. Sections were then incubated in Binding Buffer with 2mM GDP, 100 μM 
DTT, 0.04nM [35S]GTPγS (specific activity 1099 Ci/mmol; Amersham Biosciences, 
England, UK) and appropriate agonists at 25°C for 2 hr. Agonists used were: 3μM 
DAMGO (Sigma-Aldrich MO, USA) and 10μM WIN 55,212-2 (Sigma-Aldrich MO, 
USA). Incubation solutions with WIN 55,212-2 contained 0.5% (wt/vol) BSA (fatty 
acid-free). Non-specific binding was determined in the absence of the agonist and in the 
presence of 10μM unlabeled GTPγS. After incubation, the slides were rinsed twice (2 
min), in cold Tris Buffer (50mM Tris-HCl, pH=7.4) and subsequently in cold distilled 
water. The slides were dried overnight and exposed to film for 24 hr along with 14C-
microscales (Amersham Bucks, UK).  
 
3.5.4 Receptor autoradiography  
3.5.4.1 [3H]-WIN 55,212-2 (CB1) autoradiography 

[3H]-WIN 55,212-2 binding was measured in order to determine potential changes of 
cannabinoid receptor density in association with the THC pretreatment.  Sections were 
preincubated in 20mM HEPES buffer with 0.5% (wt/vol) bovine serum albumin (BSA; 
fatty acid-free), pH 7.0 for 20 min at 30°C and then incubated in 1nM [3H]-WIN 
55,212-2 [R-(+)-(2,3-dihydro-5-methyl-3-[(4-morpholinyl)methyl]pyrol[1,2,3-de]-1,4-
benzoxazinyl)(1-naphthalenyl)methanonemesylate] (PerkinElmer, Life Science Inc., 
Boston MA) for 80 min at 30°C. Non-specific binding was assessed in the presence of 
10μM non-labeled WIN 55,212-2. Slides were rinsed four times for 10 min each in the 
preincubation buffer at 25°C and then twice in cold distilled water. Slides were dried 
overnight and exposed to β-max Hyperfilm for 14 days.   
 
3.5.4.2 [3H]-DAMGO (μOR) autoradiography 

[3H]-DAMGO binding was carried out in order to examine whether THC pretreatment 
altered µOR density.  Slide-mounted brain sections were preincubated at 25°C for 15 
min in 50mM Tris-HCl (pH 7.4), 100mM NaCl, 1% BSA and briefly washed three 
times in 50 mM Tris pH 7.4. μOR binding sites were labeled by incubating sections for 
1h at 25°C in the presence of 2nM [3H][D-Ala2,N-Me-Phe4, Gly5-ol]-enkephalin 
(DAMGO; PerkinElmer, Life Science Inc.). Non-specific binding was defined in the 
presence of 1 μM naloxone. After incubation, slides were rinsed three times for 5 min 
each in the ice-cold incubation buffer, dipped in ice cold distilled water, dried overnight 
and placed in a β−Imager (Biospace Mesures, France) which allows direct on-line beta 
emission quantification. 
 
3.5.5 Data analyses 

Films images were digitalized into the 256 levels of optical density with a Microtek 
scanner (SM III, Microtek Europe, Rotterdam, The Netherlands) and quantification of 
film autoradiograms was carried out using computer-assisted optical densitometry (NIH 
Image, version 1.58, Wayne Rasband, NIMH).  Densitometric readings were taken of 
the nucleus accumbens, dorsal striatum (caudate putamen), the VTA and substantia 
nigra in accordance with the Paxinos and Watson Rat Atlas (1997); identification of 
different brain nuclei was determined from adjacent sections which were stained with 
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cresyl-violet.  Values obtained from duplicate brain sections for each subject were 
averaged. For in situ hybridization experiments, the values were expressed as dpm/mg 
of tissue by reference to the co-exposed 14C standard.  For receptor autoradiography, 
specific binding was calculated by subtracting non-specific binding from total binding 
in the specific area of interest. Optical densities measured from film receptor 
autoradiograms were transformed into μCi/g tissue using a standard curve generated 
with the 3H-standards. The percent agonist-induced stimulation from the [35S]GTPγS 
autoradiography experiments was calculated as [stimulated-basal]/basal x 100. Images 
from the β-Imager were analyzed directly as cpm/mm2using Betavision Analysis 
(Biospace Mesures).  
 
3.6 BRAIN TISSUE STUDIES 
3.6.1 Fluorescent immunosorbent assay  

In the fluorescent immunosorbent assay (FLISA) we used both a traditional antibody 
aimed towards both naïve and activated µOR and a conformation specific antibody 
recognizing an activated N terminus conformation state of the receptor (Gupta et al 
2006). To prepare cell membranes, the dissected tissue was homogenized in 50mM 
Tris-HCl (pH 7.4) + 10 % sucrose and 1X protease and phosphatase inhibitor cocktails 
(Sigma-Aldrich, St. Louis, MO, USA). Following a 10 min. centrifugation (15900 rpm 
at +4°C), the pellet was resuspended in 50mM Tris-HCl (pH 7.4) with protease and 
phosphatase inhibitors. After 30 min. incubation on ice, the samples were centrifuged 
(15900 rpm at +4°C for 20 min.) and resuspended in 50mM Tris-HCl (pH 7.4) with 
protease and phosphatase inhibitors. 3 µg membrane proteins were plated on a high 
binding 96 well ELISA plates (Fisher scientific research, NJ, USA) and was left to dry 
over night at room temperature. The following day, the membranes were washed with 
phosphate buffered saline (PBS) and blocked with 3 % natural goat serum in PBS for 1 
hour at room temperature. Primary antibody solutions (1:500 dilution) were added to 
the wells followed by incubation at 4°C over night. The plates were then washed three 
times with PBS before incubation at 37°C for 1 hour with secondary antibody solution 
(fluorescence-linked goat raised anti-rabbit IgG or goat raised anti-mouse IgG, 
depending on the origin of the primary antibody; IRDye, Li-cor biosciences, Nebraska, 
USA), diluted 1:2000. The plates were once again washed three times with PBS before 
the fluorescence, corrected integrated intensity (I.I.), at 700 or 800 nm emission 
wavelength was determined for each well using the Odyssey Infrared Imaging System 
(Li-cor biosciences, Nebraska, USA).  
 
