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Abstract
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Genes and environment interact to determine an individual’s vulnerability or resilience to
several psychiatric disorders, including alcohol use disorder (AUD). Alcohol use is often
initiated during adolescence and early onset drinking is associated with increased risk for
later AUD. Childhood and adolescence are periods of extensive brain maturation, which
makes young individuals more susceptible to environmental influence. However, little is
known about early environmental influence on reward pathways and behaviors involved in
the development of AUD. Changes in the endogenous opioid and dopamine systems, as well
as individual differences in risk behaviors are all believed to play important roles in the
increased vulnerability seen after adverse early life events and early onset drinking. The overall
aim of the thesis was therefore to investigate the influence of early environmental factors on
adolescent alcohol intake, endogenous opioids, dopamine dynamics and alcohol-induced effects
in rats to increase our knowledge of neurobiological factors underlying vulnerability to AUD.
Furthermore, individual behavioral differences and their correlation to basal and drug-induced
neurobiological responses in rats were also investigated. Animal models of different early
environments, e.g. maternal separation and social vs. single housing, and adolescent alcohol
consumption have been used to study effects on behavior, endogenous opioid peptides and
dopamine dynamics. The results identified the amygdala and dorsal striatum as interesting
brain regions in which endogenous opioids and dopamine, respectively, are impacted by early
environmental factors. The amygdala and the dorsal striatum are both hypothesized to be
involved in the shift from initial drug use to compulsive use and changes in these areas
may be underlying environmentally increased vulnerability to AUD. Furthermore, behavioral
phenotypes in relation to individual neurobiological responses were identified. High risk-taking
behavior was associated with a more pronounced response to amphetamine, but the inherent
dopamine response was instead associated with risk-assessment behavior. In conclusion, several
brain regions of interest for future research were identified. Furthermore, the results contribute
to increased understanding of factors involved in the development of vulnerability for AUD in
adolescents and young adults.
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NMDA N-methyl-D-aspartate 
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Trp Tryptophan 
Tyr Tyrosine 
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WHO World Health Organization 



 11 

Introduction 

Alcohol 
Alcohol (i.e. ethanol) is the natural product of fruit or cereal fermentation. 
The word is derived from the Arabic word for “something subtle” and the 
use of alcoholic beverages can be traced back to 10 000 B.C. Today it is a 
widespread, and in most countries legal, drug that is strongly associated with 
human society. 

Alcohol affects virtually all the organs in the body, but is mainly used for 
its euphoric and disinhibiting effects due to actions in the central nervous 
system (CNS). To date, the mechanism of action of alcohol is largely un-
known, but the rewarding effects of alcohol are believed to be due to poten-
tiation of gamma-aminobutyric acid (GABA)A-receptors (Allan and Harris, 
1987; Harris, 1990; Reynolds et al., 1992; Suzdak et al., 1986), activation of 
the endogenous opioid system (Cowen and Lawrence, 1999; Jarjour et al., 
2009; Lam et al., 2008; Marinelli et al., 2006; Schulz et al., 1980; Seizinger 
et al., 1983), and inhibition of N-methyl-D-aspartate (NMDA)-receptor func-
tion (Dildy and Leslie, 1989; Hoffman et al., 1989; Lovinger et al., 1989; 
Woodward and Gonzales, 1990) resulting in increased levels of dopamine in 
reward pathways. To complicate matters, alcohol has been found to interact 
with many other transmitter systems as well, such as the serotonin (Muller 
and Homberg, 2014), acetylcholine (Larsson and Engel, 2004), glycine 
(Söderpalm et al., 2009), corticotropin-releasing factor (CRF) and neuropep-
tide Y (Gilpin, 2012) systems and they all contribute to the rewarding and 
addictive properties of alcohol. 

Alcohol use disorders 
The dangers of alcohol have long been known but the first person to coin the 
expression “alcoholism” was the Swedish physician Magnus Huss. He de-
scribed the pathological changes in the body due to alcohol poisoning and 
proposed the symptoms to be a disease group in itself in his scientific paper 
“Alcoholismus chronicus” from 1849. In the Diagnostic and Statistical Man-
ual of Mental Disorders (DSM)-III, from 1980, the term “alcoholism” was 
replaced with two disorders; “alcohol abuse” and “alcohol dependence” and 
this was kept in the fourth edition, the DSM-IV. In the latest version from 
2013, the DSM-5, the two disorders have been replaced with “alcohol use 
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disorder (AUD)” and it is measured on a continuum from mild to severe 
depending on the number of criteria that are fulfilled (Table 1). Although the 
two previous categories cannot be directly translated into the new criteria, a 
rough comparison would categorize “abuse” as “mild AUD” and depend-
ence as “moderate or severe AUD”. 

Table 1. The criteria for alcohol use disorder (AUD) according to the Diagnostic 
and Statistical Manual of Mental Disorders-5 (DSM-5). 

