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1. Introduction 

1.1. The opioid epidemic 

Heroin has been exploited for its analgesic and anesthetic properties for decades, but is also 

extremely addictive. During the second half of the 20
th

 century, opioid addiction became a 

worldwide drug epidemic, and today opioids comprise the groups of illicit drugs most 

commonly involved in fatal drug overdoses (UNODC, 2018). For several years, Norway has 

been among the European countries with the largest proportion of opioid overdoses per capita. 

Currently, a new opioid crisis is emerging in both North America and Europe, with increasing 

use of illicit opioids such as heroin, as well as new synthetic opioids including highly potent 

fentanyl derivatives (EMCDDA, 2018). Opioid use is also increasing among women of 

childbearing age, and consequently, the number of children being prenatally exposed to 

opioids is rising (Terplan, 2017).  

 

1.2. The metabolism of heroin  

Heroin (3,6-diacetylmorphine) is a semisynthetic opioid synthesized by adding two acetyl 

groups to the alkaloid morphine, which is extracted from opium poppy seeds. Heroin is very 

lipophilic and distributes easily to body tissues, including the brain (Way et al., 1960; 

Oldendorf et al., 1972; Rook et al., 2006a). Heroin itself is considered a prodrug with effects 

mediated mainly by its metabolites. With an in vivo half-life of 2.5 minutes in rodents and 1.5 

to 8 minutes in humans, heroin is quickly deacetylated into 6-acetylmorphine (6-AM)
1
 by 

esterase enzymes and spontaneous hydrolysis in blood, liver and other tissues (Way et al., 

1960; Rook et al., 2006b; Gottas et al., 2013). Further deacetylation with removal of the 

second acetyl group converts 6-AM to morphine. Previous studies have indicated that 6-AM 

has a half-life of approximately 6 to 15 minutes in rodents (Andersen et al., 2009; Gottas et 

al., 2013), whereas 6-AM’s half-life in humans may vary from 3 to 52 minutes (Rook et al., 

2006a). Morphine has a half-life of 100 to 280 minutes in humans (Rook et al., 2006a) and 15 

to 28 minutes in rodents (Hasselstrom et al., 1996; Handal et al., 2002). Subsequent 

glucuronidation of morphine by uridine diphosphate-glucuronyltransferase (UGT) enzymes 

occurs mainly in the liver, and converts morphine into morphine-3-glucuronide (M3G) and 

morphine-6-glucuronide (M6G). The metabolism of heroin is depicted in Figure 1. 

                                                           
1
 6-acetylmorphine equals 6-monoacetylmorphine (6-MAM). Both abbreviations are used in this thesis. 
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Figure 1. The major metabolic pathway of heroin. 

 

1.3. Active metabolites of heroin 

For many years morphine was considered as the principal mediator of heroin’s 

pharmacological effects. However, several studies in the early 1980’s suggested that 6-AM 

might also be an important contributor, since 6-AM induced a more potent behavioral 

response in rodents compared with morphine (Umans and Inturrisi, 1981; Umans and 

Inturrisi, 1982). It was later estimated that 6-AM transverses the blood-brain-barrier (BBB) 
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faster than morphine (Boix et al., 2013) and has higher opioid receptor activation efficacy 

compared with morphine (Selley et al., 2001). Furthermore, 6-AM induced similar drug 

effects as heroin and was the predominant metabolite found in blood and brain for the first 20 

minutes after heroin administration in mice (Andersen et al., 2009). The maximal 6-AM brain 

concentration coincided with the peak in heroin-induced behavior, as well as the peak in 

striatal dopamine release (Andersen et al., 2009; Gottas et al., 2014). Moreover, a recent study 

reported that 6-AM distribution to opioid receptor dense brain areas reached maximum 

concentrations within 15 minutes after heroin injection to rats (Teklezgi et al., 2017). Thus, 

there are several indications that 6-AM acts as an important mediator of the most immediate 

heroin effect, whereas morphine may be more relevant for the later effects after heroin intake 

(Andersen et al., 2009; Gottas et al., 2014).  

When administered to mice and rats, M6G has potent pharmacological action (Morland et al., 

1994; Grung et al., 1998; Handal et al., 2002; Kuo et al., 2015), but is found in very modest 

concentrations in rodents after heroin administration (Meringolo et al., 2012). After 

intrathecal administration to humans, M6G was found to be a more potent analgesic than 

morphine (Hanna et al., 1990). However, M6G has rather poor passage across the BBB and 

must reach considerable plasma concentrations in order to have pharmacodynamics effects 

(Rook et al., 2006a). In contrast to M6G, M3G is pharmacologically inactive in both rodents 

and humans (Glare and Walsh, 1991; Morland et al., 1994; Handal et al., 2002; Rook et al., 

2006a). 

 

1.4. The pharmacology of heroin 

Opioid receptors 

 Opioids such as heroin and its metabolites bind and activate opioid receptors which are 

differentially distributed in various regions of both the periphery and the central nervous 

system (CNS) (Feng et al., 2012). The opioid receptors comprise an important part of the 

endogenous opioid system, and are normally activated by endogenous opioid peptides (e.g. 

dynorphins, enkephalins and endorphins) to regulate normal brain functions such as mood, 

appetite, sleep, sexual and social behaviors, as well as the response to natural rewards (for 

review, see Bodnar, 2015). Opioid receptors belong to the G-protein-coupled receptor 

superfamily and are traditionally subdivided into three classes: The mu- (µ), kappa- (κ) and 
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delta- (δ) opioid receptors (for reviews, see Feng et al., 2012; Alexander et al., 2017). The κ- 

and δ-opioid receptors are involved in various opioid-induced biological effects, such as the 

analgesic, psychotomimetic and aversive responses to opioids, whereas the µ-opioid receptor 

is considered most important for opioid reward and reinforcement (Darcq and Kieffer, 2018). 

µ-opioid receptor activation can also cause adverse effects such as respiratory depression, and 

may be involved in more long-lasting effects leading to opioid dependence (Pasternak and 

Pan, 2013).  

The µ-opioid receptor is pharmacologically divided into several receptor subtypes and splice 

variants in both humans and animals (Pasternak et al., 2004; Pasternak and Pan, 2013; 

Williams et al., 2013). Regarding for instance analgesia, morphine has been shown to act 

through a different µ-opioid receptor splice variant than heroin, 6-AM and M6G (Rossi et al., 

1996; Schuller et al., 1999; Klein et al., 2009; Pan et al., 2009). The intracellular signaling 

cascade and resulting biological response initiated upon µ-opioid receptor activation may also 

depend on which opioid is bound to the receptor, termed biased agonism (Williams et al., 

2013; Shonberg et al., 2014; Darcq and Kieffer, 2018). G-protein dependent activation of µ-

opioid receptors usually initiates receptor desensitization, meaning that the responsiveness of 

the receptor is temporarily down-regulated. Receptor activation can also be G-protein 

independent, and rather initiate the β-arrestin pathway, which may lead to receptor 

internalization by endocytosis, and either cause receptor recycling or receptor down-

regulation. Structural differences between opioids such as the number of acetyl groups, can 

cause different receptor conformational states (Shonberg et al., 2014; Sutcliffe et al., 2017), 

which ultimately determine the intracellular signaling cascades initiated upon receptor 

binding (Williams et al., 2013). For instance, morphine was shown to more efficiently induce 

G-protein dependent activation as opposed to 6-AM and M6G, which are more biased 

towards the β-arrestin pathway (Williams et al., 2013). Compared with morphine and 6-AM, 

heroin has been reported to have rather low activation efficacy at the µ-opioid receptor (Selley 

et al., 2001).  
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Opioid-induced immune signaling 

It has been proposed that opioids such as morphine may also engage in non-neuronal 

signaling of the central immune system (Coller and Hutchinson, 2012), with specific 

implications for the activation of toll-like receptor 4 (TLR4) expressed on innate immune 

cells in the CNS (Jacobsen et al., 2014). A role for TLR4 signaling in opioid reward and 

reinforcement has been suggested, as these behavioral effects were inhibited in rodents using 

(+)-naloxone/naltrexone, which specifically blocks TLR4 opioid-induced signaling, but not µ-

opioid receptor signaling (Hutchinson et al., 2012; Theberge et al., 2013). Another study 

found that TLR4 signaling in the ventral tegmental area (VTA) of the midbrain was important 

for the acquisition and maintenance of morphine-induced reward in mice, measured as 

conditioned place preference (CPP) (Chen et al., 2017). However, TLR4 does not seem to 

have an apparent role in acute psychomotor activation induced by heroin, 6-AM or morphine 

in mice (Eriksen et al., 2016). The exact role for opioid-induced signaling in the central 

immune system and the potential implications for opioid addiction still remain unidentified.  

Activation of the reward system  

The immediate action of heroin metabolites is caused by binding of µ-opioid receptors located 

on GABAergic interneurons in the VTA of the basal midbrain (Fields and Margolis, 2015). 

Binding of VTA GABAergic neurons causes a disinhibition of dopaminergic neurons 

projecting to the nucleus accumbens (NAc), which results in an extensive dopamine release in 

the midbrain (Figure 2). The dopaminergic projections from the VTA to the NAc, as well as 

projections to the medial prefrontal cortex and basolateral amygdala comprise an important 

part of the brain’s natural reward system (Wise and Bozarth, 1985; Fields and Margolis, 2015; 

Juarez and Han, 2016). Exogenously administered opioids can highjack this system, and the 

resulting dopamine transmission is considered to be important for the euphoric sensation 

associated with heroin intake (for reviews, see Wise and Bozarth, 1985; Wise, 1989; Fields 

and Margolis, 2015). Furthermore, activation of the mesolimbic dopaminergic system is 

thought to mediate both the psychomotor activating, as well as aspects of the rewarding and 

reinforcing properties, of opioids (Beninger, 1983; Di Chiara and Bassareo, 2007). 

Intake of opioids can cause maladaptive changes in reward-related neural circuitries, 

involving altered synaptic and neuronal plasticity mechanisms (Kauer and Malenka, 2007). 

Since a single opioid injection has been shown to induce long-lasting plasticity in 

dopaminergic neurons of the VTA, this area has been implicated as important for the onset of 
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drug dependence (Mazei-Robison and Nestler, 2012; Korpi et al., 2015). The mechanistic 

change in neuronal signaling and networks during transition into opioid addiction from a non-

dependent to an addicted brain, suggests functional changes in specific brain regions 

following prolonged opioid intake (Bechara et al., 1998; Di Chiara and Bassareo, 2007; 

Robinson and Berridge, 2008; Fields and Margolis, 2015). These changes in the brain may 

involve a transition of neuronal control from the prefrontal cortex to the striatal areas, altering 

an individual’s drug seeking from voluntary into progressive habitual and compulsive drug 

seeking (Everitt et al., 2008; Rosen et al., 2015). 

 

 

Figure 2. Schematic of the major neuronal pathways involved in reward in the rat brain. 

Administration of opioids causes an activation of µ-opioid receptors on GABAergic interneurons in 

the ventral tegmental area (VTA), which leads to an indirect stimulation of dopaminergic terminals 

(red lines) in the nucleus accumbens (NAc) and prefrontal cortex (PFC). Glutamatergic projections, 

blue; GABAergic projections, orange; orexinergic projections, green. AMG, amygdala; BNST, bed 

nucleus of the stria terminalis; LDTg, laterodorsal tegmental nucleus; LH, lateral hypothalamus; VP, 

ventral pallidum. Adapted by permission from Springer Nature: Nature Reviews Neuroscience, Vol 

8(11), p. 844-858: “Synaptic plasticity and addiction”, Kauer and Malenka, © 2007. 
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1.5. Using rodent models to study opioid-induced behavior 

Locomotor activity to measure the immediate drug effect  

The psychostimulant action of opioids has been linked to their reinforcing and motivational 

properties, and can be observed as increased locomotor activity in rodents (Wise and Bozarth, 

1987). Thus, locomotor activity is a common method to study the immediate behavioral effect 

of opioids. Usually, the animal is placed in the locomotor activity chamber prior to drug 

administration, in order to habituate to the new environment, and to record its baseline 

activity. After the drug has been administered, the animal is once again placed in the activity 

chamber to measure drug-induced locomotor activity. Administration of heroin, 6-AM, 

morphine and M6G to mice has previously been shown to increase locomotor activity in a 

dose-dependent manner (Morland et al., 1994; Handal et al., 2002; Andersen et al., 2009; 

Bailey et al., 2010; Eriksen et al., 2014). Opioid-induced locomotor activity in rodents is 

closely related to the presence of active drug metabolites in the brain, and is thereby reflected 

by the dose and type of opioid administered (Handal et al., 2002; Vindenes et al., 2008; 

Andersen et al., 2009).  

The propensity of opioids to induce locomotor activity has been attributed to their ability to 

increase dopamine transmission in the basal ganglia of the midbrain, which ultimately 

promotes forward horizontal locomotion (Wise and Bozarth, 1987; Di Chiara and Imperato, 

1988; Hauber, 1998). Notably, several reports have indicated dopamine-independent 

locomotor activation in rodents after opioid administration (Kalivas et al., 1983; Amalric and 

Koob, 1985; Murphy et al., 2001; Charbogne et al., 2017). Regardless of the underlying 

neural mechanism, opioid-induced locomotor activity is considered a valuable tool to assess 

the immediate drug effect of opioids in rodents. 

Locomotor sensitization as a measure of drug-induced neuroplasticity 

Repeated opioid exposure may cause an enduring enhancement of the locomotor activating 

effect upon subsequent exposure in rodents, a phenomenon termed locomotor sensitization, 

which is a form of behavioral sensitization (Vanderschuren and Pierce, 2010). Although the 

observable effect of behavioral sensitization is expressed as an enhanced behavior, 

sensitization occurs at several different levels in the brain, with various neuroplastic 

mechanisms involving altered gene expression upon repeated drug exposure (Nestler, 2002; 

Hyman et al., 2006; Kauer and Malenka, 2007). The proposed underlying mechanism for 

behavioral sensitization is activity-dependent neuroplasticity in the reward circuitry of the 
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brain, often accompanied by increased dopamine transmission (Hyman et al., 2006). Changes 

in the serotonergic and noradrenergic transmitter systems have also been linked to drug-

induced behavioral sensitization (Lanteri et al., 2008; Pang et al., 2016). The persistent 

neuronal adaptations following repeated drug exposure represent the neural basis for 

behavioral sensitization (Robinson and Berridge, 1993; Steketee and Kalivas, 2011), and 

locomotor sensitization therefore serves as a valuable behavioral model to study drug-induced 

neuroplasticity.           