3.6.2 Radioimmunoassay  

Met-enkephalin was analyzed in the supernatant collected from the membrane 
purification (see above). Approximately 10-30 µl of sample supernatant was analyzed 
for ir-Met-enkephalin using the Met-enkephalin radioimmunoassay (RIA). For this, the 
samples were incubated with a 1:2000 dilution of Met-enkephalin antiserum (Bachem 
Bioscience Inc, Philadelphia, USA) in a RIA buffer (10 mM Tris-Cl buffer pH 7.5 
containing 0.1% gelatin; Bio-Rad, California, USA; 0.1% bovine serum albumin 
;protease-free, Sigma; 0.1% Triton X-100 and 0.02% sodium azide). On the following 
day, 125I-Met-enkephalin (~10,000 cpm/tube; Bachem Bioscience Inc.) was added and 
the tubes were incubated overnight at 4°C. To terminate the reaction, 100 µl of goat 
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anti-rabbit globulin and 100 µl of normal rabbit serum were added in RIA buffer 
(without gelatin). The antigen-antibody complex was separated from the unbound 
radioligand by centrifugation and the radioactivity in the pellet was measured in a 
gamma counter (Perkin Elmer Life Sciences, Shelton, CT, USA). A standard curve 
consisting of 0-1000nM Met-enkephalin was used to calculate the amount of ir-Met-
enkephalin in each sample. 
 
3.6.3 Liquid chromatography- mass spectrometry  

Synthetic standards of anandamide and 2-AG, 2H8-AEA and 2H8-2-AG were bought 
from Cayman Chemical (Ann Arbor, MI, USA). Anandamide and 2-AG were extracted 
from the brain tissues according to Kingsley and Marnett (Kingsley and Marnett 2003). 
In brief, the brain tissue was homogenized in ethylacetate:hexane (9:1; 40 ml per gram 
of tissue) containing 500 pmol of each internal standard. Lipid extracts were purified 
via solid phase extraction (SPE) and the eluate were analyzed by LC-MS as described 
by (Giuffrida et al 2000) using a Hewlett Packard 1100 Series HPLC/MS system 
equipped with a Phenomenex HyperClone ODS column. Quantitative analysis were 
performed by positive electrospray detecting diagnostic ions (protonated molecular ions 
[M + H]+ and sodium adducts of molecular ions [M + Na]+) in selected ion monitoring 
(SIM) mode. Data analysis was performed using HP Chemstation software. 
 
3.7 STATISTICAL ANALYSIS 

Data were analyzed with one- or two-way analysis of variance (ANOVA) with repeated 
measures where appropriate. Significant ANOVA results were followed by Planned 
Comparisons and Bonferroni correction for multiple comparisons or Tukey post hoc 
analysis. The stereotypic ratings in Paper I was analyzed with Mann-Whitney non-
parametrical rank test. Statistical significance was set as p<0.05 and trends considered  
for p<0.10. 
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4 RESULTS AND DISCUSSION 
4.1 ADOLESCENT CANNABIS EXPOSURE  
4.1.1 Effects of early adolescent cannabinoid exposure on dopamine 

and motor behavior responses to amphetamine (paper I) 

Since nucleus accumbens shell dopamine release and locomotor sensitization are 
features highly implicated in reward, these parameters were studied in the evaluation of 
cross-interactions between cannabis and amphetamine in view of the gateway 
hypothesis. We found that sub-chronic early adolescent exposure (at PND 28-32) with 
the synthetic cannabinoid agonist WIN 55,212-2 (1.25 mg/kg) failed to cross-sensitize 
with amphetamine (0.5 mg/kg on PND 40) on nucleus accumbens shell dopamine 
release (figure 8A). The amphetamine challenge per se did induce a marked increase in 
dopamine release (almost 10 times higher than the base-line level; figure 8A) 
resembling the response normally observed in adult rats (Di Chiara and Imperato 1988; 
Hurd and Ungerstedt 1989; Kuczenski and Segal 1989; Zetterström et al 1983), while 
the WIN 55,212-2 challenge only induced a trend to significant increase (figure 8B). 
One other study evaluated the effects of chronic adolescent cannabis exposure on 
amphetamine-induced dopamine related effects (Pistis et al 2004). They noted a 
development of tolerance in rats treated with cannabis during adolescence (slightly 
older rats than in our study, 5-6 weeks old), but not adulthood, to amphetamine induced 
inhibition of mesolimbic dopamine neuron firing. This could however be interpreted as 
either sensitized or desensitized dopamine release.   
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Figure 8. Effects of (A) amphetamine (0.5 mg/kg) and (B) WIN 55,212-2 or vehicle administration on 
extracellular dopamine levels in the nucleus accumbens shell in adolescent rats, 7 days after subchronic 
WIN 55,212-2 or vehicle exposure. The challenge injection was given at time 0. Data are expressed as 
mean ±SEM percent of baseline level. Symbols indicate significant challenge effect; * P<0.05, ** 
P<0.01, ** P<0.001 WIN-amphetamine vs. WIN-vehicle; ++ P<0.01, +++ P<0.001 vehicle-amphetamine 
vs. vehicle-vehicle.   