No. Criterion Severity 
1 Alcohol is often taken in larger amounts or over a longer period 

than was intended. 
The presence of 
at least 2 of these 
symptoms indi-
cates an Alcohol 
Use Disorder 
(AUD). 
 
The severity of 
the AUD is de-
fined as: 
 
Mild: 
The presence of 2 
to 3 symptoms 
 
Moderate: 
The presence of 4 
to 5 symptoms 
 
Severe: 
The presence of 6 
or more symp-
toms 

2 There is a persistent desire or unsuccessful efforts to cut down or 
control alcohol use. 

3 A great deal of time is spent in activities necessary to obtain alco-
hol, use alcohol, or recover from its effects.  

4 Craving, or a strong desire or urge to use alcohol. 
5 Recurrent alcohol use resulting in a failure to fulfill major role 

obligations at work, school, or home. 
6 Continued alcohol use despite having persistent or recurrent social 

or interpersonal problems caused or exacerbated by the effects of 
alcohol. 

7 Important social, occupational, or recreational activities are given 
up or reduced because of alcohol use. 

8 Recurrent alcohol use in situations in which it is physically haz-
ardous. 

9 Alcohol use is continued despite knowledge of having a persistent 
or recurrent physical or psychological problem that is likely to 
have been caused or exacerbated by alcohol. 

10 Tolerance, as defined by either of the following: 
a) A need for markedly increased amounts of alcohol to achieve 
intoxication or desired effect 
b) A markedly diminished effect with continued use of the same 
amount of alcohol 

11 Withdrawal, as manifested by either of the following: 
a) The characteristic withdrawal syndrome for alcohol  
b) Alcohol (or a closely related substance, such as a benzodiaze-
pine) is taken to relieve or avoid withdrawal symptoms. 

Alcohol consumption 
In 2013 the Swedish population (age 15 and older) consumed on average 9.9 
L of pure alcohol per person (CAN, 2014). Approximately 89% of the popu-
lation had consumed alcohol in the last year and about 47% consumed alco-
hol once a week or more (STAD, 2014). It is estimated that 4.2% or 320 000 
individuals in Sweden fulfill the criteria for alcohol dependence according to 
the DSM-IV (STAD, 2014). In addition, 1.7% or 130 000 individuals abuse 
alcohol (STAD, 2014). The World Health Organization (WHO), which uses 
another diagnostic manual, the International Statistical Classification of Dis-
eases and Related Health Problems-10 (ICD-10), reported the prevalence of 
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AUD and alcohol dependence in Sweden to be 8.9% and 4.2% respectively, 
based on numbers from 2010 (WHO, 2014a). The total cost for alcohol- and 
drug abuse in Sweden is estimated to 150 billion SEK (SOU, 2011). All in 
all, the numbers unambiguously show that alcohol is a major public health 
issue in Sweden. 

Adolescent alcohol consumption 
The annual report of adolescent drug habits in Sweden show a decline in 
adolescent alcohol drinking (CAN, 2013). This decline can be seen not only 
in total number of consumers, but also in the percentage of risk consumers1. 
Among adolescents aged 15, 44% of boys and 50% of girls were alcohol 
consumers. This is the lowest reported percentage for boys since the begin-
ning of the report series in 1977. In both gender groups 11% were classified 
as risk consumers. At age 17, 77% of both genders were alcohol consumers 
and 34% of boys and 27% of girls were classified as risk consumers. The 
decline in consumption is the continuation of a trend that has been seen for 
several years and although positive, the number of risk consumers is still 
high and the fact that most individuals are first exposed to alcohol during 
adolescence merits further investigation of adolescent drinking and its neu-
robiological consequences. 

Alcohol intake models in experimental animals 
Practical and ethical considerations make studies of neurobiological effects 
and causality of alcohol intake in humans difficult. Animal models may 
therefore provide an alternative in which experimental conditions can be 
extensively controlled and causal relationships can be examined. Alcohol 
drinking models in animals present clear face and construct validity as mod-
els of human alcohol consumption (Sanchis-Segura and Spanagel, 2006). 
Furthermore, the models have been proven useful in identification of new 
pharmacological targets for treatment of AUD and therefore show predictive 
validity as well (Spanagel and Zieglgansberger, 1997). Rodents are most 
commonly used because the reward pathways display a high degree of simi-
larity to humans (Koob and Volkow, 2010) and because the shorter life span 
offers the possibility to follow them throughout development. 