The propensity for behavioral sensitization to occur may depend on the context in which the 

drug is presented, making the environment a powerful contributor to the formation of drug 

memories, and therefore, to drug learning (Robinson and Berridge, 1993; Vanderschuren and 

Kalivas, 2000; Hyman et al., 2006). However, drug-induced behavioral sensitization may also 

occur independently of environmental context (Partridge and Schenk, 1999; McDougall et al., 

2007; Herbert et al., 2010). Locomotor sensitization to opioids is commonly observed upon 

intermittent opioid administration, and may persist for months in rodents (Kalivas and 

Stewart, 1991; Steketee and Kalivas, 2011). Heroin- induced locomotor sensitization can be 

expressed in rodents even after a single injection of a low heroin dose (Bailey et al., 2010), 

but to our knowledge, 6-AM-induced locomotor sensitization has not been reported 

previously.  

Drug-induced reward measured by conditioned place preference 

Conditioned place preference is a frequently used behavioral model to examine the 

motivational and rewarding properties of drugs of abuse. The CPP procedure is based on 

classic Pavlovian conditioning using repeated drug exposure, in which the animal learns to 

associate a specific environment with the drug (Bardo et al., 1995; Tzschentke, 1998). The 

CPP paradigm may be conducted using several experimental set ups and procedures, but most 

commonly it includes repeated exposure to drug and saline paired with two distinct chambers 

over the course of several days, until a final CPP test is conducted to assess the animals’ 

preferential compartment in a drug-free state (Tzschentke, 2007). The model measures 

whether a drug is experienced as rewarding or aversive, that is whether the animal chooses to 

reside in the environment previously paired with drug injection (CPP), or if the animal avoids 

the drug-paired environment (i.e. conditioned place aversion, CPA) (Tzschentke, 2007). 

Several studies have demonstrated that animals prefer a compartment previously paired with 

opioid exposure, over an environment associated with saline exposure (El Rawas et al., 2009; 
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Solecki et al., 2009; Bailey et al., 2010; Galaj et al., 2015). Expression of CPP has been 

reported in mice after conditioning with heroin doses ranging from 1 to 20 mg/kg 

(Schlussman et al., 2008; Solecki et al., 2009; Bailey et al., 2010), as well as a wide range of 

morphine and M6G doses (5 to 80 mg/kg) (Vindenes et al., 2008). To our knowledge, 6-AM-

induced CPP has not been studied previously.  

 

1.6. Prenatal opioid exposure  

The vulnerability to opioid exposure during development 

A number of studies in humans and animals have demonstrated adverse effects of prenatal 

opioid exposure (for reviews, see Farid et al., 2008; Fodor et al., 2014; Byrnes and Vassoler, 

2017). Since the endogenous opioid system plays an important role in brain development, the 

immature fetal brain is considered particularly vulnerable to exogenous opioid exposure 

(McDowell and Kitchen, 1987; Sargeant et al., 2008). Opioid administration during gestation 

has been shown to disturb basic processes such as neuronal differentiation and myelination 

(Eschenroeder et al., 2012; Vestal-Laborde et al., 2014; Dholakiya et al., 2016). Furthermore, 

the fetal BBB has higher permeability to lipophilic compounds as compared with the mature 

BBB (Lam et al., 2015; Goasdoue et al., 2017). Upon maternal intake, opioids easily 

transverse the placental barrier and enter the fetus (Malek and Mattison, 2011), and can even 

accumulate in fetal brain tissue (Peters et al., 1972; Shah and Donald, 1979; DeVane et al., 

1999; Sahraei et al., 2013). In addition, the developing fetus may have poor biotransformation 

and elimination of exogenous opioids (Fyffe and Dutton, 1975; Rurak et al., 1991; DeVane et 

al., 1999). 

Short-term effects of prenatal opioid exposure  

Maternal opioid consumption can lead to increased number of still births, reduced birth 

weight, neonatal abstinence syndrome (NAS) and sudden infant death syndrome in newborn 

children (Fodor et al., 2014). Furthermore, prenatal opioid exposure has been associated with 

certain birth defects (Broussard et al., 2011). Alike the human newborn exposed to gestational 

opioids, several adverse short-term effects have been reported in neonatal rodents after 

prenatal opioid exposure, including reduced litter size and birth weight, decreased body length 

and head circumference, and early postnatal death (Farid et al., 2008; Fodor et al., 2014). 

Neonatal rodent offspring may also display analgesic tolerance or hyperalgesia (pain 

sensitization), and an elevated stress response with increased ultrasonic vocalization (USV), 
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which may represent symptoms of physical withdrawal after prenatal exposure to opioids 

(Barr et al., 1998; Barr et al., 2011).         

Animal research has gained important knowledge about the neurobiological mechanisms 

underlying the maladaptive changes resulting from drug exposure during gestation. Prenatal 

opioid exposure was found to disturb immature neurotransmitter systems and receptor 

signaling molecules (Di Giulio et al., 1995; Slotkin et al., 2001; Slotkin et al., 2003), and to 

change neuronal distribution and neuronal morphology in rodents (Maharajan et al., 2000; 

Ghafari et al., 2011; Lu et al., 2012; Mithbaokar et al., 2016). Furthermore, analgesic 

tolerance and hyperalgesia in offspring prenatally exposed to morphine (Eriksson and 

Ronnback, 1989; Chiang et al., 2010) may be associated with altered µ-opioid receptor 

density in the postnatal brain (Chiang et al., 2015). Both global and region-specific changes in 

µ-opioid receptor expression in perinatal rat brain have been reported after prenatal opioid 

exposure (Tempel et al., 1988; Hammer et al., 1991; Rimanoczy and Vathy, 1995; Belcheva 

et al., 1998; Bhat et al., 2006).  

Long-term effects of prenatal opioid exposure 

In addition to the adverse neonatal outcomes, there is accumulating evidence of negative 

long-term consequences in children prenatally exposed to opioids, including 

neurodevelopmental and cognitive deficits (Hunt et al., 2008; Thompson et al., 2009; Fodor et 

al., 2014). An increased prevalence of attention deficit hyperactivity disorder (ADHD), 

learning and memory impairment, and reduced social skills are found among children born to 

opioid-dependent mothers (Ornoy et al., 1996; Ornoy et al., 2001; Slinning, 2004; Sundelin 

Wahlsten and Sarman, 2013; Levine and Woodward, 2018). However, the causality of 

prenatal opioid exposure and the long-term effects in humans is difficult to resolve, as 

children of dependent mothers may experience a childhood of social and economic instability, 

which may be contributing factors for developing cognitive and behavioral impairment 

(Ornoy et al., 2001; Hunt et al., 2008; Sundelin Wahlsten and Sarman, 2013). Furthermore, 

maternal poly-drug use and genetic factors may also influence the outcome in prenatally 

exposed children (Konijnenberg, 2015). Because of several confounding factors in humans, 

controlled experiments in rodents may serve useful to study neurobiological and behavioral 

consequences of prenatal opioid exposure.        

Various adverse long-term behavioral effects in offspring have been reported after opioid 

administration to pregnant rodents (for reviews, see Fodor et al., 2014; Byrnes and Vassoler, 
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2017). Mice and rat offspring prenatally exposed to high daily doses of heroin or morphine 

displayed long-term learning and memory deficits, some of which have been attributed to 

cholinergic damage and neuronal apoptosis in the hippocampus (Yanai et al., 1992; Steingart 

et al., 2000; Shahak et al., 2003; Yaniv et al., 2004; Wang and Han, 2009; Kazma et al., 2010; 

Nasiraei-Moghadam et al., 2013). Other studies have shown that rodent offspring prenatally 

exposed to heroin displayed hyperactivity in a novel environment (Lasky et al., 1977; Zhu and 

Stadlin, 2000). Furthermore, an increased sensitivity to opioid drugs has been demonstrated in 

rodents prenatally exposed to heroin or morphine, as the offspring showed behavioral 

sensitization (Chiang et al., 2014), increased opioid-induced CPP (Wu et al., 2009; Timar et 

al., 2010) and enhanced opioid self-administration (Ramsey et al., 1993) upon drug exposure 

in adolescence or adulthood. These findings indicate that prenatal exposure to opioids such as 

heroin and morphine may cause maladaptive changes in the developing reward system and 

cause altered behavior upon subsequent drug exposure.  

 

1.7. Treatment of opioid addiction  

Opioid maintenance treatment 

Opioid maintenance treatment (OMT) with methadone or buprenorphine is currently the 

recommended pharmacological treatment for opioid-dependent individuals in Europe and 

North America (Stotts et al., 2009; EMCDDA, 2018). Opioid maintenance treatment has 

increased life quality for many opioid users, providing a more stable life style with decreasing 

risk of fatal opioid overdose (Amato et al., 2005; Minozzi et al., 2013). Nevertheless, 

methadone and buprenorphine are centrally acting opioids, which contribute to maintain 

opioid addiction. Although stable concentrations of opioids are obtained by OMT, which may 

be beneficial as compared to injecting street heroin (Bell, 2014), OMT patients are still in 

high risk of increased morbidity and mortality. Recently, methadone misuse and fatal 

overdoses related to methadone have increased in some European countries (EMCDDA, 

2018).   

Methadone or buprenorphine treatment is recommended also for pregnant heroin users 

(Minozzi et al., 2013; Laslo et al., 2017; Raymond et al., 2018). As shown for other opioids, 

OMT might impose great risk to the developing fetus, as children born to methadone or 

buprenorphine treated mothers may suffer from a number of short- and long-term effects 

(Fodor et al., 2014). Some of these effects include cognitive impairments due to 
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neurodevelopmental damage and do not manifest until adolescence or adulthood (Hutchings, 

1982; Farid et al., 2008; Hunt et al., 2008). Animal studies have also reported potential 

adverse effects in offspring prenatally exposed to methadone or buprenorphine (Fodor et al., 

2014; Byrnes and Vassoler, 2017). For instance, basic neuronal processes such as myelination 

and neurogenesis are severely disturbed in rodent offspring exposed to methadone or 

buprenorphine during pregnancy (Vestal-Laborde et al., 2014; Wu et al., 2014). In addition, in 

utero administration of methadone and buprenorphine has been reported to cause adverse 

neurocognitive and behavioral effects in rodent offspring (Hung et al., 2013; Wong et al., 

2014; Chen et al., 2015). 

Immunotherapy  

Immunotherapy using specific antibodies which sequester the active drug in blood might 

provide a future approach for drug addiction treatment. The resulting drug-antibody complex 

is too large to cross the BBB, and hence the activation of target receptors in the CNS is 

prevented (Figure 3). Thus, specific antibodies against drugs  of abuse may be used in 

conjunction with OMT or pain prescribed opioids, since they are confined to the peripheral 

tissues, without affecting CNS target receptors (for reviews see Janda and Treweek, 2012; 

Zalewska-Kaszubska, 2015; Ohia-Nwoko et al., 2016; Baehr and Pravetoni, 2019). 

Immunotherapy against drugs of abuse has focused on two strategies. One entails active 

vaccination, in which drug-hapten conjugates trigger the endogenous immune system to 

produce anti-drug-antibodies (Brimijoin et al., 2013). The other approach is passive 

immunization, in which manufactured monoclonal antibodies (mAbs) are administered 

directly as injections to provide binding of the active drug (Peterson et al., 2006; Peterson and 

Owens, 2009). In both cases, the circulating specific antibodies will prevent drug entry to the 

brain, and thereby block its neuropharmacological actions (Figure 3). It has also been 

proposed that antibodies present in the blood may change the drug concentration gradient 

across the BBB, and withdraw the active drug from the brain and back into the blood for 

subsequent binding (Kosten and Owens, 2005; Janda and Treweek, 2012; Bremer and Janda, 

2017), which could be exploited for treatment of drug overdoses. 
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Figure 3. Schematic of the mechanism for anti-drug antibodies. Antibodies targeting specific drugs in 

the blood stream create a drug-antibody complex too large to cross the blood-brain-barrier. The drug is 

thereby prevented from binding to specific receptors in the brain, and the neuropharmacological action 

is avoided. Anti-drug antibodies may also promote drug efflux from the brain and back into the blood 

for subsequent binding. Reprinted by permission from ASPET Journals: Pharmacological Reviews, 

Volume 69, Issue 3, p. 298-315: “Conjugate Vaccine Immunotherapy for Substance Use Disorder”, 

Bremer and Janda © 2017. 

 

 

Already in the 1970’s anti-drug vaccines were explored in experimental animal research, 

when vaccination against heroin in the macaque monkey was demonstrated as a proof of 

concept (Bonese et al., 1974; Killian et al., 1978). During the past decade, a number of active 

and passive vaccines have been developed against heroin-induced effects in adult rodents 

(Stowe et al., 2011; Bremer and Janda, 2012; Pravetoni et al., 2012; Raleigh et al., 2013; 

Matyas et al., 2014; Raleigh et al., 2014; Sulima et al., 2018). One impending challenge with 

immunotherapy against heroin is the short half-life and the rapid transformation into several 

active metabolites which can traverse the BBB and activate opioid receptors (Selley et al., 

2001). Thus, targeting the active metabolites of heroin, rather than heroin itself, must be 

considered when developing an effective immunotherapeutic approach to counteract heroin-

induced effects (Heekin et al., 2017). Previously, a monoclonal antibody specifically targeting 

heroin’s first metabolite 6-AM (anti-6-AM mAb) was employed in rodent studies in our 
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research laboratory. Pretreatment with the anti-6-AM mAb successfully reduced heroin-

induced locomotor activity and lowered 6-AM brain levels in heroin-injected mice (Bogen et 

al., 2014). These findings suggest that passive immunization with a monoclonal antibody 

targeting 6-AM provides efficient protection from heroin-induced effects in rodents.  