 
 
Furthermore, exposure with different doses of either WIN 55,212-2 (0.625-2.5 mg/kg) 
or THC (0.75-3.0 mg/kg) during the same age span did not alter amphetamine-induced 
locomotor activity or stereotyped behavior (figure 9). We also tested the effect of early 
adolescent THC exposure on varying amphetamine doses (0.5 or 2.0 mg/kg), 
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administered to adolescent or adult rats (PND 40 or 68; see figure 5 in paper I), but the 
amphetamine response was again not altered.  
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Figure 9. Amphetamine (0.5 mg/kg)-induced locomotor activity in adolescent rats, 7 days after 
subchronic (5 days) pretreatment with (A) WIN 55,212-2 and (B) THC. The amphetamine injection was 
given after 30 min. Data are presented as mean forward locomotion ±SEM. The insert shows total 
forward locomotion ±SEM during the period 20–80 min after amphetamine administration. n=5–6.  
 
 
 
Earlier investigations of behavioral cross-sensitization between chronic cannabinoid 
pre-treatment and amphetamine in adult rats have shown somewhat diverse results. A 
sensitized locomotor activity response to amphetamine was evident after chronic 
pretreatment with THC (Gorriti et al 1999) but not WIN 55, 212-2 (Muschamp and 
Siviy 2002), although stereotypic behavior was sensitized in both studies. The 
locomotor response to amphetamine was also sensitized after chronic THC 
pretreatment in rats defined as high responders to a novel environment (Lamarque et al 
2001).  

In summary, these results suggest a lack of cross-sensitization between 
cannabinoids and amphetamine on dopamine release in nucleus accumbens shell or 
motor behavior and thereby did not support the cannabis gateway hypothesis in relation 
to psychostimulant sensitivity.  

 
4.1.2 Effects of chronic intermittent adolescent cannabis exposure on 

opioid reward-related behavior (paper II) 
4.1.2.1 Heroin self-administration 

In light of the vast support for cannabinoid-opioid interactions in behavioral studies, we 
decided to evaluate the effect of adolescent cannabis exposure on subsequent opioid 
vulnerability in the next series of studies. We extended the pre-exposure period to cover 
the whole adolescent period reaching the border of young adulthood (see figure 5 in the 
methods section). A heroin self-administration model was used, which most reliably 
mimics addiction behavior in humans. We found that adult rats with a history of 
adolescent cannabis exposure had altered heroin self-administration behavior. We did 
not detect any differences in acquisition of heroin self-administration behavior (figure 
10), but the THC exposed rats continued to shift their heroin intake upward over the 
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course of the acquisition phase stabilizing eventually at approximately 25 total 
responses per session as compared to 15 in the vehicle group. The THC exposed group 
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Figure 10. Heroin acquisition behavior on the active and inactive levers during (A) 15 μg/kg/infusion 
and (B) 30 μg/kg/infusion on an FR-1 schedule of reinforcement in adult rats (beginning postnatal day
57) following adolescent (postnatal days 28-49) THC (n=6) or vehicle (n=5) exposure. Data are presented 
as mean number of responses per session ±SEM. * P <0.05 vs. vehicle controls for each session. 

also responded more for heroin at moderate to low doses (30 and 60 mg/kg/infusion; 
figure 11) in the dose-response test and had a higher intake during maintenance 
throughout the course of the experiment (figure 12). The switch from controlled to 
uncontrolled heroin intake that characterizes addiction is usually potentiated by 
increased heroin intake over time (Ahmed et al 2000) and thereby the behavior 
demonstrated by the THC exposed group would predict an enhanced risk of subsequent 
drug addiction.  
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Figure 11.  Between-session heroin self-administration behavior dose-response curve (7.5, 15, 30, 60, 
100 µg/kg/infusion; randomized order) on a FR-1 reinforcement schedule in rats pretreated with THC 
(n=6) or vehicle (n=5) during adolescence.  (A) Responding for heroin (number of active lever presses) 
and (B) heroin intake (mg) are shown as mean ± SEM.  *, P < 0.05; **, P< 0.01 as compared to 
respective vehicle control. 
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Increased intake on an FR-1 reinforcement schedule cannot provide information 
whether the rats have increased drug liking/wanting or blunted reinforcement that could 
lead to a compensating higher drug intake. However, increased intake on the 
descending part of the dose-response curve as we noted here has been hypothesized to 
reflect a decrease in reward function (Ahmed and Koob 2005) in view of the opponent 
process hypothesis of addiction (Koob et al 1997; Koob and Le Moal 2001). This 
would suggest that the adolescent THC exposure resulted in a hedonic deficit that is 
alleviated by increased heroin intake. It could also be associated with increased 
motivation to take the drug. However, in the absence of heroin and associated cues, 
both THC and vehicle exposed rats showed similar increases in drug seeking (figure 
13) and there was no difference in the number of active responses between the groups. 
Vehicle-exposed rats had a higher percent increase in the number of responses on the 
active lever, but the behavior was non-specific since they also had a higher responding 
on the inactive lever. Using a progressive ratio paradigm which best assesses 
motivational behavior, Solinas et al (2004a) showed that adult exposure to THC does 
not alter the motivation to take heroin even though the intake was elevated. There may 
of course be differences in the incentive salience of heroin in association with 
adolescent compared to adult THC exposure, so whether adolescent cannabis exposure 
alters the motivation to respond for heroin in a progressive ratio paradigm or not needs 
to be addressed in the future. 
 