There are a number of different alcohol intake models in rodents and 
most of them involve non-operant drinking, i.e. drinking from a bottle with-
out any previous actions required by the animal. Voluntary alcohol intake 
                                                
1 Risk consumption is here defined as high consumption (14 standard drinks/week for boys 
and 9 standard drinks/week for girls), and/or heavy episodic consumption (one bottle of wine 
or more consumed at one occasion) once a month or more. One standard drink is 12 g of pure 
alcohol, which equals one bottle of beer (33 cl, 5%), one glass of wine (15 cl, 11-13%) or 4 cl 
of spirits (40%). 
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models give the animal a choice between alcohol and water. Other models 
utilize forced exposure, where alcohol is given as the sole fluid, alternatively 
as the sole source of calories (i.e. liquid diet) (Lieber and De Carli, 1973). 
Other routes of administration are also in use, for example through inhala-
tion in vapor chambers (Goldstein and Pal, 1971; Rogers et al., 1979), injec-
tions or gavage. Forced exposure is used as a means to reach high blood 
alcohol levels and produce dependent animals for further assessment of ad-
diction-specific neurobiological and behavioral processes (Gilpin et al., 
2008). 

In this thesis, the focus has been on voluntary intake models, because 
they mimic the human situation and allows studies of individual intake and 
susceptibility to the transition from habitual drinking to compulsive drink-
ing. It has also been shown that voluntary intake produce different neurobio-
logical effects than forced intake (Spanagel, 2003). Furthermore, the litera-
ture on voluntary intake is not extensive, particularly not during adoles-
cence, which is why this period has been given special focus herein. Howev-
er, there are limitations to the voluntary intake models. Because the models 
are based on voluntary consumption they do not generally produce excessive 
alcohol intake, or dependence in outbred rats, and is therefore suitable for 
studies of acquisition and habitual alcohol intake and not addiction. 

Throughout the years, a number of different voluntary intake paradigms 
have been developed. There are continuous intake models, where the alcohol 
is always available, and intermittent intake models where access is restricted 
to every other day. There are also limited access models, where the alcohol 
is only available for shorter time periods. Many laboratories also use the 
“drinking in the dark” model (Rhodes et al., 2005), where alcohol is availa-
ble for a limited period during the dark (i.e. active) phase of the light/dark 
cycle. The number of available bottles may also vary, as may the concentra-
tion of alcohol. 

The two-bottle free choice model was introduced by Richter and 
Campbell (1940) and allows for measures of alcohol intake and preference 
of alcohol solutions over water. Later, Wise (1973) introduced the intermit-
tent access model with a two-bottle choice between water and 20% alcohol, 
which increased the intake in rats compared to continuous access. In recent 
years, the model has had a revival and is now widely used, with intake re-
ported between 3-6 g/kg/day in outbred rats (Carnicella et al., 2014), alt-
hough this may vary with strain and supplier (Palm et al., 2011b). 

In an attempt to further mimic the human situation, particularly during 
adolescence where drinking mainly occurs on weekends, the intermittent 
access paradigm was modified to three consecutive days of access followed 
by four days without access in Paper II. This paradigm was then further 
modified to limited access for 2h in Paper III in order to assess the effects of 
alcohol on the endogenous opioids. 
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Early life environment 
Early environmental factors are not easily defined but may consist of psy-
chological and physiological, as well as pharmacological and toxicological 
factors during the pre- and postnatal period, childhood and adolescence. The 
early environment can induce risk towards or protection against later adver-
sities, such as psychiatric disorders, through interactions with genotype 
(Daskalakis et al., 2013; Wermter et al., 2010). For AUD it is estimated that 
heritability explains about 50-60%, showing that the environment has a large 
influence on the development of AUD (Goldman et al., 2005). 

In humans, early adversity is a robust predictor of psychiatric disorders, 
including drug abuse, mood disorders, anxiety disorders, eating disorders, 
posttraumatic stress disorders and personality disorders (Afifi et al., 2011; 
Green et al., 2010; Kessler et al., 1997; MacMillan et al., 2001; McLaughlin 
et al., 2010; Nelson et al., 2002; Widom, 1999). The definition of early ad-
versity varies considerably, but may refer to psychological or biological 
events and responses (Gershon et al., 2013) and there are a number of differ-
ent types of early adversity, e.g. physical and emotional abuse, neglect and 
parental drug use. However, the type of early adversity does not seem to be 
associated with a specific psychiatric outcome, thus the relationship between 
early adversity and psychiatric disorders appears to be non-specific (Green 
et al., 2010; Kessler et al., 2010; McLaughlin et al., 2010). On the other 
hand, increased severity of the adversities increases the probability for psy-
chiatric disorders (Felitti et al., 1998) and the timing of the events seem to 
induce more specific symptoms (Kaplow and Widom, 2007). For example, 
experience of abuse before the age of 12 was more associated with increased 
risk for depression and anxiety while abuse after age 12 was more associated 
with antisocial personality disorder and alcohol abuse (Kaplow and Widom, 
2007).  