        

Immunotherapy against drugs of abuse has also been considered to counteract adverse effects 

of prenatal drug exposure. Keyler and coworkers tested both passive and active immunization 

against nicotine in pregnant rats, showing that nicotine distribution to the fetal brain was 

significantly reduced after maternal immunization (Keyler et al., 2003; Keyler et al., 2005; 

Keyler et al., 2006). Other studies have employed maternal treatment with mAbs against 

phencyclidine (Hubbard et al., 2011a) and methamphetamine (White et al., 2014), and 

successfully reduced fetal brain exposure to the active drug. These findings indicate that 

immunotherapy against drugs of abuse may have potential as treatment of pregnant opioid 

users in order to protect the fetus from adverse drug effects. Notably, such treatment would 

imply that the pregnant mother does not acquire the psychostimulating effects of the drug, and 

would therefore require highly motivated patients who wish to stay drug-free during 

pregnancy. As far as we are concerned, there are no existing reports of maternal immunization 

against opioids to protect the developing fetus, or for immunotherapeutic protection against 

long-term effects in offspring prenatally exposed to drugs of abuse.     
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1.8. Study aims 

Heroin plays a major role in the ongoing opioid epidemic, causing numerous fatal drug 

intoxications, morbidity, and social and economic burden to society. Furthermore, the number 

of children born to opioid-dependent mothers is rising. In the process of finding new 

treatment strategies for heroin addiction, we need a better understanding of heroin 

pharmacokinetics and the mechanisms underlying heroin’s pharmacodynamic properties. 

Therefore, more comprehensive knowledge about the neuropharmacological effects of heroin 

and its major metabolites is necessary.  

Accordingly, the aims of this thesis were to: 

 Examine the contribution of 6-AM to immediate psychomotor activation, behavioral 

sensitization, and reward induced by heroin administration to mice (Papers I and II). 

 

 Study the effects of prenatal exposure to heroin in neonatal and adolescent mouse 

offspring (Paper III). 

 

 Characterize the pharmacological potential of a 6-AM-specific mAb to protect against 

heroin-induced effects in adult and prenatally exposed mice (Papers I, II and III). 
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2. Methods and methodological considerations 

2.1. Ethics 

All experiments in the present thesis were approved by the Norwegian Animal Research 

Authority and the Norwegian Food Safety Authority. The procedures complied with 

Norwegian laws and regulations for the use of live experimental animals, and were in 

accordance with EU regulation and legislation. In accordance with the ARRIVE (Animal 

Research: Reporting of In Vivo Experiments) guidelines (Kilkenny et al., 2010), we strived to 

reduce the number of research animals used, and for the experiments in Paper II we achieved 

a 50 % reduction in the number of mice used by assessing locomotor sensitization during the 

conditioning sessions for the CPP procedure.   

 

2.2. Animal model  

The mouse strain C57BL/6 was used for the experiments in the present thesis to investigate 

the pharmacokinetics and behavioral effects of heroin and 6-AM administration in adult 

animals, as well as the effects of prenatal heroin exposure in offspring. Our research 

laboratory has access to laboratory equipment and methodology adapted to mouse behavioral 

studies and has many years of experience with the C57BL/6 mouse strain. Several studies of 

pharmacokinetics, behavioral, neurobiological and pharmacodynamic effects after acute, sub-

chronic and chronic opioid exposure in mice have previously been published by our research 

group (Handal et al., 2002; Andersen et al., 2009; Bogen et al., 2014; Eriksen et al., 2014). 

Furthermore, C57BL/6 was chosen for the experiments of this thesis to ease comparison with 

previous behavioral studies of opioid effects in mice (Vindenes et al., 2008; Vindenes et al., 

2009; Bailey et al., 2010; Bogen et al., 2014; Koek, 2016). 

 

2.3. Opioid doses and administration  

In all experiments conducted for this thesis, opioids were administered subcutaneously (s.c.), 

since it has been demonstrated that s.c. heroin injection induces rapid and robust 

neuropharmacological and behavioral responses in mice (Umans and Inturrisi, 1981; 

Andersen et al., 2009; Boix et al., 2013), with nearly identical pharmacokinetic profile as 

intravenous (i.v.) injection (Andersen et al., unpublished data). The chosen opioid doses were 

carefully considered based on previous studies demonstrating a dose-response increase in 
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psychomotor activation after s.c. injection of heroin and 6-AM in adult male mice (Andersen 

et al., 2009). The study by Andersen and coworkers showed that mice receiving heroin doses 

exceeding 5 µmol/kg (2.1 mg/kg) displayed a narcotic or sedative effect, characterized by 

incoherent running and staggering in the locomotor activity experiments. Thus, we chose 

doses ranging from 1.25-5 µmol/kg (corresponding to 0.5-2.1 mg/kg) in order to assess the 

psychomotor activating effects of heroin and 6-AM. For the locomotor activity experiments in 

adolescent mice prenatally exposed to heroin (Paper III), preliminary results showed that 2 

and 2.5 µmol/kg heroin induced slight narcotic effects, indicating a more sensitive response to 

heroin in adolescent animals. This is supported by previous findings, suggesting that 

adolescent C57BL/6 mice are more sensitive than adults to the psychomotor activating and 

sensitizing effect of opioids (Niikura et al., 2013; Koek, 2014; Koek, 2016). We therefore 

reduced the dose to 1.5 µmol/kg (0.7 mg/kg), which produced a robust increase in locomotor 

activity, without narcotic or sedative effects.  

The heroin and 6-AM doses (1.25-5 µmol/kg, 0.5-2.1 mg/kg) employed in the CPP and 

locomotor sensitization experiments (Paper II) were based on previous findings in C57BL/6 

mice, showing that heroin doses ranging from 1-8 mg/kg induced CPP and locomotor 

sensitization in adult males (Schlussman et al., 2008; Bailey et al., 2010). 

 

2.4. The anti-6-AM monoclonal antibody 

mAb production and binding specificity  

The anti-6-AM mAb was developed by Affitech Research AS using a biotin-polyethylene 

glycol-6-AM conjugate as described by Moghaddam et al. (2003). The mAb used in the 

experiments for this thesis was based on a previously reported single chain fragment variable 

antibody fragment (clone 6-MAM-214). For the purpose of our present experiments, an 

antibody format with a longer half-life (human immunoglobulin, IgG1, γ-light chain) was 

customized. The anti-6-AM mAb was produced in stable transfected Chinese hamster ovary 

cells. The binding affinities and properties of the anti-6-AM mAb have previously been 

described in more detail (Moghaddam et al., 2003; Bogen et al., 2014). In vitro 

characterization of the mAb has shown effective binding to 6-AM (> 90 %), some binding to 

heroin (23 %) and very low binding to morphine and the morphine glucuronides (2 %) (Bogen 

et al., 2014). Due to a modest binding specificity towards heroin, a small fraction of heroin 

molecules might bind to the anti-6-AM mAb upon heroin administration to mice. However, in 
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vivo studies have reported that heroin enters the rodent brain in equal amounts in the presence 

and absence of antibodies (Raleigh et al., 2013); Paper I). This suggests that heroin disappears 

from the blood circulation too rapidly for extensive antibody binding to occur. 

mAb administration 

For experiments conducted in this thesis, the mAb was administered either as intraperitoneal 

(i.p.) (Papers I and II) or as s.c. injections (Paper III). The efficacy of the mAb in 

counteracting heroin effects has previously been demonstrated to be equal after i.p. and i.v. 

administration in mice (Bogen et al., 2014). In Paper I we found that human IgG1 

concentrations reached Cmax already four hours following i.p. mAb administration to adult 

males, and remained stable for at least 72 hours. The s.c. route for mAb administration was 

chosen for Paper III because i.p. injection might harm the pregnant dam and the developing 

fetuses, especially considering the final mAb dose being administered on embryonic day (E) 

17. It should be noted that s.c. administration of mAb may have caused a delayed serum 

distribution, as it may enter the blood via slow lymphatic drainage (Lobo et al., 2004). 

However, we detected human IgG levels in blood from pregnant mice which suggested 

effective distribution 24 hours after s.c. mAb administration. The anti-6-AM mAb levels 

measured in pregnant females on E18 were approximately 50 % of expected levels based on 

the experiments in adult males (Paper I), and may be explained by changes in mAb 

pharmacokinetics during rodent pregnancy (Hubbard et al., 2011b). The mAb injections to 

pregnant mice were administered 24 hours prior to each heroin injection, to ensure substantial 

distribution from the s.c. compartment to the blood.  

Rodent immune response to human mAbs 

Several previous studies in rodents have not reported any negative consequences of human 

mAb treatment, however, a potential risk of inducing host immunogenic responses to 

exogenously administered antibodies should be taken into consideration (Loisel et al., 2007; 

Overdijk et al., 2012). The experiments conducted for the present thesis did not reveal any 

adverse effects after administration of anti-6-AM mAb doses up to 200 mg/kg in mice, in 

accordance with a previous study performed in our laboratory (Bogen et al., 2014). Adult 

males and pregnant females receiving mAb pretreatment were observed for up to 5 weeks 

after administration, and offspring from mAb treated mothers were observed for up to 5 

weeks after birth. All mAb treated mice displayed normal behavior, and neither maternal 

weight gain and behavior, or neonatal outcome, were affected by maternal mAb pretreatment. 



26 
 

Altogether, these observations suggest that the human IgG was tolerated well by the mouse 

immune system. 

Previous studies have reported that human IgGs bind to several Fc receptor subtypes located 

on immune effector cells in rodents (Loisel et al., 2007), and distribute to different tissues in 

mice (Chen et al., 2014; Latvala et al., 2017). The human IgG1 concentrations measured in 

mouse blood after mAb administration to adult males were close to the theoretical 

concentrations, and we found no IgG1 in brain tissue (Paper I). As shown in Paper III, human 

IgG1 was detected also in mouse fetal blood after maternal mAb administration. Endogenous 

IgG1 has been shown to cross the placental barrier by mediation of Fc receptors in both 

humans and rodents (Kim et al., 2009; Mohanty et al., 2010), and this mechanism is probably 

also involved in murine cross-placental transport of human IgGs.  

 

2.5. Study design for prenatal heroin exposure 

Dosing and timing of prenatal heroin exposure 

In Paper III, we examined the effects of prenatal exposure to intermittent, low-dose heroin 

given to pregnant mice during the second half of gestation. Heroin was administered as single 

injections of 2.5 µmol/kg (corresponding to 1.05 mg/kg), on E12, E15 and E18. Compared to 

previous studies of prenatal heroin exposure in rodents, employing doses of 5-10 mg/kg/day 

throughout gestation (Lasky et al., 1977; Steingart et al., 2000; Yanai et al., 2000; Zhu and 

Stadlin, 2000; Wang and Han, 2009; Lu et al., 2012), we may consider our dosing as a modest 

prenatal exposure to heroin.  

The timing of exposure in our study was chosen based on previous studies of opioid receptor 

ontogeny reporting that the endogenous opioid system starts developing around E12 in 

rodents (Rius et al., 1991). The endogenous opioid system has been implicated as important 

for normal neuronal development (Hammer, 1985a; Hammer et al., 1989; Rius et al., 1991), 

and the developing mouse brain might therefore be particularly vulnerable to exogenous 

opioid exposure during this period. In order to mimic an occasional use of heroin during 

pregnancy, we chose to administer heroin as intermittent injections. In addition, this dosing 

regimen allowed controllable levels of opioids versus mAb administered to the pregnant mice. 

  



27 
 

Fostering of litters 

A number of studies of prenatal drug exposure have employed cross-fostering of litters in 

order to avoid potential effects of maternal behavior caused by postpartum drug withdrawal 

(Ramsey et al., 1993; Hol et al., 1996; Gagin et al., 1997; Zhu and Stadlin, 2000; 

Ahmadalipour et al., 2015). In Paper III, the offspring of drug-exposed dams were raised with 

their biological mothers and siblings until weaning at postnatal day (P)21. We cannot rule out 

the possibility of any indirect effects caused by changes in maternal care due to heroin 

exposure during pregnancy. However, based on the dosing regimen used in our study, we did 

not expect severe withdrawal or other effects in the dams postpartum. The maternal weight 

gain during pregnancy and the weight of neonatal pups were not different between the 

treatment groups, indicating normal food and water consumption by the dams. In addition, we 

did not observe any abnormal maternal behavior, and litter size was equal across treatment 

groups. This suggests that the effects seen in the adolescent offspring prenatally exposed to 

heroin were a direct result of fetal heroin exposure per se, rather than a result of altered 

maternal behavior.  

Sampling of fetal and neonatal mouse blood 

For the experiments in Paper III, trunk blood was collected after decapitation of the mouse 

fetuses (E18), because heart puncture was difficult to perform due to the small body size of 

the pups. Furthermore, the trunk blood was pooled from three fetuses per litter in order to 

obtain sufficient blood volumes for opioid and antibody quantification. Pooled trunk blood 

was also used to assess blood corticosterone from neonatal (P1) pups. The use of trunk blood 

might compromise the purity of the blood samples and thus the accuracy of the opioid, human 

IgG1 and mouse corticosterone quantifications. However, the blood sampling procedure and 

sample preparation were standardized and performed in the exact same manner across 

treatment groups. Comparison of data between groups can therefore be considered reliable. 
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2.6. Behavioral procedures  

The CPP apparatus and procedure 

The CPP apparatus used in Paper II consisted of two distinct chambers separated by a wall. 

During the CPP test, an opening was inserted, allowing the animals free access to both 

chambers (Figure 4B). We used a counterbalanced CPP paradigm, or an “unbiased” subject 

assignment procedure, as defined by Cunningham et al. (2006), in which 50 % of the mice 

were drug conditioned to the white compartment and 50 % were drug conditioned to the black 

compartment. The CPP apparatus was considered unbiased because no initial preference to 

either of the two compartments was measured in drug-naïve mice, either in our study (Paper 

II), or in previously performed experiments in our laboratory using the same CPP set up 

(Vindenes et al., 2008). The CPP score was measured as the time spent in the conditioned side 

(drug-paired) versus time spent in the unconditioned side (saline-paired), as shown previously 

(Mucha and Iversen, 1984; Bechara et al., 1987; Vezina and Stewart, 1987; Crowder and 

Hutto, 1992; Cunningham et al., 1992). Place conditioning can also be conducted using a pre-

test to check the animals’ initial place preference, and thereafter compare the result from the 

pre-exposure with the place preference expressed during the CPP test (for reviews, see Bardo 

et al., 1995; Tzschentke, 1998; Cunningham et al., 2006; Tzschentke, 2007). However, a 

meta-analysis concluded that a procedure without pre-testing induced a more robust CPP in 

rodents compared to a procedure including a pre-exposure test (Bardo et al., 1995). For the 

experiments in Paper II, we therefore chose to use a CPP protocol without a pre-exposure test. 