4.1.2.2 Morphine conditioned place preference 

Morphine-induced conditioned place preference in a separate group of animals treated 
similarly with THC or vehicle during the adolescent phase is shown in figure 14.  THC 
and vehicle treated animals did not differ in locomotor activity when exposed to the 
novel environment of the conditioned place preference apparatus during the habituation 
session (5160 ± 896 counts in the vehicle group compared to 6623 ± 687 counts in the 
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Figure 12. Total heroin intake (± SEM) over 4 
consecutive sessions of stable response at 30 and 
60 μg/kg/infusion in adult rats exposed to THC 
(n=6) or vehicle (n=5) during adolescence. * P < 
0.05 vs. vehicle control. 
 

Figure 13. Heroin-seeking behavior (responding 
on the active lever in the absence of expected 
drug delivery; no cue light presentation) in THC 
(n=5)- or vehicle (n=5)-exposed rats and the 
effect of acute CB1 antagonist pretreatment. * P 
< 0.05; **** P< 0.0001 as compared to base-
line. +++ P< 0.001 vs. without CB1 antagonist 
pretreatment. 
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THC group), indicating that adolescent THC exposure does not induce long-lasting 
alterations in novelty behavior or base-line locomotor activity. Since a biased 
conditioned place preference model was used, all rats but two (one in each pre-
exposure group) showed an initial preference for the black compartment during 
habituation and these two rats were excluded from the study. There were no differences 
between the groups in time spent in the drug-paired compartment during the pre-
conditioning test. In the post-conditioning test however, rats exposed to THC during 
adolescence had a significant preference to the environment associated with the low 
dose morphine which vehicle controls failed to show; THC exposed rats had a 
significantly higher increase in time spent in the drug-paired compartment [F(1,10) = 
10.21, P<0.01]. The fact that rats showed enhanced conditioned place preference to a 
low dose morphine would suggest that THC-pretreated animals had heightened reward 
response to opiates. 

A limitation of the study is that several investigations have shown preference to 4 
mg/kg morphine. There are a number of differences in the experimental designs that 
could explain this discrepancy, e.g. ours is the only study performed during the dark 
phase. It is also important to emphasize that both THC and vehicle animals were 
simultaneously processed in the morphine conditioned place preference paradigm. 
Additional dose response studies will help to confirm these results. Nevertheless, this 
study clearly showed that THC exposed animals were more sensitive to the rewarding 
effects of morphine. 
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Figure 14. Morphine conditioned place 
preference showed as Δtime spent in the drug 
paired compartment (postconditioning test-
preconditioning test) in rats exposed to vehicle or 
THC during adolescence. ** P< 0.01 as 
compared to the vehicle group. n=5-7. 

 

Taken together, chronic intermittent cannabis exposure during the adolescent period 
alters opioid reward-related behavior in adult animals, both in terms of increased intake 
of heroin in a self-administration experiment and elevated sensitivity to morphine 
conditioned place preference. Conditioned place preference and the self-administration 
model measures different aspects of drug reward/reinforcement, thus different 
components of drug reward-related mechanisms may be differentially affected by the 
early THC exposure. Nevertheless, the findings that THC-exposed rats had both 
increased heroin self-administration and enhanced sensitivity to morphine conditioned 
place preference would suggest dysfunction in hedonic processing leading to an 
enhanced risk for subsequent drug dependence. 
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4.1.3 Neurobiological alterations within the opioid and cannabinoid 
systems after adolescent cannabis exposure (paper II and III) 

4.1.3.1 PENK mRNA expression and Met-enkephalin ir levels 

The endogenous opioid neuropeptide most associated with regulating hedonic state is 
enkephalin (Skoubis et al 2005), and the nucleus accumbens (in particular the shell 
division) is the most limbic-related striatal subregion tightly coupled with reward 
behavior (Everitt and Wolf 2002; Koob 1992). We found that PENK mRNA expression 
was elevated specifically in the nucleus accumbens shell one week after the adolescent 
THC exposure (on PND57, when the heroin self-administration was initiated in another 
group of animals; figure 15). The selective enhancement of PENK mRNA expression 
in the nucleus accumbens shell could therefore underlie the altered heroin intake 
behavior evident in THC-exposed animals. The enhancement of nucleus accumbens 
shell PENK gene expression in THC animals was still evident even after 45 days of 
heroin self-administration, which suggests a persistent disturbance of the enkephalin 
reward system after adolescent THC exposure.  

 
 