Studies also show that early adversity shifts the onset of drug use to 
younger ages (Andersen and Teicher, 2009), which in itself is believed to be 
an important early environmental risk factor for later drug use and addiction 
(Anthony and Petronis, 1995; DeWit et al., 2000; Grant and Dawson, 1997; 
Grant et al., 2006). However, there are contradictory studies showing that 
the association between early onset drinking and AUD is not very strong 
(Maimaris and McCambridge, 2014) or that it is entirely due to common 
genetic risk factors among early onset drinkers (Ystrom et al., 2014). 

The underlying neurobiology behind the increased vulnerability towards 
AUD after early adversity and early alcohol use is as of yet poorly under-
stood. One hypothesis involves maladaptation of the stress response and 
derives from studies showing that early stressors have long-lasting effects on 
hypothalamic-pituitary-adrenal (HPA) axis activity (Enoch, 2011; Gershon 
et al., 2013; Sinha, 2008). For example, adults with a history of childhood 
abuse have flattened diurnal variability in cortisol (Gerritsen et al., 2010) 
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and lower cortisol responses to stressors (Carpenter et al., 2007; MacMillan 
et al., 2009). However, there are also reports of increased reactivity of the 
HPA axis in response to stress in subjects with a history of early adversity 
(Heim et al., 2008; Rinne et al., 2002). 

When functioning correctly, a stress response is activated by the release 
of CRF from the hypothalamus, which initiates the endocrine response to 
stress and subsequent cortisol (corticosterone in rodents) release. Cortisol 
then inhibits further release through negative feedback mechanisms. In addi-
tion to its downstream peripheral effects, CRF has extensive influences in 
the limbic regions of the CNS, where it, together with central catechola-
mines, modulates cognitive and behavioral stress responses (Heinrichs and 
Koob, 2004). Studies have shown that with increased levels of emotional or 
physiological stress, there is a decrease in behavioral control and an increase 
in impulsivity (Anestis et al., 2007; Verdejo-Garcia et al., 2007), possibly 
due to decreased prefrontal functioning and increased limbic-striatal re-
sponding (Brake et al., 2004; Sinha, 2008). Such changes are believed to 
promote addictive behaviors and could increase vulnerability to drug addic-
tion and other psychiatric disorders. 

Acute and chronic drug use also affects and modulates the stress response 
(Baumann et al., 1995; Cobb and Van Thiel, 1982; Ho et al., 1977; Wand 
and Dobs, 1991) and stress is known to exacerbate craving and relapse in 
drug addicts (Self, 1998). 

Maternal separation 
Early-life adversity can be studied in rat experimental models termed mater-
nal separation (MS). During MS the rat pups are separated from the dam for 
shorter or longer periods repeatedly for the first two or three weeks of life, 
depending on the specific protocol (Nylander and Roman, 2012). The MS 
models allow the simulation of a risk environment with longer separations 
(180-360 min; MS180-360) than usually seen in a natural environment 
where the dam leaves her litter for shorter time periods (15 min; simulated 
by MS15) (Fleming and Rosenblatt, 1974; Grota and Ader, 1969). Exposure 
to prolonged separations provides means to study effects induced by inter-
ruption of the normal mother-pup interactions (Pryce and Feldon, 2003; 
Roman and Nylander, 2005). During the separations the pups can be kept 
together as a litter, or separated from each other. However, the effects of 
individual separations are different from litter-wise separations (Oreland et 
al., 2009). 

The effects of MS, as with early adversity in humans, are believed to be 
mediated in part by maladaptation of the stress response. Postnatal day 
(PND) 4-14 in rats represents a developmental hallmark known as the stress 
hypo-responsive period (SHRP) (Levine, 1994; Sapolsky and Meaney, 
1986). The comparable SHRP in humans seem to occur in the latter part of 
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the first year of life (Gunnar and Quevedo, 2007). During this time, the 
stress response to mild stressors is attenuated, most likely regulated by stim-
uli received from the dam, resulting in lower release of corticosterone 
(Levine, 1994). Elevated levels of corticosterone can be detrimental to the 
brain during early development and the SHRP may serve as protection 
against this (Sapolsky and Meaney, 1986). Thus, manipulations during this 
period may have long lasting effects on later stress responsiveness. After 
prolonged MS, many studies report increased levels of corticosterone in 
response to stress in both adolescence (Biagini et al., 1998) and adulthood 
(Huot et al., 2001; Kalinichev et al., 2002; Milde et al., 2004; Plotsky et al., 
2005), however, there are also studies reporting blunted response (Kim et al., 
2005; Roman et al., 2006) as well as no change in response (Biggio et al., 
2014; Slotten et al., 2006). These discrepancies may have to do with the 
form of stressor used, the timing of the separations and the stress-exposure, 
or strain differences (Heim and Nemeroff, 2001; Lehmann and Feldon, 
2000; Plotsky et al., 2005). 