Assessment of locomotor activity  

For all locomotor activity experiments conducted in Papers I and III, an initial habituation 

phase of 60 minutes was employed in order to let the animals acclimatize to the activity 

chamber. The habituation phase also allowed examination of the animal’s behavior in a novel 

environment, and to obtain baseline activity in a drug-free state. In Paper II, the locomotor 

activity measurements were conducted during the conditioning sessions for the CPP 

procedure, and therefore, no habituation phase was included in these experiments. As shown 

in Paper II, the locomotor activity of saline-injected mice (drug-naïve) clearly displayed a 

response to novelty as their locomotor activity was higher in the first session compared with 

the two subsequent sessions, in which the animals became adapted to the environment.  
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The activity chambers employed in the locomotor activity experiments in Papers I and III 

consisted of a square box, divided into four 20 x 20 cm equal quadrants with transparent walls 

and ceiling (Figure 4A). For recording of locomotor activity in the locomotor sensitization 

studies (conditioning sessions) in Paper II, the boxes were divided into two distinct chambers 

measuring 40 x 20 cm, being twice the size as the locomotor activity chambers employed in 

Papers I and III. These chambers had horizontal black and white stripes and perforated metal 

flooring, or vertical black and white stripes with textured plastic flooring, respectively (Figure 

4B). Therefore, the locomotor activity recorded during conditioning in Paper II is not directly 

comparable with the data obtained for the experiments in Papers I and III.  

Locomotor sensitization 

During the CPP procedure, locomotor activity can be assessed to measure drug-induced 

behavioral sensitization (Orsini et al., 2005; Seymour and Wagner, 2008; Vindenes et al., 

2008; Vindenes et al., 2009; Bailey et al., 2010; Niikura et al., 2013). In Paper II, we therefore 

measured the locomotor activity of mice after each repeated administration of heroin or 6-

AM. Importantly, all animals also received alternating saline injections in a different 

compartment six hours after each opioid injection. The activity data from the saline 

conditionings revealed that the repeated saline injections and the time spent in the CPP 

chamber (environmental context) did not induce behavioral sensitization. We therefore 

concluded that the locomotor sensitization observed in the heroin and 6-AM exposed animals 

were induced by the repeated opioid exposure per se.       

In Paper III, we examined whether exposure to heroin during fetal development could affect 

the behavioral response to heroin in adolescence. This was assessed by measuring heroin-

induced locomotor activity in four-week-old mice prenatally exposed to saline or heroin. The 

locomotor activity chambers used in Paper III were identical to those employed in Paper I 

(Figure 4A). The locomotor activity of the adolescent mice was measured only once, 

including a 60 minutes habituation phase before heroin injection (1.5 µmol/kg). Since the 

animals had no prior association between heroin and the locomotor activity chamber, this 

implies that they developed a context-independent locomotor sensitization to heroin caused by 

prenatal exposure to heroin. 

  



30 
 

 

Figure 4. The activity chambers used for the locomotor activity experiments in Papers I and III (A), 

and for conditioning/locomotor sensitization and the conditioned place preference (CPP) test in Paper 

II (B). The size of each chamber is indicated by red arrows and numbers. The opening between the 

two chambers of the CPP apparatus is indicated by the yellow arrow (closed during conditioning, open 

during CPP testing).  

 

Ultrasonic vocalization 

Rodent neonates born to opioid-exposed mothers may show withdrawal symptoms, which can 

be measured as increased USV (Barr et al., 2011). A USV procedure with injection of an 

opioid antagonist such as naloxone or naltrexone to increase withdrawal in the animal is most 

commonly used (Barr and Wang, 1992; Jones and Barr, 1995; Ceger and Kuhn, 2000; Barr et 

al., 2011). In Paper III, we measured USV in neonatal pups without antagonist injection. The 

USV experiments were conducted 72 hours after the final maternal heroin injection, at a time 

when the heroin metabolites were presumably eliminated from the pup’s body tissues. Thus, 

antagonist treatment would probably not influence the result from the USV measurements. 

The USV experiments followed a standard procedure with isolation of each pup from its 

mother and littermates for 15 minutes before testing (Hofer et al., 2002). It was previously 

demonstrated that altered temperature may induce changes in pup vocalization (Branchi et al., 

2001). The pups were therefore placed in a temperature-regulated cage both during isolation 

and during USV recording. 
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2.7. Quantification of human anti-6-AM mAb and mouse corticosterone by 

ELISA  

Commercial enzyme-linked immunosorbent assay (ELISA) kits were used for quantification 

of human IgG1 and mouse corticosterone in blood samples from mice. In a pilot study we 

compared human IgG1 measurements in plasma and whole blood from adult mice, and found 

that diluted whole blood and plasma provided similar human IgG1 concentrations. Thus, we 

used diluted whole blood samples, and not serum or plasma, from mAb treated mice, which 

was advantageous for these experiments due to the small sample volumes of fetal and 

neonatal mouse blood. The human IgG1 concentrations measured in whole blood 

corresponded with the theoretical blood concentrations. Furthermore, the corticosterone 

concentrations detected in whole blood were in accordance with those previously found in 

plasma from neonatal C57BL/6 mice (Rangon et al., 2007). 

 

2.8. Opioid quantification by LC-MS/MS  

The liquid chromatography-tandem mass spectrometry (LC-MS/MS) method employed in this 

thesis was validated and published by Karinen and coworkers (2009), and has been used for 

several studies of heroin pharmacokinetics in blood and brain tissue from mice and rats 

(Andersen et al., 2009; Gottas et al., 2013; Bogen et al., 2014). All opioid concentration data 

in the present experiments are presented as total concentrations (free and mAb bound 

combined) in blood and brain tissue.  

 

2.9. µ-opioid receptor binding 

In Paper III, we examined µ-opioid receptor binding ex vivo in whole brain homogenate from 

neonatal mice, because previous studies have reported altered global µ-opioid receptor 

expression in neonates after prenatal opioid exposure (Tempel et al., 1988; Bhat et al., 2006). 

A brain region-specific investigation might have revealed differences between the treatment 

groups, however, dissection of the neonatal mouse brain was not performed in our study. It is 

possible that the prenatal exposure regimen employed in our experiments did not induce 

changes in µ-opioid receptor density that was observable at the particular time of 

investigation.  
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3. Abstracts of papers 
 

Paper I: 

The pharmacological effects of a monoclonal antibody against 6-monoacetylmorphine 

upon heroin induced locomotor activity and pharmacokinetics in mice 

Immunotherapy can provide a supplemental treatment strategy against heroin use, and is 

based on the principle of sequestering the active drug in the bloodstream, thereby reducing its 

distribution to the brain. Previous studies have shown that heroin’s first metabolite, 6-

monoacetylmorphine (6-MAM), is the main mediator of acute heroin effects. The objective of 

the present study was to characterize the pharmacological potential of a monoclonal antibody 

against 6-MAM (anti-6-MAM mAb) in counteracting the heroin response. The individual 

contributions from heroin and 6-MAM to heroin effects were also examined by pretreating 

mice with anti-6-MAM mAb (10 to 100 mg/kg) prior to either heroin or 6-MAM injection 

(1.25 to 2.5 µmol/kg). The opioid induced behavioral response was assessed in a locomotor 

activity test, followed by opioid and antibody quantification in blood and brain tissue. 

Pretreatment with mAb caused a profound reduction of heroin and 6-MAM induced behavior, 

accompanied by correspondingly decreased levels of 6-MAM in brain tissue. mAb 

pretreatment was more efficient against 6-MAM injection compared to heroin, leading to an 

almost complete blockade of 6-MAM induced effects. mAb pretreatment was unable to block 

the immediate (5 min) transport of active metabolites across the blood-brain-barrier (BBB) 

after heroin injection, indicating that heroin itself appears to enhance the immediate delivery 

of 6-MAM to the brain. The current study provides additional evidence that 6-MAM 

sequestration is crucial for counteracting the acute heroin response, and demonstrates a 

promising pharmacological potential for immunotherapy against heroin use. 
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Paper II: 

The role of 6-acetylmorphine in heroin-induced reward and locomotor sensitization in 

mice 

We have previously demonstrated that heroin’s first metabolite, 6-acetylmorphine (6-AM), is 

an important mediator of heroin’s acute effects. However, the significance of 6-AM to the 

rewarding properties of heroin still remains unknown. The present study therefore aimed to 

examine the contribution of 6-AM to heroin-induced reward and locomotor sensitization. 

Mice were tested for conditioned place preference (CPP) induced by equimolar doses of 

heroin or 6-AM (1.25-5 µmol/kg). Psychomotor activity was recorded during the CPP 

conditioning sessions for assessment of drug-induced locomotor sensitization. The 

contribution of 6-AM to heroin reward and locomotor sensitization was further examined by 

pretreating mice with a 6-AM specific antibody (anti-6-AM mAb) 24 hours prior to the CPP 

procedure. Both heroin and 6-AM induced CPP in mice, but heroin generated twice as high 

CPP scores compared with 6-AM. Locomotor sensitization was expressed after repeated 

exposure to 2.5 and 5 µmol/kg heroin or 6-AM, but not after 1.25 µmol/kg, and we found no 

correlation between the expression of CPP and the magnitude of locomotor sensitization for 

either opioid. Pretreatment with anti-6-AM mAb suppressed both heroin-induced and 6-AM-

induced CPP and locomotor sensitization. These findings provide evidence that 6-AM is 

essential for the rewarding and sensitizing properties of heroin; however, heroin caused 

stronger reward compared with 6-AM. This may be explained by the higher lipophilicity of 

heroin, providing more efficient drug transfer to the brain, ensuring rapid increase in the brain 

6-AM concentration. 
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Paper III: 

A monoclonal antibody against 6-acetylmorphine protects female mice offspring from 

adverse behavioral effects induced by prenatal heroin exposure 

Escalating opioid use among fertile women has increased the number of children being 

exposed to opioids during fetal life. Furthermore, accumulating evidence links prenatal opioid 

exposure, including opioid maintenance treatment, to long-term negative effects on cognition 

and behavior, and presses the need to explore novel treatment strategies for pregnant opioid 

users. The present study examined the potential of a monoclonal antibody (mAb) targeting 

heroin’s first metabolite, 6-acetylmorphine (6-AM), in providing fetal protection against 

harmful effects of prenatal heroin exposure in mice. First, we examined the anti-6-AM mAb’s 

ability to block materno-fetal transfer of active metabolites after maternal heroin 

administration. Next, we studied whether maternal mAb pretreatment could prevent adverse 

effects in neonatal and adolescent offspring exposed to intrauterine heroin (3 x 1.05 mg/kg). 

Anti-6-AM mAb pretreatment of pregnant dams profoundly reduced the distribution of active 

heroin metabolites to the fetal brain. Furthermore, maternal mAb administration prevented 

hyperactivity and drug sensitization in adolescent female offspring prenatally exposed to 

heroin. Our findings demonstrate that passive immunization with a 6-AM specific antibody 

during pregnancy provides fetal neuroprotection against heroin metabolites, and thereby 

prevents persistent adverse behavioral effects in the offspring. An immunotherapeutic 

approach to protect the fetus against long-term effects of prenatal drug exposure has not been 

reported previously, and should be further explored as prophylactic treatment of pregnant 

heroin users susceptible to relapse.  
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4. Discussion of major findings 

Heroin is among the most harmful and misused illicit drugs worldwide (UNODC, 2018), yet 

its mechanism of action is still not completely described. The present thesis aimed to examine 

the contribution of heroin’s first metabolite, 6-AM, to heroin-induced effects in adult mice, 

and to study the consequences of prenatal heroin exposure in mouse offspring.  A possible 

pharmacological intervention using a monoclonal antibody targeting 6-AM was also 

investigated. 

 

4.1. The contribution of 6-AM to heroin-induced effects  

The role of 6-AM in heroin-induced effects was assessed by using equimolar doses of 6-AM 

and heroin, and comparing their effects by three different experimental approaches in mice: a) 

behavioral studies of the immediate, sensitizing and rewarding drug effects; b) studies of the 

distribution of heroin metabolites in blood and brain after injection; and c) the use of anti-6-

AM mAb as a tool to discriminate between heroin- and 6-AM-induced effects. 

The immediate, sensitizing and rewarding drug effects of heroin and 6-AM  

In order to evaluate 6-AM’s role in heroin-induced effects, we used different behavioral 

measures in mice to compare the ability of 6-AM and heroin to induce immediate drug 

effects, reward and behavioral sensitization. Our findings showed that  locomotor activity 

induced by heroin increased more rapidly and reached a higher Emax compared to the activity 

induced by 6-AM, corresponding with results from a previous study (Andersen et al., 2009). 

This finding suggests that heroin holds a higher potency in producing an acute drug effect in 

mice as compared with an equimolar dose of 6-AM.  

Studies of the rewarding and motivational effects of heroin and 6-AM, measured as CPP, 

showed that both heroin and 6-AM have rewarding effects in mice (Paper II). However, 

heroin induced twice as strong CPP as equimolar doses of 6-AM, implying that mice 

experienced heroin injection as more rewarding than 6-AM injection. Furthermore, increasing 

doses of heroin produced an escalating CPP response in the mice, whereas increasing 6-AM 

doses did not. Heroin-induced CPP in mice has been examined in several studies (Schlussman 

et al., 2008; Solecki et al., 2009; Bailey et al., 2010), while 6-AM-induced CPP has not been 

reported previously.  
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Locomotor sensitization induced by heroin and 6-AM was assessed during the conditioning 

sessions in the CPP experiments (Paper II). Both heroin and 6-AM produced locomotor 

sensitization of equal magnitude, although the mice injected with heroin had a longer total run 

distance in each session compared with mice injected with an equimolar dose of 6-AM. We 

found no correlation between CPP score and locomotor sensitization induced by heroin or 6-

AM, suggesting that the underlying neurobiological mechanisms for reward and locomotor 

sensitization are different. This finding is supported by several previous studies concluding 

that opioid-induced locomotor sensitization and drug reward are indeed two separate 

phenomena (Orsini et al., 2005; Shabat-Simon et al., 2008; Vindenes et al., 2009; Urs et al., 

2011). 

Distribution of metabolites after injection of heroin or 6-AM  

We examined the pharmacokinetic profiles of metabolites in blood and brain upon injection of 

equimolar doses of heroin or 6-AM (Paper I). We found that heroin-injected mice had 

significantly higher brain levels of 6-AM and morphine compared with mice injected with 6-

AM. The higher 6-AM Cmax after heroin injection also appeared faster than after 6-AM 

injection, and the most prominent difference in 6-AM brain concentration was observed 

shortly (5-10 min) after injection. In blood, the concentrations of 6-AM and morphine were 

similar after administration of equimolar doses of heroin and 6-AM. This is in accordance 

with previous studies using s.c. and i.v. injections of equimolar doses of heroin and 6-AM in 

rodents (Andersen et al., 2009; Gottas et al., 2013).  