 
 Figure 15.  Proenkephalin mRNA expression 

levels (expressed as dpm/mg; Mean ± SEM) in 
the caudate putamen (CP), nucleus accumbens 
(NAc) core and shell of adult rats with 
adolescent exposure to THC or vehicle.  The 
data represents animals at the time point (PND 
57) corresponding to the start of heroin self-
administration and animals that had self-
administered heroin for approximately 45 days. 
(n=4-6) **, P < 0.01 as compared to respective 
vehicle control 
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Given the significant effect of adolescent THC exposure on PENK levels, we evaluated 
the time course effects of adolescent THC exposure on the enkephalin system in paper 
III. The enkephalin containing medium spiny neurons in the nucleus accumbens 
express cannabinoid CB1 receptors as well as dopamine D2 receptors (Lu et al 1998; 
Pickel et al 2004). THC exposure is likely to activate the CB1 receptors and THC 
administration increases dopamine release in the nucleus accumbens which would lead 
to activation of the D2 receptors. Activation of these receptors would predict decreased 
enkephalin expression and peptide release from axon collaterals. However, reductions 
in Met-enkephalin immunoreactivity following THC exposure was only seen in brain 
tissue homogenates from nucleus accumbens core after the full treatment paradigm in 
late adolescence, collected 24 hours after the last THC injection (figure 16).  
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Figure 16. Levels of Met-enkephalin immunoreactivity at different time-points during adolescence and 
the effect of THC exposure. Early, mid and late adolescence groups had received 1, 4 or 8 injections of 
THC or vehicle respectively. Data is shown as mean +/- SEM. * = significant treatment effect, P<0.05, 
THC vs. vehicle control. NAc shell, nucleus accumbens shell; NAc core, nucleus accumbens core; PFC, 
prefrontal cortex. 
 
 
The fact that increased PENK mRNA expression was detected following the drug-free 
period into adulthood could reflect an allostatic response to counteract a potential 
down-regulation of the PENK during THC exposure. Further supporting this theory is 
that our model of prenatal THC exposure showed decreased PENK mRNA expression 
in the nucleus accumbens shell shortly after the exposure but had increased expression 
levels in the same area when they had reached adulthood; these rats also showed 
enhanced opioid-induced reward related behavior in adulthood (see paragraph 4.2 and 
paper IV). A previous investigation revealed increased PENK mRNA expression in the 
nucleus accumbens (no subcompartment specified) shortly after chronic cannabinoid 
exposure (Manzanares et al 1998). However, methodological differences may account 
for the discrepant result, such as the use of the full CB1 receptor agonist CP55,940 and 
adult animals in the latter study, but it does still support a disturbance of the enkephalin 
system after cannabis exposure.  
 
4.1.3.2 µ opioid receptor density and function 

There was no difference in µ opioid receptor density between THC and vehicle 
exposed rats, in terms of [3H]DAMGO binding one week after the last THC injection 
(when the heroin self-administration was initiated in another group of animals, PND 
57). However, we found elevated µOR function in terms of DAMGO-stimulated 
[35S]GTPγS binding in the VTA and substantia nigra in THC exposed rats at the same 
time point (figure 17, paper II). Increased μOR function in the brain stem would be 
expected to potentiate dopamine levels in forebrain areas such as the nucleus 
accumbens and caudate putamen considering that stimulation of these midbrain 
receptors would disinhibit the inhibitory GABAergic regulation on dopamine cell firing 
(Johnson and North 1992). Interestingly, heroin intake behavior (total number of active 
lever presses) exhibited on the last day of testing was significantly correlated with 
agonist activation of the μOR GTP coupling in the nucleus accumbens shell 
(Spearman’s correlation r=0.756, P<0.05). These findings continue to substantiate an 
important role of the nucleus accumbens μOR in heroin reinforcement.   
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 Figure 17. [35S]DAMGO-stimulated GTPγ
 
 
 
 
 
 

S binding in various striatal and brainstem regions in animals 
exposed during adolescence to THC or vehicle. Animals were studied as young adults (PND 57, when 
heroin self-administration was initiated in the behavioral study) and after approximately 45 days of heroin 
self-administration. Data are expressed as mean percent stimulation ± SEM. CP, caudate putamen; NAc 
core, nucleus accumbens core; NAc shell, nucleus accumbens shell; SN, substantia nigra; VTA, ventral 
tegmental area. 
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Figure 18. Density of naïve + activated µOR (A) and specifically activated µOR (B) at different time-
points during adolescence and the effect of THC exposure. Early, mid and late adolescence groups had 
received 1, 4 or 8 injections of THC or vehicle respectively. Data is shown as mean +/- SEM. * = 
significant difference between age groups, P<0.05; ** = P<0.01. ° = significant treatment effect, THC vs. 
vehicle control P<0.05. # = significantly different from THC early adolescence, P<0.05. + = significantly 
different from THC mid adolescence, P<0.05. NAc shell, nucleus accumbens shell; NAc core, nucleus 
accumbens core; CP, caudate putamen; PFC, prefrontal cortex. 
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In paper III, we studied the time course effects of the adolescent cannabis exposure on 
µOR density in the nucleus accumbens shell and core, caudate putamen and the 
prefrontal cortex. Using FLISA with an antibody that recognizes µ opioid receptors in 
an activated conformational state (Gupta et al 2006), we noted an decrease in the 
amount of activated µOR in nucleus accumbens shell 24 hours after the last THC 
injection (on PND 50; figure 18).  
 