Longer durations of litter-wise separations result in male rats that drink 
more alcohol in adulthood (Hilakivi-Clarke et al., 1991; Huot et al., 2001; 
Jaworski et al., 2005; Nylander and Roman, 2013; Ploj et al., 2003a; Roman 
et al., 2003; Romano-Lopez et al., 2012), increase their alcohol preference 
over time (Daoura et al., 2011) and have higher preference for 20% alcohol 
concentration (Gustafsson and Nylander, 2006) than rats exposed to shorter 
duration of separation, or no separation. No effects on alcohol intake have 
been found after prolonged MS in females (Gustafsson et al., 2005; Roman 
et al., 2004), individually separated (Oreland et al., 2011) or adolescent rats 
(Daoura et al., 2011). There is also one report of no effect on alcohol intake 
in male adult rats (Marmendal et al., 2004). 

Effects on behavior are more inconsistent. Longer separations have been 
described to increase anxiety-like or depressive-like behaviors (Chocyk et 
al., 2013; Leussis et al., 2012; Li et al., 2013; Muhammad and Kolb, 2011; 
Ploj et al., 2002), increase response to a novel environment (Marin and 
Planeta, 2004) and increase risk-taking behaviors (Colorado et al., 2006) in 
adolescence. No changes in anxiety-like behaviors (Farkas et al., 2009), 
exploratory behavior (Muhammad and Kolb, 2011) or novel object explora-
tion (Hensleigh et al., 2011) in adolescence have also been described. In 
adult rats, the effects are equally inconsistent, with reports of no differences 
between MS15 and MS360, but altered exploratory, risk-assessing and risk-
taking behavior in MS360 compared to animal facility reared (AFR) (see 
below) rats (Roman et al., 2006). Increased high-conditioned anxiety has 
been found after prolonged MS using the Vogel conflict test, but no differ-
ences in anxiety-like behavior in the elevated plus maze was reported 
(Zhang et al., 2012). Others have reported increased (Huot et al., 2001; 
Troakes and Ingram, 2009; Wigger and Neumann, 1999), decreased (Leon 
Rodriguez and Duenas, 2013; Ploj et al., 2002) or no differences (Kaneko et 
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al., 1994; Roman et al., 2006; Slotten et al., 2006) in anxiety-like behavior in 
the elevated plus maze. Similar to the alcohol intake, there are also reports of 
sex differences in behavior. For example, some studies report no effects in 
females (Muhammad and Kolb, 2011; Wigger and Neumann, 1999) while 
other report less anxiety-like behaviors in females compared to males (Leon 
Rodriguez and Duenas, 2013; McIntosh et al., 1999). However, reports on 
behavior are dependent on the interpretation of the tests used and the inter-
pretations may in some cases explain the variation in results of MS (see Be-
havioral tests). 

Differences in protocols may also explain some of the discrepancies seen 
in the effects of MS and an important aspect of the MS model is the choice 
of control group (Lehmann and Feldon, 2000; Nylander and Roman, 2013). 
Control groups may consist of non-handled rats, that are left completely 
undisturbed until weaning, short separations (also called early handling, but 
here termed MS15), or AFR rats, that are treated according to the standard 
procedure in the particular animal facility (Lehmann and Feldon, 2000; 
Nylander and Roman, 2013). AFR groups are usually handled only briefly in 
relation to cage changes, but as the name implies, the conditions may vary 
depending on the animal facility routines. Another possible control group are 
the handled but not separated rats, the MS0, which involves a very short 
separation of the pups from the dam where they are picked-up and then put 
back in the cage and reunited with the dam (Nylander and Roman, 2013). 
Depending on the choice of control group the outcome of the study will be 
somewhat different (Lehmann and Feldon, 2000). It has for example been 
shown that handled rats perform better in cognitive tests and are less respon-
sive to stressors (Bernstein, 1952; Chapillon et al., 2002), which is why 
some critique can be raised against the choice of non-handled or AFR rats as 
controls. In this thesis, effects of the two different separation times (MS15 
vs. MS360) are investigated without any other control group, with the moti-
vation that these rats have been treated equally in all other aspects. 

Adolescence in rats 
The definition of adolescence in humans is somewhat different depending on 
the source. The WHO defines adolescence to occur between age 10 and 19 
(WHO, 2014b), but it is also commonly considered as starting around 12 and 
continuing to 20-25 years of age (Crews et al., 2007), which may be appro-
priate from a brain developmental point of view since it is now known that 
brain development continues well into early adulthood. In rats, a narrow 
definition of adolescence stretches between PND 28 and 42, but in male rats 
changes associated with adolescence lasts until about PND 55, so a more 
generous age span would be PND 28-55 (Spear, 2000). Adolescence should 
not be confused with the more temporally restricted phase of puberty, which 
refers to sexual maturation, that occurs around PND 40-50 in male rats, de-
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pending on strain (Korenbrot et al., 1977; Lewis et al., 2002; Stoker et al., 
2000). Adolescence is best defined by characteristic behaviors that include 
increased risk taking, high exploration and novelty seeking (Crews et al., 
2007). Several behaviors are shared across species, such as increased social 
interactions (Csikszentmihalyi et al., 1977; Panksepp, 1981). 