Within 5 minutes after heroin injection, an almost complete conversion to 6-AM had 

occurred, as could be read from the very low heroin concentrations in blood and brain (Paper 

I). A recent study showed that heroin levels in the brain were below the limits of detection 

already 2 minutes after injection in rats (Teklezgi et al., 2017). Previous reports have also 

found that 6-AM brain concentration increases rapidly after heroin injection, suggesting that 

heroin is metabolized very quickly to 6-AM (Way et al., 1960; Andersen et al., 2009; Gottas 

et al., 2013; Teklezgi et al., 2017). Somewhat unclear, however, is where this fast 

transformation into 6-AM occurs. An in vitro study demonstrated that the heroin deacetylation 

in brain tissue is slower compared to the metabolism in blood (Boix et al., 2013). Due to the 

low heroin concentration and the rapid increase of 6-AM in the brain, we propose that heroin 

biotransformation may also occur in certain cells of the endothelial wall of the BBB, which 

contain esterase enzymes (Mori et al., 1999; Darreh-Shori et al., 2013). Together with esterase 



37 
 

activity of neurons and glial cells (Tower and Young, 1973; Tago et al., 1992; Reid et al., 

2013), this may add to the metabolism of heroin in blood and contribute to the rapid increase 

in brain 6-AM levels after heroin injection.   

Using anti-6-AM mAb as a tool to examine the contribution of 6-AM to heroin-induced 

effects 

Previous research in our laboratory showed that pretreatment with anti-6-AM mAb 

profoundly decreased brain 6-AM concentration after heroin administration, thus inhibiting 

heroin-induced psychomotor activation upon injection to adult male mice (Bogen et al., 

2014). The anti-6-AM mAb has high specificity for 6-AM, which is sequestered in blood and 

prevented from entering the brain (Bogen et al., 2014). In Papers I and II, the anti-6-AM mAb 

was used as a pharmacological tool to evaluate the contribution of 6-AM to heroin-induced 

effects in both behavioral experiments and pharmacokinetic measurements. The experiments 

with the anti-6-AM mAb provide additional evidence that 6-AM is crucial for the 

pharmacological effects of heroin, since the mAb dose-dependently reduced 6-AM brain 

concentration in heroin-injected mice. Furthermore, mAb pretreatment prevented heroin-

induced locomotor activity, behavioral sensitization and heroin-induced CPP, demonstrating 

that 6-AM is very important for the immediate, sensitizing and rewarding properties of heroin.  

In order to test the efficacy of mAb pretreatment, different ratios of mAb and heroin/6-AM 

dose were tested (Paper I). By increasing the amount of IgG binding seats available for opioid 

molecules to bind, the mAb’s ability to block 6-AM transfer to the mouse brain was 

substantially enhanced. Using a mAb:heroin ratio of 1:19 decreased brain 6-AM 

concentration measured 25 min after heroin injection by 56 %, while a ratio of 1:2 decreased 

6-AM in the brain by 77 % (Paper I). A dose-response effect of mAb pretreatment was also 

observed in Paper II, in which increasing mAb doses provided more efficient inhibition of 

heroin- and 6-AM-induced CPP and locomotor sensitization. 

In order to reduce the immediate and rewarding effects induced by heroin, higher doses of 

mAb were required as compared to those required to block 6-AM-induced effects. This might 

be expected since heroin administration caused higher 6-AM brain concentrations compared 

to 6-AM injection of an equimolar dose, and thereby caused a more pronounced psychomotor 

activation and CPP. In a recently published study using a heroin and 6-AM self-

administration paradigm in rats, relapse to a low dose of 6-AM was blocked by pretreatment 

with 10 mg/kg anti-6-AM mAb, but the pretreatment was ineffective against heroin relapse 
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(Avvisati et al., 2018). These results indicate that the mAb dose was probably too low to 

block heroin reinstatement.   

As shown in both the locomotor activity experiments and the pharmacokinetic studies in 

Paper I, even high mAb doses could not prevent the most immediate (5 minutes) effect of 

heroin, because the very rapid transport of active metabolites across the BBB after heroin 

injection was not prevented. In previous work by Raleigh and coworkers, the researchers 

developed a heroin vaccine which generated antibodies against 6-AM and morphine, but also 

against heroin itself. Their findings showed that even high-affinity antibodies targeting heroin 

were not able to ensure heroin retention in blood of vaccinated rats (Raleigh et al., 2014).  

The anti-6-AM mAb used in our studies does not bind morphine, which is also a potent µ-

opioid receptor agonist and considered as an important contributor to heroin-induced effects 

(Inturrisi et al., 1983; Selley et al., 2001). However, the heroin and 6-AM doses employed in 

our studies provided brain morphine concentrations too low to promote individual morphine-

induced behavior in mice (Vindenes et al., 2008; Andersen et al., 2009). Furthermore, our 

behavioral measurements were mainly conducted the first 20 minutes after heroin 

administration, at a time when 6-AM, and not morphine, is the predominant heroin metabolite 

found in brain tissue. Previous studies have also emphasized that 6-AM, and not morphine, is 

the most important metabolite for striatal dopamine release, psychomotor activation and 

heroin reinforcement (Andersen et al., 2009; Gottas et al., 2014; Raleigh et al., 2014). 

Nevertheless, brain concentrations of morphine were also reduced by mAb pretreatment, 

suggesting that the mAb indirectly protected the brain from morphine exposure. This may be 

explained by mAb binding to 6-AM in blood, which has been shown to inhibit deacetylation 

into morphine in vitro (Bogen et al., 2014). 

If 6-AM is the major mediator of heroin-induced effects, why is heroin more potent? 

The behavioral experiments of the present thesis demonstrate that heroin is more potent than 

6-AM, inducing more pronounced and rapid effects compared with equimolar doses of 6-AM. 

These findings are supported by the pharmacokinetic data showing a higher 6-AM brain 

concentration after heroin injection. Since heroin is known to be more lipophilic than 6-AM, 

(Oldendorf et al., 1972), the most probable explanation of heroin’s superior potency as 

compared with 6-AM is that heroin provides more efficient transport of active metabolites 

across the BBB, with very rapid increase in the brain 6-AM concentration.  
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Our results are supported by other studies showing that heroin’s presence in the brain is very 

short-lived (Andersen et al., 2009; Gottas et al., 2012; Gottas et al., 2013), and that heroin 

itself probably has little pharmacological action in the brain (Inturrisi et al., 1983; Selley et 

al., 2001). However, it can be speculated whether small amounts of heroin in the brain during 

the first few minutes after injection may be sufficient to produce heroin-induced 

neuropharmacological effects, thus adding to those induced by 6-AM. It is known from 

previous studies that minor structural differences of opioid drugs, such as removal or addition 

of a single acetyl group, may have profound effects on the signaling pathways initiated upon 

µ-opioid receptor binding (Frolich et al., 2011; Pasternak and Pan, 2013). Whether the second 

acetyl group of heroin may provide other binding or activating abilities at the µ-opioid 

receptor, or if it may activate other receptors in the brain, remains unknown. However, 

compared to 6-AM, the current findings show that very low levels of heroin are present in the 

brain after injection, and would imply an extremely high potency of heroin to induce 

individual effects through an hitherto undescribed mechanism. 

The findings of this thesis confirm the assumption that heroin is a prodrug acting through its 

metabolites, with 6-AM as the main contributor to the immediate, the rewarding and the 

sensitizing effects of heroin. This suggests that 6-AM plays an important role in the 

development of heroin addiction. Furthermore, our studies comparing heroin and 6-AM show 

that heroin provides higher brain levels of 6-AM, (and subsequently morphine), compared 

with injected 6-AM, and is therefore more potent in inducing the observed behavioral effects. 

This indicates that heroin itself very rapidly distributes to the brain to enhance the immediate 

delivery of 6-AM, either by conversion into 6-AM in brain tissue, at the BBB, or both. 

 

4.2. The effects of prenatal heroin exposure in mice 

Prenatally administered opioids, including heroin, may have severe negative consequences for 

both human and animal offspring (for reviews see Farid et al., 2008; Fodor et al., 2014; 

Byrnes and Vassoler, 2017). In paper III, we examined the outcome in neonatal and 

adolescent mice prenatally exposed to three intermittent injections of a low heroin dose (1 

mg/kg). We also assessed materno-fetal heroin metabolite distribution after heroin injection to 

pregnant dams.  
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Maternal drug response and materno-fetal distribution of active metabolites after 

heroin administration 

In order to evaluate the immediate drug effect of heroin in pregnant animals, locomotor 

activity was measured after a single heroin injection on E12. The time response curve and 

Emax corresponded with our findings in adult males (Papers I and II), as well as other studies 

in C57BL/6J mice (Andersen et al., 2009; Bogen et al., 2014). We attempted to perform 

locomotor activity experiments in pregnant females after heroin injection on E15 and E18, but 

at this time the majority of pregnant mice did not engage in locomotor activity, as they were 

probably too affected by their pregnancy. Notably, a Straub tail reaction was evoked in these 

females upon heroin injection on E15 and E18, which can be used as an observable measure 

of the excitatory drug effect of heroin (Umans and Inturrisi, 1981).   

After heroin injection to pregnant mice, both 6-AM and morphine were detected in fetal blood 

and brain, showing that active heroin metabolites readily cross the placental barrier and 

distribute to fetal tissues. Our findings are in accordance with other studies showing that 

lipophilic drugs may rapidly enter the fetus upon maternal administration (Szeto et al., 1982; 

Gabrielsson and Paalzow, 1983; Reynolds and Knott, 1989; Rurak et al., 1991; DeVane et al., 

1999). Our study is the first to report fetal distribution of heroin metabolites after injection to 

pregnant rodents, while one previous study has examined materno-fetal transfer of heroin in 

plasma after injection of radiolabeled heroin to pregnant rhesus monkeys (Hartvig et al., 

1989). 

The 6-AM concentration in fetal brain tissue was 60-70 % lower than in maternal brain 10 

and 25 minutes after heroin injection. Fetal brain morphine levels were also lower 10 minutes 

after heroin injection, but then increased beyond the morphine concentration in maternal brain 

at 25 minutes. This coincides with previous reports showing that morphine accumulates in the 

fetal rat brain after maternal morphine administration (Gabrielsson and Paalzow, 1983; 

DeVane et al., 1999). The low expression of UGT enzymes and the efflux pump P-

glycoprotein at the BBB in the developing mouse may serve as possible explanations for the 

accumulating morphine in fetal brain after maternal heroin administration (Fyffe and Dutton, 

1975; Tsai et al., 2002). Since morphine is a potent inducer of neuropharmacological effects, 

its accumulation in the fetus might influence the outcome of prenatal heroin exposure and 

must be taken into consideration. 
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It should be noted that the drug metabolism in pregnant females may be influenced by altered 

hormone and plasma protein levels (Krauer et al., 1980; Rurak et al., 1991; Morgan, 1997). A 

previous study reported a 27 % increase in plasma volume in pregnant C57BL/6J mice on E18 

(Kulandavelu et al., 2006). However, we detected similar brain concentrations of 6-AM and 

morphine in pregnant females as those found in adult males (Paper I), suggesting that the 

metabolism and distribution of heroin metabolites were not markedly affected in the pregnant 

mice.  

Prenatal exposure to heroin caused long-term behavioral changes in adolescent females, 

without affecting newborn offspring  

Adolescent females exposed to intrauterine heroin displayed locomotor sensitization, as their 

activity after heroin injection was doubled compared to female offspring prenatally exposed 

to saline (Paper III). This finding implies that neural adaptations in the reward circuitry may 

have occurred already at the fetal stage, causing an increased vulnerability to subsequent drug 

exposure. Drug-induced behavioral sensitization, increased CPP and escalated self-

administration after prenatal exposure to different opioids have been reported in previous 

rodent studies (Castellano and Ammassari-Teule, 1984; Ramsey et al., 1993; Gagin et al., 

1997; Wu et al., 2009; Timar et al., 2010; Chiang et al., 2014; Wong et al., 2014; Chiang et 

al., 2015; Wang et al., 2017). Although the exact underlying molecular mechanisms for the 

above mentioned findings remain unclear, these studies indicate that exposure to opioids 

during fetal development can cause long-lasting neuroplastic changes in the reward circuitry, 

which might modify the animal’s response to drugs of abuse later in life.  

Disturbance of fetal neurotransmitter systems has been proposed as a possible mechanism for 

increased drug reward in the offspring, with particular emphasis on the mesolimbic 

dopaminergic pathway (Chiang et al., 2014). In a pilot study for Paper III, we measured 

dopamine and serotonin turnover in the dorsal striatum and NAc after heroin injection (1.5 

µmol/kg) to adolescent mice, in an attempt to reveal potential changes in neurotransmitter 

systems caused by prenatal exposure to heroin versus saline (data not shown). However, no 

differences were detected between the treatment groups, possibly due to the low heroin dose, 

and perhaps inadequate group size. 

In addition to behavioral sensitization to heroin, adolescent females prenatally exposed to 

heroin displayed hyperactivity in a novel environment. This corresponds with previous 

findings of hyperactivity in adolescent rats prenatally exposed to heroin (Lasky et al., 1977; 
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Zhu and Stadlin, 2000), and adult rats prenatally exposed to oxycodone (Sithisarn et al., 

2017). It has been proposed that a link may exist between hyperactivity upon novelty and the 

propensity of developing drug sensitization and drug self-administration (Piazza et al., 1989; 

Piazza and Le Moal, 1996; Suto et al., 2001). Zhu and Stadlin (2000) suggested that the 

inability to habituate to a novel environment may represent impaired learning, and pointed to 

similar observations in humans. An increased risk of developing hyperactivity and ADHD, 

impulsivity, and poorer learning and working memory has been found among children 

exposed to intrauterine opioids, compared with non-exposed children (Slinning, 2004; 

Sundelin Wahlsten and Sarman, 2013; Levine and Woodward, 2018).  

The long-term effects of prenatal heroin exposure were only observed in female offspring, 

indicating a higher vulnerability to prenatal heroin exposure in females than in males. A 

previous study in rats also found hyperactivity exclusively in female offspring prenatally 

exposed to heroin (Zhu and Stadlin, 2000), whereas other studies have shown morphine-

induced increases in basal activity in males only (Shavit et al., 1998; Timar et al., 2010). It 

was previously demonstrated that neurotransmitter systems display sexual dimorphism 

already in early CNS development (Hammer, 1985b; Hammer, 1985a; Hammer, 1988; Auger 

et al., 2001; Armoskus et al., 2014) and that prenatal opioid exposure may affect female and 

male fetal neurotransmitter turnover differentially (Vathy et al., 1994; Vathy et al., 1995; 

Robinson et al., 1997). However, the exact underlying mechanisms for sex-specific effects of 

prenatal opioid exposure, including the observations made in our study, remain unclear. 