4.1.3.3 Endogenous cannabinoid levels 

The time course effects of adolescent THC exposure on the levels of endogenous 
cannabinoids were also studied in the nucleus accumbens, caudate putamen and 
prefrontal cortex. We found that adolescent rats exposed to THC had increased 
amounts of anandamide in the nucleus accumbens, particularly after the first injection, 
but there was still a trend towards increased levels after the full treatment paradigm 
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Figure 19. Levels of Anandamide (A) and 2-AG (B) at different time-points during adolescence and the 
effect of THC (1.5 mg/kg) exposure. Early, mid and late adolescence groups had received 1, 4 or 8 
injections of THC or vehicle respectively. Data is shown as mean +/- SEM. * = significant difference 
between age groups, P<0.05; *** = P<0.001. # = significantly different from vehicle early adolescence, 
P<0.05. + = significantly different from vehicle mid adolescence, P<0.05. NAc shell, nucleus accumbens 
shell; NAc core, nucleus accumbens core; CP, caudate putamen; PFC, prefrontal cortex. 
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(figure 19). A previous study examined the effects of THC exposure on endogenous 
cannabinoid anandamide and similar to the current findings observed increased 
anandamide in limbic forebrain areas that contained the nucleus accumbens (Di Marzo 
et al 2000). The anandamide level in the nucleus accumbens is stimulated by cortical 
glutamate afferent signaling and dopamine D2 receptor activation (Patel et al 2003). 
Thus our finding of enhanced anandamide levels could indicate enhanced glutamate 
and/or dopamine signaling in the nucleus accumbens as a consequence of THC 
exposure. Glutamate release in the nucleus accumbens is inhibited by acute THC 
administration (Robbe et al 2001), while dopamine release is increased (Chen et al 
1990b; Tanda et al 1997). This might also be the case after chronic THC exposure in 
our adolescent animal model, which is further supported by the apparent decreased 
Met-enkephalin levels in NAc core. Since the enkephalin containing medium spiny 
neurons in the NAc also express dopamine D2 receptors (Lu et al 1998; Pickel et al 
2004), increased dopamine activation would lead to decreased enkephalin expression. 
 
4.1.3.4 CB1 density and function  

We did not detect any alterations in [3H]WIN55,212,2 binding or [35S]WIN55,212,2-
stimulated GTPγS coupling after adolescent THC exposure, studied one week after the 
last injection. However, there was a significant positive correlation between the CB1 
binding in the substantia nigra and heroin self-administration behavior (Spearman’s 
correlation r=0.731, P<0.05). Increased CB1 binding in this brainstem region would 
disinhibit dopaminergic neurons leading to an enhanced dopamine tone in the striatum. 

In summary, THC exposure during adolescence strongly alters enkephalin and 
µOR limbic systems, while the cannabinoid alterations were specific to the nucleus 
accumbens where anandamide levels were increased. This suggests an altered reward 
processing and/or hedonic state as a consequence of adolescent cannabis exposure. 
 
4.1.4 Ontogeny of the cannabinoid and opioid systems in limbic-related 

brain areas during adolescence (paper III) 

Until now, the ontogeny of endogenous cannabinoids and opioids specifically in 
limbic-related areas during adolescence has not been examined. In our study of 
adolescent rats, developmental changes in endogenous cannabinoid levels were evident 
in both the nucleus accumbens and the prefrontal cortex (figure 19). Most profound 
was the continuous increase in the prefrontal cortex anandamide levels throughout the 
adolescent period; the levels were almost three times higher in late adolescence than 
early adolescence. The levels of 2-AG on the other hand was markedly lower in the 
later part of adolescence than in the beginning in both the nucleus accumbens and the 
prefrontal cortex. This indicates that active neurodevelopment takes place in brain areas 
involved in reward and, to an even bigger extent, cognition. Blocking endocannabinoid 
function by administering the CB1 antagonist SR141617A (rimonabant) to adult rats 
have been shown to improve working memory (Lichtman 2000; Terranova et al 1996) 
supporting a role for endocannabinoids in cognitive functions. Studies also indicate that 
endocannabinoids are involved in neurogenesis and neuroprotection, e.g. impaired 
adult neurogenesis was evident in CB1 knock-out mice (Jin et al 2004). The fluctuations 
in endocannabinoid levels we detected may therefore reflect the neurodevelopmental 
remodeling in these brain areas during the adolescent period.  
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Met-enkephalin levels were stable throughout the adolescent period. Even so, 
developmental changes were seen within the opioid system; the µOR density in the 
nucleus accumbens shell and the prefrontal cortex was decreased during the course of 
adolescence, whereas the density in caudate putamen was temporarily down-regulated 
during mid adolescence (figure 18). 

A potential limitation of the time course experiment in control animals could be 
that the increasing number of vehicle injections and probable stress could account for 
the neurobiological differences between the age groups. However, it is unlikely that it 
would induce such marked alterations in endocannabinoid levels, in opposite directions, 
as we note here. It would be good though to validate our findings in naïve animals in 
the same age groups. 

Taken together, the results show robust alterations in endocannabinoid levels 
during the adolescent period specific to brain areas involved in cognitive function and 
motivation. There were also opioid-related alterations in the same brain areas, but to a 
smaller extent. 

 
4.2 PRENATAL CANNABIS EXPOSURE 
4.2.1 Effects of prenatal cannabis exposure on heroin self-

administration behavior (paper IV) 

In addition to adolescence, the prenatal period is another critical time point of brain 
development when THC exposure could occur. To evaluate the consequences of 
prenatal cannabis exposure, we studied behavioral and neurobiological paradigms in a 
rat model of prenatal cannabis exposure (see figure 6 in the methods section). We 
found that prenatal cannabis exposure did not alter the acquisition of heroin self-
administration behavior (see figure 1 in paper IV) or maintenance intake in adult rats. 
Even so, a number of specific behavioral findings point to enhanced opiate sensitivity 
as a consequence of prenatal cannabis exposure. THC exposed rats exhibited a shorter 
latency to the first active lever press during the stable phase of the acquisition period, 
less than 1 minute compared to almost  2 minutes in the vehicle group (see figure 2 in 
paper IV). They also responded more to lower doses of heroin in the dose response 
curve (figure 20). A vertical upward shift of the dose-response curve is usually 
hypothesized to reflect both a decrease in the rewarding effects of heroin (leading to an  
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increased consumption) and increased motivation for the drug (evidenced by an 
increased peak of the dose-response curve (Ahmed and Koob 2005). The rats prenatally 
exposed to THC did not, as mentioned earlier, have an increased heroin intake during 
maintenance. But under the influence of mild stress (24 hours of food restriction) they 
showed increased rates of responding for heroin (figure 21).  
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Figure 21. Effect of mild stress (1 day 
food deprivation) in adult rats with 
prenatal THC or vehicle exposure. Each 
bar represents the mean ± SEM of the 
number of active lever presses for 5 
animals per group. *, P<0.02 as compared 
to vehicle control. 