Social environment 
Other early environmental stress models used in animal experiments are 
social isolation models during adolescence, which typically involves single 
housing of the animals and minimizing the handling of them for ≥4 weeks 
directly after weaning, although the duration of isolation varies between 
studies (Fone and Porkess, 2008). Isolating rats from their conspecifics dur-
ing adolescence has been shown to increase drug intake in adulthood in 
many, but not all, studies (Becker et al., 2011; Chappell et al., 2013; Lu et 
al., 2003). The effects are thought to be mediated in part through the lack of 
social play, which has been shown to be very important for normal brain 
development in rats (Vanderschuren and Trezza, 2014). Although specific 
social isolation protocols have not been used in this thesis, the issue of social 
isolation presents a problem when using the voluntary alcohol intake mod-
els, where rats are typically single housed. This may be particularly im-
portant in the adolescent animals and may produce confounding effects on 
both alcohol intake and neurobiological changes (see Endogenous opioids). 
Despite this, single housing during alcohol intake in adolescence has been 
given little attention in the literature. Therefore, the confounding effects of 
single housing on adolescent drinking and endogenous opioids were specifi-
cally addressed in Paper III. 

Dopamine 
In the year 2000, the Swedish scientist Arvid Carlsson, together with Paul 
Greengard and Eric R. Kandel were awarded the Nobel Prize in Physiology 
or Medicine “for their discoveries concerning signal transduction in the 
nervous system” (Nobelprize.org). Arvid Carlsson discovered that dopamine 
is a transmitter in the brain (Carlsson et al., 1962) and his work has led to 
important discoveries for the treatment of Parkinson’s disease and schizo-
phrenia.  

Dopamine belongs to the catecholamine family, together with adrenaline 
and noradrenaline, and acts on dopamine receptors. Dopamine receptors are 
G-protein coupled receptors and there are to date five subtypes that have 
been confirmed (Beaulieu and Gainetdinov, 2011). They are divided into 
two classes based on their ability to stimulate cyclic-adenosine monophos-
phate (cAMP) production by adenylyl cyclase (AC); D1 and D2 (Kebabian 
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and Calne, 1979; Spano et al., 1978). The D1-class includes D1 and D5, and 
stimulates AC, while the D2-class, including D2, D3 and D4, inhibits AC. 
The D1-like receptors are found postsynaptically, while D2-like receptors 
are found pre- and postsynaptically on dopamine neurons and target cells 
respectively (Beaulieu and Gainetdinov, 2011). 

 Dopamine synthesis starts with phenylalanine, which is converted to ty-
rosine by the enzyme phenylalanine hydroxylase. Tyrosine is then converted 
to dihydroxyphenylalanine (DOPA) by tyrosine hydroxylase, and DOPA is 
subsequently converted to dopamine by DOPA decarboxylase. The conver-
sion of tyrosine to DOPA is the rate-limiting step of the synthesis (Daubner 
et al., 2011). 

After synthesis, dopamine is transported into synaptic vesicles by the ve-
sicular monoamine transporter-2 (VMAT2) (Bernstein et al., 2014). Once 
released into the synaptic cleft, dopamine is transported back into the pre-
synaptic cell by the high-affinity dopamine transporter (Vaughan and Foster, 
2013). It is then repackaged into vesicles, making it available for future re-
lease, or metabolized by monoaminooxidase (MAO) and aldehyde dehydro-
genase to dihydroxyphenylacetic acid (DOPAC) (Bisaglia et al., 2013). Do-
pamine can also be metabolized to homovanillic acid by catechol-O-
methyltransferase (COMT) and MAO in glial cells (Bisaglia et al., 2013). 

The vesicles containing dopamine can be classified into two pools; the 
readily releasable pool and the storage (reserve) pool (Duncan et al., 2003; 
Pieribone et al., 1995; Yavich, 1996). The storage pool is sensitive to high-
frequency stimulation and vesicles are synapsin-bound, older, mobile, insen-
sitive to tyrosine hydroxylase inhibition by alpha-methyl-p-tyrosine (AMPT) 
and located deeper in the cytoplasm. The readily releasable vesicles are not 
synapsin-bound, new, immobile, AMPT-sensitive and located close to the 
cell surface (Duncan et al., 2003; Pieribone et al., 1995; Yavich, 1996). 

The dopaminergic cell groups in the brain were first mapped by Annica 
Dahlström and Kjell Fuxe in 1964 (Dahlström and Fuxe, 1964) and were 
labeled A8-A12, A13-17 were found later (Björklund and Dunnett, 2007). 
The A stands for “aminergic” and A1-7 are the noradrenergic cell groups.  