Previous reports have implied that the effects in offspring after maternal drug intake is 

dependent on whether the drug is administered as intermittent injections, or as continuous 

infusion or multiple daily injections to maintain stable blood concentrations. Continuous 

opioid infusion during gestation has been shown to induce opioid analgesic tolerance in the 

offspring, as well as decreased drug-induced psychomotor activation and reward in 

adolescence or adulthood (O'Callaghan and Holtzman, 1976; Chiang et al., 2010; Timar et al., 

2010). We found that intermittent exposure to heroin during gestation caused locomotor 

sensitization in adolescent female offspring. This is in accordance with other studies in adult 

animals, showing that drug-induced behavioral sensitization most likely occurs after repeated, 

intermittent opioid administrations (Steketee and Kalivas, 2011). Notably, there are also 

examples of increased opioid reward and behavioral sensitization in offspring after prolonged 

and more severe exposure to morphine during gestation (up to 12 mg/kg/day) (Gagin et al., 

1997; Wu et al., 2009) as compared with our modest heroin exposure. We were surprised to 
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see that even a low heroin dose (1 mg/kg) given three times during gestation caused adverse 

long-term behavioral effects in adolescent female mice. Previous studies have exposed 

rodents to high heroin doses (10 mg/kg/day) in utero, leading to neuronal damage in 

hippocampal and somatosensory regions of the brain, which caused memory and learning 

deficits (Steingart et al., 2000; Yanai et al., 2003; Yaniv et al., 2004; Huleihel and Yanai, 

2006; Katz et al., 2008; Kazma et al., 2010; Lu et al., 2012).  

Prenatal exposure to opioids has a number of neurochemical effects in the fetal brain, and 

some may be linked to dysregulation of the endogenous opioid system (Tsang and Ng, 1980; 

Tempel et al., 1995; Eschenroeder et al., 2012; Vestal-Laborde et al., 2014; Dholakiya et al., 

2016), which is important for normal neuronal development (McDowell and Kitchen, 1987; 

Hammer et al., 1989; Seatriz and Hammer, 1993; Marsh et al., 1997; Sargeant et al., 2008). 

We administered heroin to pregnant mice on E12, E15 and E18, since the endogenous opioid 

receptors and peptides appear around E12 in the fetal rodent (Rius et al., 1991; Marsh et al., 

1997), and the developing brain may be particularly vulnerable to exogenous opioid exposure 

at this time (McDowell and Kitchen, 1987). We found no differences in µ-opioid receptor 

binding in whole brain from neonatal offspring prenatally exposed to heroin as compared to 

saline-exposed offspring. This is in contrast to other findings of both regional and global 

changes in µ-opioid receptor levels in brains from offspring prenatally exposed to opioids 

(Tsang and Ng, 1980; Tempel et al., 1988; Hammer et al., 1991; Rimanoczy and Vathy, 1995; 

Slamberova et al., 2005; Bhat et al., 2006). The use of different opioids, doses, administration 

routes and timing of exposure during pregnancy may produce conflicting results regarding µ-

opioid receptor expression and function in the developing brain (Byrnes and Vassoler, 2017). 

A non-significant tendency of increased USV and blood corticosterone levels was found 

in neonatal pups prenatally exposed to heroin (Paper III), which may represent a rodent 

equivalent to certain aspects of NAS (Barr et al., 2011). These effects were not seen in pups 

from the saline control group. However, since the final heroin dose was administered 72 hours 

prior to testing, a strong withdrawal effect was not expected. Furthermore, prenatal exposure 

to heroin did not affect birth weight or litter size.  

Altogether, our findings (Paper III) indicate that prenatal exposure to three intermittent 

administrations of a low heroin dose during fetal brain development can induce neuronal 

adaptations, causing enhanced hyperactivity and drug sensitization in adolescence without 

prominent effects in neonatal offspring. 
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4.3. The pharmacological potential of immunotherapy against heroin  

Opioid maintenance therapy has improved life quality for many opioid users, however, it may 

sustain addiction because these compounds also activate central opioid receptors (Prosser et 

al., 2006; Whelan and Remski, 2012). Of special concern is the escalating use among fertile 

women and the increasing evidence of long-term adverse consequences in offspring exposed 

to maternal OMT (Hunt et al., 2008; Fodor et al., 2014; Byrnes and Vassoler, 2017; Laslo et 

al., 2017). Immunotherapy using anti-drug antibodies which act exclusively in the periphery 

without interfering with endogenous opioids or opioid receptors might provide an alternative 

treatment approach (Janda and Treweek, 2012; Zalewska-Kaszubska, 2015). In the present 

thesis, we investigated the protective effect of anti-6-AM mAb against heroin-induced 

behavior in adult mice (Papers I and II), and in prenatally exposed offspring (Paper III). 

An immunotherapeutic approach against heroin is dependent on 6-AM sequestration  

One major challenge with developing immunotherapy against heroin is the rapid metabolism 

into several active compounds, which act on receptors within the CNS. Through our studies 

with the anti-6-AM mAb in mice, we showed that sequestration of 6-AM is crucial in order to 

prevent the immediate psychomotor activating, sensitizing and rewarding effects induced by 

heroin. Our results are supported by the findings of Raleigh and coworkers (2014), who 

demonstrated that an active vaccine generating antibodies with high specificity towards 6-AM 

and heroin inhibited heroin self-administration. However, the brain concentration of heroin 

was not reduced in immunized mice, suggesting that the anti-heroin antibodies were not able 

to prevent heroin transfer across the BBB. Another study showed that an antibody specifically 

binding heroin and morphine, but not 6-AM, was unable to prevent acquisition of heroin self-

administration (Stowe et al., 2011). Thus, several lines of evidence point to the importance of 

binding 6-AM in order to counteract heroin-induced effects using immunotherapeutic 

approaches.  

Maternal anti-6-AM mAb pretreatment provides fetal protection against prenatal 

heroin exposure 

Anti-6-AM mAb pretreatment prior to heroin administration in pregnant mice was employed 

to assess fetal protection against prenatal heroin exposure (Paper III). Our findings show that 

maternal mAb pretreatment profoundly reduced fetal brain levels of both 6-AM and morphine 

upon heroin injection to pregnant mice. Furthermore, hyperactivity and heroin-induced 

behavioral sensitization in adolescent females prenatally exposed to heroin were prevented by 
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maternal mAb pretreatment, demonstrating that the mAb provides fetal neuroprotection 

against negative long-term effects. Human IgG1 was detected in both fetal and maternal blood 

on E18, implying that 6-AM sequestration by the mAb occurred also in the fetal circulation. 

Maternal immunization against other drugs such as nicotine, phencyclidine or 

methamphetamine has previously been reported, mainly by assessing drug pharmacokinetics 

and antibody concentrations in maternal and fetal brain and blood (Keyler et al., 2006; 

Hubbard et al., 2011a; White et al., 2014). To our knowledge, our study is the first showing 

fetal neuroprotection against heroin metabolites upon maternal immunization, and to 

investigate immunotherapeutic protection against long-term effects in offspring caused by 

prenatal drug exposure. 

Challenges and future potential for immunotherapy against heroin 

Preclinical animal studies have examined the potential for immunization against heroin, 

oxycodone and fentanyl, with promising results (Bremer et al., 2016; Hwang et al., 2018; 

Raleigh et al., 2018; Sulima et al., 2018). However, several challenges remain to be solved in 

order to implement immunotherapeutic treatment against opioids for clinical use. One major 

challenge with active immunization is to acquire sufficient levels of circulating mAbs, since 

drug intake can be increased to overcome the effect of mAb treatment (Brimijoin et al., 2013). 

Evaluation of phase I testing of active vaccination against cocaine and nicotine in human 

subjects concluded that more research on vaccine/hapten design is needed in order to obtain 

desirable serum titers of anti-drug antibodies (Heekin et al., 2017). Furthermore, future 

research must consider the individual variability in vaccine efficacy and identify the 

underlying immunological mechanisms important for vaccine optimization (Baehr and 

Pravetoni, 2019).     

Regarding passive immunization, a single study using a mAb against methamphetamine has 

been clinically tested in human volunteers. Only 12.5 % of the subjects obtained adequate 

mAb concentrations, however, no harmful side effects were found and the mAb was 

considered safe for human administration (Stevens et al., 2014). An advantage with passive 

immunization is that mAb dose may easily be adjusted to counteract high drug doses. As 

shown in our study, the number of mAb binding sites was increased by injecting higher doses 

of mAb, thereby opposing higher heroin doses (Paper I). One major obstacle for mAb therapy 

against drug abuse is the high-cost production of large quantities of purified mAbs (Brimijoin 

et al., 2013). However, mAbs are among the fastest growing groups of pharmaceutical 
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chemicals, and new technology might ensure more cost-efficient production in the near future 

(Kaifu and Nakamura, 2017).  

Passive immunization with mAbs against heroin might become useful for specific patient 

groups, e.g. pregnant heroin users, or in periods of high vulnerability to heroin relapse, such 

as after rehabilitation and prison release. Since opioid users tend to switch to other opioids if 

the preferable drug is not available (Heekin et al., 2017), immunization against heroin would 

require highly motivated individuals. Nevertheless, considering the escalating opioid use in 

western countries, both passive and active immunotherapy should be further explored as 

alternative treatments for opioid-dependent individuals.   
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5. Conclusions  
 

 Heroin’s first metabolite, 6-AM, is essential for the immediate, rewarding and 

sensitizing effects of heroin. 

 

 Heroin is a more potent inducer of psychomotor stimulation and reward than 6-AM. 

This may be explained by the higher lipophilicity of heroin, providing more efficient 

drug transfer to the brain immediately after injection, causing higher 6-AM brain 

concentrations. 

 

 Prenatal exposure to heroin caused hyperactivity and drug sensitization in female 

adolescent offspring, while male offspring were unaffected. Furthermore, no 

symptoms of withdrawal were found in newborn pups.  

 

 Pretreatment with anti-6-AM mAb successfully inhibited heroin-induced behavior in 

adult mice. An immunotherapeutic approach to counteract heroin-induced effects is 

dependent on 6-AM sequestration. 

 

 Maternal mAb administration provided fetal neuroprotection against active heroin 

metabolites, and prevented hyperactivity and drug sensitization in female adolescent 

offspring prenatally exposed to heroin. 

 

 Immunotherapy against heroin should be further explored as potential prophylactic 

treatment for pregnant heroin users, and for individuals susceptible to relapse.  
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1 | INTRODUCTION
We have previously demonstrated that heroin's first metabolite, 6‐acetylmorphine (6‐

AM), is an important mediator of heroin's acute effects. However, the significance of

6‐AM to the rewarding properties of heroin still remains unknown. The present study

therefore aimed to examine the contribution of 6‐AM to heroin‐induced reward and

locomotor sensitization. Mice were tested for conditioned place preference (CPP)

induced by equimolar doses of heroin or 6‐AM (1.25‐5 μmol/kg). Psychomotor activ-

ity was recorded during the CPP conditioning sessions for assessment of drug‐

induced locomotor sensitization. The contribution of 6‐AM to heroin reward and

locomotor sensitization was further examined by pretreating mice with a 6‐AM spe-

cific antibody (anti–6‐AM mAb) 24 hours prior to the CPP procedure. Both heroin

and 6‐AM induced CPP in mice, but heroin generated twice as high CPP scores com-

pared with 6‐AM. Locomotor sensitization was expressed after repeated exposure to

2.5 and 5 μmol/kg heroin or 6‐AM, but not after 1.25 μmol/kg, and we found no cor-

relation between the expression of CPP and the magnitude of locomotor sensitization

for either opioid. Pretreatment with anti–6‐AM mAb suppressed both heroin‐induced

and 6‐AM–induced CPP and locomotor sensitization. These findings provide evidence

that 6‐AM is essential for the rewarding and sensitizing properties of heroin; however,

heroin caused stronger reward compared with 6‐AM. This may be explained by the

higher lipophilicity of heroin, providing more efficient drug transfer to the brain,

ensuring rapid increase in the brain 6‐AM concentration.

KEYWORDS

6‐acetylmorphine, antibody, CPP, heroin, opioid, reward, sensitization
induced neuroplasticity is presumably an important aspect of the tran-
sition from drug use to drug addiction.5,6

nal/a
Heroin is considered one of the most addictive illicit drugs and is

involved in numerous fatal drug intoxications worldwide each year.1

Heroin induces strong euphoric and rewarding effects, and its rapid

onset of action has been associated with the high abuse potential.2

The intake of heroin can promote maladaptive changes in brain circuit-

ries related to reward and reinforcement, which may render an individ-

ual more sensitive upon subsequent drug exposure.3,4 This drug‐

Addiction Biology. 2019;1–10. wileyonlinelibrary.com/jour
Drug‐induced conditioned place preference (CPP) is a commonly

used behavioral model to study the rewarding properties of drugs of

abuse. The method is based on repeated drug exposure in which the

animal learns to associate a specific environment with the drug

effects.7-9 A preference or avoidance of the drug‐paired environment

in a drug‐free test is considered to be a reliable indicator of a reward-

ing or aversive drug effect, respectively.8,10 Upon repeated drug
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locomotor activity can be observed, termed locomotor sensitization.

This phenomenon has been suggested to reflect neuroplastic changes

induced by the drug, however, whether these changes are involved in

the development of addiction is debated.4,11-15 Both heroin‐induced

CPP and locomotor sensitization have been reported in rodents even

after low doses of heroin.16,17

The high addiction potential of heroin may be due to its pharma-

cokinetic properties, in particular its lipophilicity, which provides rapid

passage across the blood‐brain‐barrier (BBB).18 However, heroin itself

is suggested to be a pro‐drug acting mainly through its metabolites 6‐

acetylmorphine (6‐AM) and morphine.19 In rodents, 6‐AM is the pre-

dominant metabolite measured in blood and brain the first 30 minutes

after administration, whereas heroin becomes undetectable within a

few minutes.20-22 It has also been reported that a single 6‐AM injec-

tion leads to profound increases in locomotor activity and striatal

dopamine release in rodents.20,23,24 Furthermore, we recently showed

that a monoclonal antibody against 6‐AM (anti–6‐AM mAb) reduced

heroin‐induced locomotor activity and brain 6‐AM levels in mice.24,25

Altogether, these reports imply that 6‐AM is an important mediator of

the acute actions of heroin. Previous work by Raleigh et al.26 sug-

gested that 6‐AM is also essential for heroin reinforcement, however,

the significance of 6‐AM to the rewarding properties of heroin still

remains elusive.