Further supporting a long-term vulnerability in the motivation to self-administer heroin 
rather than just altered sensitivity to the reinforcing properties of the drug is that THC 
exposed rats had higher levels of heroin-seeking during extinction compared to the 
vehicle group (figure 22). There was no significant differences in relapse behavior 
between the groups, although the THC exposed rats showed a trend for higher heroin 
seeking induced by a heroin priming injection after approximately 21 days of drug 
extinction. The drug induced relapse behavior was blocked by the CB1 antagonist SR 
142716A, to a similar extent in both groups, strengthening previous studies showing a 
cross interaction between cannabinoid and opioid systems in regulation of relapse 
mechanisms (De Vries et al 2003; Fattore et al 2003; Navarro et al 2001). 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 22. Effect of acute primings on the reinstatement of heroin-seeking behavior following heroin 
extinction in adult rats with perinatal THC or vehicle exposure. Each bar represents the mean ± SEM of 
active and inactive lever press over the last 3 days of heroin self administration (maintenance), during 
drug-free extinction (ext) and during the reinstatement sessions with heroin prime (0.25 mg/kg, s.c.) and 
SR 141716A (Rimonabant; 3 mg/kg, i.p.) administration. N=5 animals per group. *, P<0.02; **, P<0.01 
as compared to vehicle control. 
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Altogether, the results suggest that adult rats prenatally exposed to THC do not show 
altered heroin self-administration behavior during normal conditions. However, they 
had increased heroin-seeking during extinction and after food deprivation, suggesting 
an increased motivation for drug use under the influence of stress.  
 
4.2.2 Neurobiological alterations within the cannabinoid and opioid 

systems after prenatal cannabis exposure (paper IV) 
4.2.2.1 PENK mRNA expression 

Immediately following the prenatal THC exposure, on PND 2 that corresponds to the 
mid-gestational period in humans, there was a down-regulation of PENK mRNA 
expression in the nucleus accumbens (figure 23). We noted a profound disruption of the 
PENK mesocorticolimbic system even approximately 60 days following THC prenatal 
exposure, with increased levels of PENK mRNA in the nucleus accumbens shell and 
core as well as the central and medial amygdala, brain areas highly involved in 
emotional regulation, reward, goal directed behavior and motivation (Cardinal et al 
2002; Kelley 2004; Koob 1999). There were no alterations in PENK levels in the 
caudate putamen, that is most associated with sensorimotor function (Nakano et al 
2000), at any of the time points studied. A previous investigation found the opposite 
though, alterations in caudate putamen but not in the nucleus accumbens in male 
offspring on gestational day 21 (Kelley 2004; Perez-Rosado et al 2000; Skoubis et al 
2005). The discrepancy may partly be explained by different routes of administration 
(intravenous vs. oral). However, in our current model of prenatal THC exposure, PENK 
gene expression is selectively altered in mesocorticolimbic neural populations, well 
known to modulate hedonic state (Kelley 2004; Perez-Rosado et al 2000; Skoubis et al 
2005). These results fit with the observations of our model of adolescent THC exposure 
(see paragraph 4.1, papers II and III), which showed the  
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control. CP, caudate putamen; NAc core, nucleus accumbens core; NAc shell, nucleus accumbens shell; 
CeA, central amygdala; MeA, medial amygdala. 
same pattern of enkephalin regulation in the nucleus accumbens (decreased Met-
enkephalin immunoreactivity immediately after THC exposure and increased PENK 
mRNA in young adulthood), also together with an increased opioid reward-related 
behavior. Enkephalin containing medium spiny neurons in the nucleus accumbens 
express CB1 receptors (Lu et al 1998; Pickel et al 2004) and since they are coupled to 
Gi/o G-proteins (Pertwee and Ross 2002) activation of these receptors would cause a 
decrease in PENK gene expression. This down-regulation of the PENK during THC 
exposure could be counteracted by the observed increased PENK mRNA expression in 
the young adult animals creating a state of allostasis. 
 The medial and central amygdala are components of the extended amygdala, and 
PENK disturbance in these areas has predominantly been associated with stress and 
anxiety (Drolet et al 2001; Kang et al 2000). The elevated PENK mRNA levels in 
central and medial amygdala are consistent with our behavioral findings that drug 
abstinence and mildly stressful events such as food deprivation increase heroin seeking 
behavior. The choice of food deprivation as a stress model could be questioned since 
the cannabinoid system is involved in food related behavior (Di Marzo and Matias 
2005). The fact that the pre-exposure groups did not differ in weight neither at birth nor 
as young adults at the start of the self-administration experiment supports that the 
increase in heroin intake following food deprivation is not related to an alteration of 
feeding behavior. Drug abstinence, particularly during its early phase, is a very stressful 
event for drug-dependent subjects. Thus, the marked increase of heroin-seeking in 
THC-pretreated animals, especially during the first day of heroin extinction, could 
reflect a behavioral response to stress which intensifies the motivation for drug use. 
Several studies report cannabinoid involvement in anxiety related behavior, both in 
human (Hall 1998; Patton et al 2002) and rodents (Arevalo et al 2001; Onaivi et al 
1990) and the hypothalamic-pituitary-adrenal axis have been shown to be stimulated 
during cannabinoid administration (Corchero et al 1999; Puder et al 1982) and 
withdrawal (Rodriguez de Fonseca et al 1997). Increased PENK though, is normally 
associated with a reduced anxiety response (Kang et al 2000). Nevertheless, acute and 
chronic elevation of corticosterone that facilitate potentiation and termination of stress 
response, respectively, both elevate PENK in various brain regions (Ahima et al 1992). 
Systematic evaluation of the glucocorticoid system is necessary with the current 
prenatal THC model to fully understand the role of the stress system in contributing to 
the PENK mesocorticolimbic mRNA levels. It also has to be determined whether the 
elevated PENK mRNA state reflects compensation for tonically reduced enkephalin 
peptide levels.   
 