The A8 and A9 cell groups can be found in the substantia nigra and pro-
jects to the striatum, globus pallidus and subthalamic nucleus. They are im-
portant for motor control and the pathway is also known as the nigrostriatal 
pathway and is part of the basal ganglia (Björklund and Dunnett, 2007). 

 A10 is found in the ventral tegmental area (VTA) and projects to the nu-
cleus accumbens, prefrontal cortex, amygdala, olfactory tubercle and hippo-
campus (Björklund and Dunnett, 2007; Ikemoto, 2007). These are the meso-
limbic and the mesocortical pathways, also referred to as the mesocortico-
limbic system, which plays a central role in reward and motivation and is 
highly involved in aspects of substance use disorders (Ikemoto, 2007; Koob 
and Volkow, 2010). 
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Importantly, the substantia nigra projections are not only restricted to the 
striatum, and the same is true for the VTA and nucleus accumbens. For ex-
ample, there are projections from the dorsal tier of the VTA and substantia 
nigra that innervate nucleus accumbens as well as the matrix compartment of 
the dorsal striatum (Gerfen et al., 1987; Prensa and Parent, 2001). The ven-
tral tier of the VTA and substantia nigra innervate mainly the patch com-
partment (striosomes) of the striatum (Gerfen et al., 1987; Prensa and Parent, 
2001). This striato-nigral-striatal circuitry has been elegantly described in 
detail by Ikemoto (2007). 

Dopamine-releasing actions of alcohol 
Drugs of abuse commonly act on the reward system and increase extracellu-
lar levels of dopamine in the nucleus accumbens acutely after intake, and 
this is true for alcohol as well (Di Chiara and Imperato, 1988; Imperato and 
Di Chiara, 1986). The mechanisms behind the dopamine-releasing actions of 
alcohol are however not yet fully understood, but several systems are likely 
interacting.  

Alcohol has been shown to increase the release of endogenous opioids, 
such as beta-endorphin (BEND) and enkephalin (Anwer and Soliman, 1995; 
Jarjour et al., 2009; Lam et al., 2008; Patel and Pohorecky, 1989; Schulz et 
al., 1980; Seizinger et al., 1983). They can bind to mu-opioid receptors on 
GABA interneurons in the VTA and inhibit the release of GABA upon the 
dopaminergic neurons (Johnson and North, 1992; Nicoll et al., 1980; 
Steffensen et al., 2006; Xiao and Ye, 2008; Xiao et al., 2007). Because the 
dopaminergic neurons in the VTA are under tonic control by the GABA 
interneurons, this results in disinhibition of the dopaminergic neurons, which 
subsequently releases dopamine in the nucleus accumbens (Johnson and 
North, 1992; Nicoll et al., 1980; Steffensen et al., 2006; Xiao and Ye, 2008; 
Xiao et al., 2007). It has also been shown that mu- and delta-opioid receptors 
facilitate dopamine release locally in the nucleus accumbens as well (Hirose 
et al., 2005; Yoshida et al., 1999), which could be another access-point for 
alcohol-induced opioid peptides. 

Interactions between alcohol and other transmitters such as glutamate, 
GABA, acetylcholine, serotonin, ghrelin, glycine and many more are not the 
focus of this thesis, but can be found in the recent reviews by Söderpalm and 
Ericson (2013) and Tabakoff and Hoffman (2013). 

However, there are also studies showing that activation of the mesolimbic 
pathway is not necessarily critical for the acute reinforcing effects of for 
example heroin and alcohol (Fahlke et al., 1994; Lyness and Smith, 1992; 
Pettit et al., 1984; Rassnick et al., 1993; Shoemaker et al., 2002), which sug-
gests that these drugs have other reinforcing mechanisms, perhaps through 
opioid receptors (Koob, 1992; Wise, 1996). 
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Dopamine in alcohol use disorders 
The transition from initial drug use to compulsive use and addiction involve 
long-lasting changes in many neural networks beyond dopamine, such as the 
GABA, glutamate and CRF systems (Koob and Volkow, 2010; Oswald and 
Wand, 2004; Trigo et al., 2010; Vengeliene et al., 2008) but will not be dis-
cussed herein. Changes in the opioid system are discussed in further detail 
later (see Endogenous opioids). 

One important change regarding dopamine is hypothesized to involve a 
shift from the nucleus accumbens to recruitment of the dorsal striatum and 
habit formation (Everitt and Robbins, 2013). The hypothesis involves a se-
ries of transitions from initial drug use, when the drug is taken for its rein-
forcing properties, through loss of control over this behavior, as it becomes a 
stimulus-response habit, which in the end becomes compulsive. The neural 
basis comprises a shift in the control over behavior, from the nucleus ac-
cumbens to the dorsomedial and ultimately dorsolateral striatum, mediated 
by the stratified dopaminergic innervations previously described. This also 
involves a decrease in prefrontal cortical control over behavior. 