The present study aimed to investigate the implication of 6‐AM in

heroin‐induced reward and locomotor sensitization. Therefore, the

acquisition of CPP and simultaneous measurements of locomotor sen-

sitization were examined in mice conditioned with either heroin or 6‐

AM. Furthermore, pretreatment with anti–6‐AM mAb was used to

characterize the contribution of 6‐AM to the observed heroin‐induced

behavioral effects.

2 | MATERIALS AND METHODS
2.1 | Materials

Drugs: Heroin‐HCl (mol.wt. 421.91) and 6‐AM–HCl (mol.wt. 417.88)

were purchased from Lipomed AG (Arlesheim, Switzerland) and dis-

solved in 0.9% NaCl. Opioid doses were chosen based on previous

pharmacokinetic and behavioral studies in mice.16,20,24 Antibody:

Anti–6‐AM mAb (human immunoglobulin G1; IgG1) was provided by

Affitech Research AS (Oslo, Norway). The properties of the mAb have

been described in more detail previously.25,27 The mAb was dialyzed

against phosphate buffer and endotoxins removed. The mAb was

diluted in 0.9% NaCl and stored at −80°C. A NOVEX ELISA kit pro-

vided by Thermo Fisher Scientific Inc (Waltham, Massachusetts) was

used for antibody quantification in blood. mAb doses for the present

study were chosen based on opioid:mAb ratio experiments reported

in Kvello et al.24

2.2 | Animals
Male C57BL/6J mice (7‐8 wk old, 20‐25 g; Taconic, Ejby, Denmark)

were housed four to eight per cage in the animal facility at the
are widely used for drug abuse research and have been studied in our

laboratory for behavioral and pharmacokinetic studies after opioid

exposure for more than 20 years.20,24,28,29 The animals were housed

in plexiglass cages containing wooden bedding and small plastic houses

for environmental enrichment, and acclimatized for at least 5 days prior

to the experiments. Temperature, humidity, and lights were regulated

(22°C ± 1°C, 50% ± 10% humidity, lights on from 7 AM to 7 PM), and

commercial mouse pellets and water were available ad libitum. The

experiments were carried out during the light period of the day under

dimmed lighting. The animal experimental protocols comply with the

Guide for the Care and Use of Laboratory Animals as adopted and pro-

mulgated by the US National Institutes of Health. All experimental pro-

tocolswere approved by theNorwegianAnimal Research Authority and

conducted in accordance with the ARRIVE guidelines.30
induced CPP and locomotor sensitization

2.3.1 | The CPP apparatus

Cages measuring 40 × 40 cm, divided into two distinct compartments

measuring 20 × 40 cm, were used for the CPP procedure. The two

compartments were connected by an opening in the center of the

box, which was closed during the conditioning sessions. One compart-

ment had white walls with vertical black stripes and a wrinkled plastic

floor; the other compartment had black walls with horizontal white

stripes and a perforated metal floor. Both compartments had a trans-

parent plastic ceiling. The animal's position in the cage was registered

by infrared beams (spaced 2.5 cm apart) situated on the lateral walls at

floor level. The sensors were connected to a Versamax animal activity

monitoring system (AccuScan Instruments Inc, Colombus). As no sig-

nificant preference for either of the two compartments was found in

drug‐naïve mice, the CPP apparatus was considered unbiased.

2.3.2 | The CPP procedure
Conditioning (days 1‐3): Mice were randomly assigned to different

groups and conditioned with either heroin (n = 50) or 6‐AM (n = 54)

for three consecutive days. The mice received opioid injection in the

morning and saline injection in the afternoon (6 h later). For each indi-

vidual mouse, one compartment of the CPP chamber was always paired

with heroin or 6‐AM injection (1.25‐5 μmol/kg, corresponding to 0.5‐

2.1 mg/kg, 10 mL/kg, subcutaneous (s.c.); morning session), and the

other compartment was paired with saline injection (0.9%, 10 mL/kg,

s.c.; afternoon session). A counterbalanced CPP paradigm was used in

which 50% of the mice were drug conditioned to the white compart-

ment and 50%were drug conditioned to the black compartment. A con-

trol group was also included, receiving saline injections both at morning

and afternoon sessions (n = 10). The maximum psychomotor effect, as

well as the brain Cmax of 6‐AM, appears simultaneously upon heroin

and 6‐AM injection in rodents.20,23 Therefore, no delay was imple-

mented between the time of drug injection and the conditioning ses-

sions in the CPP chambers. Each conditioning session lasted for 20



minutes, and the animals were returned to their home cage immediately saline (n = 13) compared with mice receiving no pretreatment (n =

2.5 | Data and statistical analysis
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after each session.

CPP test (day 4): On the morning of the fourth day, the animals

were tested for place preference in a drug‐free state. The mice were

injected with saline (0.9%, 10 mL/kg, s.c.) and immediately placed in

the opening between the two compartments of the test cage, having

free access to both compartments. The residence time in each com-

partment was measured for 20 minutes.

2.3.3 | Measuring locomotor activity to assess loco-
motor sensitization during conditioning (days 1‐3)

To assess locomotor sensitization to heroin and 6‐AM, the locomo-

tor activity of the mice was recorded during conditioning, as previ-

ously shown by others.13,16,31-33 For all six conditioning sessions,

the animals' locomotor activity was measured during the 20‐minute

session, using the Versamax animal activity monitoring system.

Dose‐response relationships with locomotor activity measured per

5 minutes bin (cm/5 min) and total distance travelled during each

session (cm/20 min) were assessed after opioid injections (sessions

1, 3, and 5, morning) and after saline injections (sessions 2, 4, and

6, afternoon).

2.4 | Experiment II. The effect of anti–6‐AM mAb on
3 | RESULTS
heroin‐induced and 6‐AM–induced CPP and locomotor
sensitization

2.4.1 | Prestudy: The effect of a single pretreatment
with anti–6‐AM mAb upon repeated heroin injections

Mice were pretreated with a single saline (0.9%, 7 mL/kg, i.p., n = 20)

or anti–6‐AM mAb (10 mg/kg, 7 mL/kg, i.p., n = 20) injection 4 hours

prior to the first heroin injection. The animals then received one daily

heroin injection (2.5 μmol/kg, 10 mL/kg, s.c.) for one, two, or three

consecutive days. Twenty‐five minutes after the final heroin injection,

the mice were anesthetized with isoflurane before blood and brain

sampling. Brain samples were temporarily stored at −80°C and pre-

pared for analyses as described by Kvello et al.24 The 6‐AM, mor-

phine, morphine‐3‐glucuronide (M3G), and morphine‐6‐glucuronide

(M6G) concentrations in brain samples were quantified within 24

hours after sampling by a LC‐MS/MS method.34 Blood sampling by

heart puncture and quantification of human IgG1 levels by ELISA

were performed as described in more detail by Kvello et al.24

2.4.2 | Heroin‐induced and 6‐AM–induced CPP and
locomotor sensitization after pretreatment with anti–
6‐AM mAb

Mice received either no pretreatment or saline (0.9%, 7 mL/kg, i.p.,

controls), or a single injection of anti–6‐AM mAb (10‐200 mg/kg, 7

mL/kg, i.p.), 24 hours prior to the first conditioning with heroin or 6‐

AM (2.5 μmol/kg, 10 mL/kg, s.c.). The mice were tested for 6‐AM–

induced and heroin‐induced CPP and locomotor sensitization exactly

as described for Experiment I. Statistical analyses revealed no differ-

ences in CPP scores or locomotor activity in mice pretreated with
15) prior to heroin or 6‐AM (2.5 μmol/kg) conditioning, and these

were therefore combined as control groups, for heroin or 6‐AM,

respectively, and designated as “0 mg/kg mAb.”
An established CPP was defined as significantly more time spent in

the drug‐paired compartment compared with time spent in the

saline‐paired compartment for each individual animal during the

CPP test. CPP score was defined as time (s) spent in the drug‐paired

compartment minus time spent in the saline‐paired compartment. The

saline group was used to control for possible bias of the CPP appara-

tus.35 To assess locomotor sensitization, the total distance travelled

during the first opioid conditioning session was compared with the

distance travelled during the third opioid conditioning session. Loco-

motor sensitization was defined as a significantly increased locomotor

activity after the third opioid injection compared with the first opioid

injection. Data are presented as mean + S.E.M. unless stated

otherwise.

Statistical tests were performed using SPSS, version 23 (SPSS Inc,

Chicago, Illinois). Each dataset was checked for normal distribution

using histograms and stem‐and‐leaf plots. The data were to a large

extent not normally distributed, and nonparametric statistical tests

were performed. Wilcoxon signed rank test for related samples was

used for comparison within groups to assess establishment of CPP

and locomotor sensitization. Mann‐Whitney U test for independent

samples was used to check for difference in CPP score and difference

in total locomotor activity between groups. P values less than 0.05

were considered as statistically significant. Correlation analysis (Spear-

man rho rank correlation coefficient [ρ]) and figures were generated

using GraphPad Prism version 7 (GraphPad Software, Inc, San Diego,

California).
3.1 | Experiment I. Heroin‐induced and 6‐AM–
induced CPP and locomotor sensitization

3.1.1 | Heroin‐induced and 6‐AM–induced CPP

All mice conditioned with heroin (1.25‐5 μmol/kg) expressed significant

CPP (P < 0.05); however, no dose‐response relationship was observed

(Figure 1). The heroin CPP scores ranged from 272 ± 106 seconds for

1.25 μmol/kg to 381 ± 62 seconds for 2.5 μmol/kg. 6‐AM doses of 2.5

and 5 μmol/kg induced significant CPP, with scores of 168 ± 70 seconds

and 159 ± 49 seconds, respectively (P < 0.05, Figure 1). Although 1.25

μmol/kg 6‐AM produced a CPP score of 192 ± 88 seconds, the time

spent in the saline compartment versus the 6‐AM compartment was

not statistically significant for this group; i.e., no CPP was established.

No dose‐response relationship was observed for 6‐AM–induced CPP.

Heroin induced a two times higher CPP score after 2.5 μmol/kg (P <

0.05) and 5 μmol/kg (P = 0.058) compared with equimolar doses of 6‐



AM (Figure 1). The animals in the saline control group displayed no sig-

3.2 | Experiment II. Heroin‐induced and 6‐AM–

pretreatment with anti–6‐AM mAb

FIGURE 1 Opioid‐induced conditioned place preference (CPP). Daily
injections of saline, heroin, or 6‐AM (1.25‐5 μmol/kg, corresponding
to 0.5‐2.1 mg/kg, s.c.) were paired with either of two chambers for
three consecutive conditioning days. The CPP test (20 min, 1200 s)
was conducted after injection of saline on the fourth day. Residence
time (s) in the drug‐paired chamber minus time in the saline‐paired
chamber was calculated (CPP score). Values are expressed as mean +
SEM, n = 9‐15. *P < 0.05, **P < 0.01 time spent in the drug‐paired
chamber versus saline‐paired chamber within a group (Wilcoxon
signed rank test for related samples), #P < 0.05 CPP score compared

with equimolar heroin dose (Mann‐Whitney U test)
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nificant preference for either of the two compartments (Figure 1).
3.1.2 | Heroin‐induced and 6‐AM–induced locomo-
tor sensitization

tor sensitization after pretreatment with anti–6‐AM
Both heroin and 6‐AM produced a dose‐response in locomotor activ-

ity recorded during the conditioning sessions (Figure 2). Heroin and 6‐

AM administration of 2.5 and 5 μmol/kg, but not 1.25 μmol/kg,

induced locomotor sensitization, as defined by a significant increase

in total locomotor activity from the first to the third opioid injection

(P < 0.01, Figure 3A). For 2.5 and 5 μmol/kg of heroin and 6‐AM, there

was a 30% to 34% increase in total locomotor activity from the first

injection to the third injection; however, the magnitude of sensitiza-

tion did not differ between the two opioids (Figure 3A). In the

opioid‐exposed mice, saline injections received on afternoon condi-

tioning sessions (2, 4, and 6) did not increase locomotor activity, rather

the activity significantly decreased across repeated saline sessions (P <

0.05, Figure 3B). Mice in the control group receiving only saline injec-

tions had significantly lower locomotor activity compared with all

opioid‐treated groups across all morning sessions (P < 0.001, statistical

symbols omitted in Figure 3A), and their total locomotor activity was

significantly reduced after the third compared with after the first injec-

tion (P < 0.01, Figure 3A).

3.1.3 | The relationship between CPP and locomotor

sensitization induced by heroin and 6‐AM
No significant correlation was found between the CPP score and the

magnitude of locomotor sensitization induced by heroin or 6‐AM for

each individual mouse (Figure 4).
induced CPP and locomotor sensitization after
pretreatment with anti–6‐AM mAb

3.2.1 | The duration of the effect of a single anti‐6‐
AM mAb injection on repeated heroin exposure

A single mAb pretreatment given 4 hours prior to the first heroin

injection significantly reduced 6‐AM brain concentrations measured

after the final of either one, two, or three heroin injections (P < 0.01,

Figure 5A). The anti–6‐AM mAb concentration in mouse blood, mea-

sured as human IgG1 concentration, was close to the

theoretical concentration of 143 μg/mL after one and two heroin

injections and was reduced by 38% after three heroin injections

(Figure 5B).

The brain concentrations of 6‐AM (Figure 5A), morphine, and

M3G in saline‐pretreated mice were 0.34 to 0.39, 0.11 to 0.13, and

0.01 to 0.02 nmol/g, respectively, 25 minutes after a single or

repeated heroin administration (2.5 μmol/kg/d), while no M6G was

detected (LOQ 0.004 nmol/g, results not shown).

3.2.2 | Heroin‐induced and 6‐AM–induced CPP after
Mice received pretreatment with a single mAb dose (10‐200 mg/kg)

24 hours prior to the first heroin or 6‐AM injection and were submit-

ted to the CPP procedure. Pretreatment with the highest mAb dose

(200 mg/kg) inhibited the establishment of heroin‐induced CPP and

resulted in a 78% reduction in CPP score compared with control mice

(mAb 0 mg/kg, P < 0.05, Figure 6). A nonsignificant tendency for lower

heroin‐induced CPP scores was observed for mice pretreated with 10

and 50 mg/kg mAb compared with controls; however, these groups

still expressed significant CPP (P < 0.05, Figure 6). Pretreatment with

50 mg/kg mAb inhibited the establishment of 6‐AM–induced CPP,

although the CPP score was not significantly reduced compared with

the control group (0 mg/kg mAb, Figure 6). As 50 mg/kg mAb was suf-

ficient to prevent the induction of CPP and locomotor sensitization in

mice injected with 2.5 μmol/kg 6‐AM, higher doses of mAb were not

used.