4.2.2.2 PDYN mRNA expression 

In addition to enkephalin, striatal output function is also modulated by dynorphin. 
PDYN mRNA is known to be involved in the long-term regulation of both 
psychostimulants (Svensson and Hurd 1998) and opiates (Tjon et al 1997). However, 
no alterations in PDYN levels were seen in the THC-exposed offspring. Dynorphin is 
primarily expressed in the striatonigral GABAergic medium spiny neurons, so our 
findings of specific PENK alterations indicate that prenatal cannabis exposure 
selectively affects the striatopallidal medium spiny neurons, where PENK is mainly 
expressed.  
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4.2.2.3 µOR coupling 

Long-term alteration of prenatal THC on the adult nucleus accumbens opioid system 
was also apparent for the µOR coupling (figure 24). THC-exposed offspring had 
significant decrease in DAMGO-stimulated GTPγS coupling in the nucleus 
accumbens shell, which would suggest decreased opioid reward.  Possible evidence 
of reward deficit in the THC animals was the apparent vertical shift of the dose-
response curve. There were also non-limbic opioid alterations in adult animals with 
prenatal THC exposure, with increased µOR coupling in the SN. This would predict 
elevated dopamine levels in output regions, like e.g. dorsal striatum, since stimulation 
of µOR receptors reduce inhibitory GABA-mediated regulation of dopamine cell 
firing (Johnson and North 1992). Such conclusion would not fit with our observation 
of increased heroin-induced locomotor activity in THC exposed animals though.  
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Figure 24. Effect of THC or vehicle prenatal exposure (GD 5 to PND 2) on DAMGO stimulated 
[35S]GTPγS binding in adult rat brain (PND 62). Values are presented as mean ± SEM. *, p<0.05; **, 
p<0.01 as compared to the vehicle control. CP, caudate putamen; NAc core, nucleus accumbens core; 
NAc shell, nucleus accumbens shell; SN, substantia nigra; VTA, ventral tegmental area. 
 

 
In summary, long-term alterations are evident in the limbic opioid system after prenatal 
THC exposure, especially in brain areas related to reward and stress, indicating altered 
hedonic processing as well as vulnerability to stress. 
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Figure 25. Summary of the opioid alterations in limbic brain areas associated with regulation of reward 
and stress in adult rats following prenatal or adolescent THC exposure; as compared to the dorsal striatum 
where no changes were seen. Limbic PENK expression is coupled to hedonic processing and the 
observed alterations in this system is reflected by the enhanced opioid reward-related behavior evident 
after both prenatal and adolescent THC exposure. The prenatally exposed animals however, did only 
show elevated heroin-seeking under the influence of mild stress. This behavior might be explained by the 
increased PENK expression seen in stress-related brain areas in these rats. After adolescent THC 
exposure, µOR coupling was enhanced in the VTA, which may potentially lead to elevated heroin-
induced dopamine levels in the nucleus accumbens via enhanced disinhibition of dopamine neurons. (see 
section 4.1.3 and 4.2.2 for further discussion) VP, ventral pallidum; NAc, nucleus accumbens; VTA, 
VTA; ExtA, extended amygdala; MeA, medial amygdala; CeA, central amygdala; BST, bed nucleus of 
stria terminalis; BLA, basolateral amygdala. 
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5 CONCLUSIONS 
This thesis presents neurobiological support for the cannabis gateway hypothesis in 
terms of subsequent opiate abuse. Cannabis exposure during the prenatal phase as well 
as during adolescence induced discrete opioid-related alterations within brain regions 
highly implicated in reward and hedonic state processing. These alterations were 
coupled to altered opioid-induced reward-related behavior, and specifically, THC 
exposure during development induced: 

• increased heroin-intake at low to moderate doses 

• increased heroin-intake after exposure to mild stress in prenatal THC exposed rats 

• enhanced drug-seeking during extinction in rats exposed to THC during the prenatal 
period 

• enhanced conditioned place preference to morphine in rats exposed to THC during 
adolescence 

Together these behavioral findings suggest enhanced sensitivity to opioid-induced 
reinforcement as a consequence of early life cannabis exposure. 

 

In contrast to opiate sensitivity, early adolescent cannabinoid exposure did not induce 
cross-sensitized responses to amphetamine, in terms of dopamine release in the 
nucleus accumbens or motor behavior. Thus, we did not find support for the cannabis 
gateway hypothesis in relation to subsequent psychostimulant abuse. 

 

Furthermore, our findings shows that active endocannabinoid- and opioid-related 
neurodevelopment takes place to a very high extent during the adolescent period, most 
pronounced in the endocannabinoids levels in cognitive brain areas though also to 
some extent in reward-related regions.  
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