3.2.3 | Heroin‐induced and 6‐AM–induced locomo-
mAb

A single mAb‐pretreatment dose‐dependently reduced heroin‐induced

and 6‐AM–induced locomotor activity measured during the condition-

ing sessions (Figure 7). Heroin‐induced (2.5 μmol/kg) locomotor activ-

ity was significantly reduced in all mAb‐pretreated groups (10‐200

mg/kg) compared with controls (mAb 0 mg/kg), on all three condition-

ing sessions (P < 0.05, Figure 8A). While 2.5 μmol/kg heroin induced a

sensitized locomotor activity, with a 30% increase in activity from the

first to the third heroin injection, a single pretreatment with mAb (10‐

200 mg/kg) completely abolished heroin‐induced locomotor

sensitzation (Figure 8A). 6‐AM–induced (2.5 μmol/kg) locomotor

activity was significantly reduced in all mAb‐pretreated mice (10‐50



mg/kg) compared with controls (mAb 0 mg/kg), on all three condition-

ing sessions (P < 0.05, Figure 8A). While 2.5 μmol/kg 6‐AM induced a

that 6‐AM is important for the rewarding and sensitizing properties

of heroin.

FIGURE 2 Locomotor activity (cm per 5 min bin) measured after daily injection of heroin or 6‐AM (1.25‐5 μmol/kg, corresponding to 0.5‐2.1
mg/kg, s.c.) or saline for three consecutive days. The locomotor activity was measured during the drug conditioning sessions (morning). Values
are expressed as mean ± SEM, n = 9‐15. Statistical symbols are omitted for clarity
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30% increase in locomotor activity from the first to the third 6‐AM

injection, pretreatment with 50 mg/kg mAb abolished 6‐AM–induced

locomotor sensitization (Figure 8A). The saline injections received on

afternoon conditioning sessions (2, 4, and 6) did not increase locomo-

tor activity, rather the activity significantly decreased across repeated

saline sessions (P < 0.05, Figure 8B).

4 | DISCUSSION
The present study examined the contribution of heroin's first metab-

olite, 6‐AM, to heroin‐induced reward and locomotor sensitization.

Our main findings show that both heroin and 6‐AM induced CPP

and locomotor sensitization in mice. To our knowledge, CPP caused

by 6‐AM exposure has not been investigated previously. Heroin

generated nearly twice as high CPP scores and a more pronounced

acute locomotor activity compared with 6‐AM. However, pretreat-

ment with anti–6‐AM mAb inhibited both heroin‐induced and 6‐

AM–induced CPP and locomotor sensitization, providing evidence
Drug‐induced CPP can be considered an indirect measure of the

rewarding properties of a drug.9 We found that both heroin and 6‐

AM induced CPP in mice, suggesting that both opioids have rewarding

properties. While others have reported CPP after injection of 1.25 to

10 mg/kg heroin in C57BL/6J mice,16,17,36 we found CPP after heroin

doses of 1.25 to 5 μmol/kg, corresponding to 0.5 to 2.1 mg/kg.

Previous reports have indicated that heroin is a prodrug with

effects mediated by the metabolites 6‐AM and morphine.19,20,23 Still,

heroin induced approximately twice as high CPP scores as 6‐AM, sug-

gesting that heroin elicits a stronger reward compared with 6‐AM.

One explanation for the increased reward of heroin compared with

6‐AM might be the higher lipophilicity of heroin, providing an efficient

transfer across the BBB, and thereby a more rapid increase in the brain

6‐AM concentration. We previously showed that the psychomotor

stimulating effect, measured as increased locomotor activity, is stron-

ger and emerges faster after heroin injection than after 6‐AM injec-

tion24 and that heroin provides higher brain 6‐AM concentration

compared with an equimolar dose of injected 6‐AM.20,24 Thus, mice

might develop a stronger CPP after heroin than after 6‐AM injection



due to a more efficient increase in brain 6‐AM levels. Interestingly, in

this respect, it has been suggested that rapid delivery of a drug to the
2,37

such as removal or addition of a single acetyl group, may have pro-

found effects on the signaling pathways initiated upon μ‐opioid recep-
38,39

FIGURE 3 Opioid‐induced locomotor sensitization. Total locomotor activity (cm per 20 min) was measured during the conditioning sessions on
three consecutive days after (A) heroin or 6‐AM injection (1.25‐5 μmol/kg, corresponding to 0.5‐2.1 mg/kg, s.c.) in the morning and (B) saline
injection in the afternoon. The saline group received saline injections only for all conditioning sessions. Values are expressed as mean + SEM, n =
9‐15. *P < 0.05, **P < 0.01 difference between first and third injection within groups (Wilcoxon signed rank test for related samples)

FIGURE 4 The relationship between CPP score (s) and difference in total locomotor activity (day 3 minus day 1, cm) in individual mice
conditioned with daily injections of heroin or 6‐AM (1.25‐5 μmol/kg, corresponding to 0.5‐2.1 mg/kg, s.c.), with Spearman rho (ρ), n = 9‐15
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brain may predict a high rewarding and addictive potential.

Another explanation that cannot be excluded is that reward induced

by heroin may be mediated through a different mechanism than 6‐

AM. We know from previous studies that minor structural differences,
tor binding. However, the very low levels of heroin found in the

brain after s.c. or intravenous (i.v.) administration of heroin20,22,23

would imply an extremely high potency of heroin through an hitherto

undescribed mechanism.



Since the CPP procedure implies repeated drug administrations,

drug‐induced locomotor sensitization was examined during the CPP

locomotor sensitization. Thus, low opioid doses may induce a slight

FIGURE 5 The effect of anti–6‐AM mAb pretreatment upon repeated heroin injections. (A) Brain 6‐AM concentration and (B) blood human IgG1
concentration after a daily injection of heroin (2.5 μmol/kg, corresponding to 1.05 mg/kg, s.c.) for up to three consecutive days, in mice pretreated
with a single injection of saline or mAb (10 mg/kg, i.p.). Brain 6‐AM concentration and blood IgG1 concentration were measured in samples
collected 25 min after the final heroin injection. (A) n = 6‐8; (B) n = 4‐7. Values are expressed as mean + SEM. **P < 0.01 against saline (Mann‐
Whitney U test)

FIGURE 6 Opioid‐induced conditioned place preference (CPP) in
anti–6‐AM mAb pretreated mice. Mice received either no
pretreatment (controls, mAb 0 mg/kg) or a single injection of mAb (10‐
200 mg/kg, i.p.) 24 h prior to the first opioid injection. Daily injections
of saline, heroin or 6‐AM (2.5 μmol/kg, corresponding to 1.05 mg/kg,
s.c.) were paired with either of two chambers for three consecutive
conditioning days. The CPP test (20 min, 1200 s) was conducted after
saline injection on the fourth day. Residence time (s) in the drug‐paired
chamber minus time in the saline‐paired chamber was calculated (CPP
score). Values are expressed as mean + SEM, n = 5‐15. *P < 0.05, **P <
0.01 time spent in the drug‐paired chamber versus saline‐paired
chamber within a group (Wilcoxon signed rank test for related
samples), #P < 0.05 CPP score against control (mAb 0 mg/kg) (Mann‐
Whitney U test)
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conditioning sessions, as shown in previous studies.13,16,31-33 Both her-

oin and 6‐AM generated a sensitization of the locomotor response.

Heroin caused higher total locomotor activity in each test session com-

pared with the same dose of 6‐AM. However, there was no difference

in the magnitude of sensitization between the two opioids, i.e., the rel-

ative increase in activity upon repeated injections. The lack of sensitiza-

tion after 1.25 μmol/kg heroin demonstrated in our study coincides

with other reports,16,17 implying that low doses of heroin may produce

a modest psychomotor activating effect that does not result in
increase in dopamine release, which is probably insufficient to promote

long‐lasting neuroplastic changes associated with a sensitized drug

effect.3 In our study, we demonstrate that the repeated saline injec-

tions did not induce locomotor sensitization, emphasizing that the sen-

sitized effect is caused by heroin and 6‐AM exposure per se.

It has been disputed whether locomotor sensitization reflects

drug‐induced neuroplasticity involving mechanisms related to the

development of addiction.4,11-15,40,41 To explore a potential relation-

ship between heroin‐induced and 6‐AM–induced CPP and locomotor

sensitization, we examined the correlation between these behaviors.

The CPP scores and magnitude of sensitization did not correlate for

any of the heroin or 6‐AM doses, suggesting either different underly-

ing mechanisms or brain‐area specific effects. Previous studies have

proposed that opioid‐induced locomotor sensitization and CPP are

separate responses regulated by distinct mechanisms.13,14,33 Shabat‐

Simon et al.14 reported that opioid‐induced reward is dependent on

glutamatergic transmission in the anterior ventral tegmental area

(VTA), whereas locomotor sensitization is mediated by glutamatergic

transmission in the posterior VTA. Urs et al.42 suggested that a Dopa-

mine 1 (D1) receptor–dependent beta arrestin2/pERK signaling com-

plex plays an important role in morphine‐induced locomotor

sensitization, but not in morphine‐induced reward. Thus, the findings

of our study support that opioid‐induced CPP and locomotor sensiti-

zation are dissociated behaviors, representing different underlying

neural substrates.

For further investigation of 6‐AM's contribution to heroin‐

induced reward and sensitization, we used a 6‐AM–specific mAb that

acts by sequestering 6‐AM in the blood, thereby preventing its pas-

sage to the brain.24,25 mAb pretreatment suppressed both heroin‐

induced and 6‐AM–induced CPP and locomotor sensitization in mice,

emphasizing the importance of 6‐AM for these heroin‐induced behav-

ioral effects. This is in accordance with another study indicating that

6‐AM is a key mediator of heroin reinforcement.26 A recently pub-

lished study of self‐administration in rats found the reinforcing effects

of 6‐AM to be similar to those of heroin, including the ability to trigger



relapse into drug seeking after a period of abstinence. However, while

treatment with the anti–6‐AM mAb blocked relapse to a low 6‐AM

a higher mAb dose was required to attenuate heroin‐induced CPP as

compared with 6‐AM–induced CPP and that increasing amounts of

FIGURE 7 Locomotor activity (cm per 5 min bin) measured after daily injections of heroin or 6‐AM (2.5 μmol/kg, corresponding to 1.05 mg/kg,
s.c.) or saline for three consecutive days in control mice (0 mg/kg mAb) and mice pretreated with anti–6‐AM mAb (10‐200 mg/kg, i.p.). The
locomotor activity was measured during the drug conditioning sessions (morning). Values are expressed as mean ± SEM, n = 5‐15. Statistical
symbols are omitted for clarity

FIGURE 8 The effect of anti–6‐AM mAb pretreatment on opioid‐induced locomotor sensitization. Total locomotor activity (cm per 20 min) was
measured in control mice (0 mg/kg) and mice pretreated with anti–6‐AM mAb (10‐200 mg/kg, i.p.), during the conditioning sessions on three
consecutive days after (A) heroin or 6‐AM injection (2.5 μmol/kg, corresponding to 1.05 mg/kg, s.c.) in the morning and (B) saline injection in the
afternoon. The saline group received saline injections only for all conditioning sessions. Values are expressed as mean + SEM, n = 5‐15. *P < 0.05,
** P < 0.01 difference between first and third injection within groups (Wilcoxon signed rank test for related samples), #P < 0.05 against control

(mAb 0 mg/kg) for the same session (Mann‐Whitney U test)
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dose, it was ineffective against heroin‐induced relapse, possibly

because the mAb dose used was too low.43 Indeed, we observed that
mAb reduced heroin‐induced CPP in a dose‐dependent manner. Fur-

thermore, a higher dose of anti–6‐AM mAb was needed to block 6‐



AM–induced locomotor sensitization and CPP, as compared to obtain ORCID
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a significant reduction in 6‐AM–induced locomotor activity.24,25

We have previously shown that the locomotor activity and brain

levels of 6‐AM are significantly higher (145%‐180%) after heroin injec-

tion than after 6‐AM injection and that the difference is most pro-

found during the first 10 to 15 minutes after injection.23,24 The

differences in 6‐AM brain concentrations have been observed both

after s.c. and i.v. injections, implying that differences in absorption

from the injection site into the blood is not a major reason for the

poorer efficacy of 6‐AM. Our previous experiments have indicated

that most of the injected heroin is metabolized to 6‐AM prior to brain

entry,44 while a minor, but important, fraction passes directly to the

brain where it is further metabolized to 6‐AM.24 With increasing doses

of mAb, more of the 6‐AM formed peripherally will be sequestered in

blood and thus prevented from brain entry. In addition, the mAb

appears to reduce the rewarding effects of heroin by efficient seques-

tration of 6‐AM, which has been transferred from the brain to the

blood, possibly due to a shift in the drug concentration gradient across

the BBB, promoting drug diffusion back into the blood, as previously

suggested by Janda and Treweek.45

In vitro characterization revealed that anti–6‐AM mAb is also able

to bind heroin to a minor degree.25 However, in vivo studies have

reported that heroin enters the rodent brain in equal amounts in the

presence and absence of mAb.24,46 This suggests that heroin disap-

pears from the blood circulation too rapidly for extensive antibody

binding to occur. The mAb is unable to bind morphine,25 but the doses

of heroin and 6‐AM (2.5 μmol/kg; 1 mg/kg) used in the current study

were probably too low to provide brain morphine concentrations

required for morphine‐induced behavioral effects in mice.20

In conclusion, we provide evidence that heroin's first metabolite,

6‐AM, is a major mediator of heroin‐induced CPP and therefore

important for heroin reward. However, heroin appears to hold a higher

reward potential compared with 6‐AM, which could be explained by

the higher lipophilicity of heroin providing a more efficient transfer

across the BBB and a rapid increase in the brain 6‐AM concentration.

We also show that 6‐AM mediates heroin‐induced locomotor sensiti-

zation. No significant correlation was found between opioid‐induced

CPP and locomotor sensitization, indicating that these behaviors are

dissociated with different underlying mechanisms.
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