Although most of the work has been done on cocaine, it has also been 
demonstrated that alcohol seeking became insensitive to devaluation after 4 
weeks of training (Corbit et al., 2012). Devaluation-insensitivity is used as 
an indicator of stimulus-response behavior rather than action-outcome be-
havior, meaning that drug-seeking behavior will continue even though no 
reward is given (Everitt and Robbins, 2013). This behavioral transition is 
thought to mirror a shift from the dorsomedial striatum to the dorsolateral 
striatum and indeed, inactivation of the dorsomedial striatum can prevent the 
expression of alcohol devaluation after shorter periods of training, but is 
ineffective in preventing devaluation after 8 weeks of training. In contrast, 
inactivation of the dorsolateral striatum can restore sensitivity to devaluation 
after 8 weeks of training, but is ineffective after short periods of training 
(Corbit et al., 2012). 

Interestingly, there are also reports showing that the left putamen was 
significantly enlarged in cocaine-dependent individuals and their non-
abusing siblings, suggesting there might be an underlying predisposition to 
acquire drug-seeking habits (Ersche et al., 2012). The dopaminergic activity 
in the dorsal striatum could therefore also be a factor in the vulnerability to 
drug addiction. 

Loss of function in the prefrontal cortex may also be part of this shift and 
an example of changes in this region is the loss of D2 receptor control of 
signaling in the prefrontal cortex after chronic alcohol exposure (Trantham-
Davidson et al., 2014). Addicted subjects also have reductions of D2 recep-
tors in the striatum (Volkow et al., 2009) and changes in metabolism in the 
prefrontal regions have been associated with reductions in striatal D2 recep-
tors (Volkow et al., 2001; Volkow et al., 1993; Volkow et al., 2007). Low 
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levels of striatal D2 receptors have in turn been associated with impulsivity 
in both humans (Lee et al., 2009) and rodents (Dalley et al., 2007). 

Studies of dopamine transporter and tyrosine hydroxylase levels have also 
been done after chronic alcohol exposure and show increased levels of do-
pamine transporters in the nucleus accumbens but not dorsal striatum of rats, 
and no changes in tyrosine hydroxylase (Healey et al., 2008). Increased do-
pamine uptake has also been found after chronic alcohol exposure in both 
the nucleus accumbens (Budygin et al., 2007; Carroll et al., 2006) and dorsal 
striatum (Budygin et al., 2007).  

As for long-lasting effects on dopaminergic VTA neurons and dopamine 
levels the findings are still somewhat inconsistent, but points toward no 
changes or lower activity in basal firing rates during withdrawal or absti-
nence, and increased responsivity to an alcohol challenge (Diana et al., 
2003; Diana et al., 1992; Shen and Chiodo, 1993). Withdrawal seems to 
involve decreased dopamine levels (Rossetti et al., 1992; Weiss et al., 1996) 
and this has been shown for both longer withdrawal and protracted absti-
nence (Bailey et al., 2000; Diana et al., 1996). 

Ontogeny of dopamine systems in rats 
During development there are several changes in dopamine systems. For 
example, it has been shown that in the prefrontal cortex of rats, GABAergic 
interneurons are unresponsive to D2 receptor activation until around PND 
50. At that time D2 activation becomes excitatory in these neurons 
(Gorelova et al., 2002; Seamans et al., 2001; Tseng and O'Donnell, 2007). 
Several studies have also shown that D1 and D2 receptors increase gradually 
after birth and peak around puberty or late adolescence and then decline and 
stabilize during adulthood. This is different in different brain regions, but in 
the dorsal striatum, dopamine receptor levels peak between PND 28 and 40 
and then declines to adult levels during PND 60 to 120 (Gelbard et al., 1989; 
Giorgi et al., 1987; Tarazi and Baldessarini, 2000; Teicher et al., 1995). Ty-
rosine hydroxylase levels seem to follow an inverse relationship, with re-
duced levels in the dorsal striatum between PND 40 and 50 (Mathews et al., 
2009; Matthews et al., 2013).  

Studies of extracellular levels are more inconsistent. Most studies have 
been done in the nucleus accumbens, where basal extracellular levels of 
dopamine have been reported to peak around PND 40-45 (Badanich et al., 
2006; Nakano and Mizuno, 1996; Philpot and Kirstein, 2004; Philpot et al., 
2009), but some studies show no differences between adolescents and adults 
(Frantz et al., 2007; Matthews et al., 2013). In the dorsal striatum there are 
reports that show reduced levels during adolescence (Laviola et al., 2001) or 
no differences in comparison to adults (Matthews et al., 2013). There are 
also reports of a peak in the firing rate of midbrain dopamine neurons around 
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PND 45 (McCutcheon and Marinelli, 2009), although it is unclear whether 
these are recordings from VTA neurons, substantia nigra neurons or both. 

As for the dopamine transporter, lower levels during adolescence have 
been reported in both the dorsal striatum and nucleus accumbens (Matthews 
et al., 2013; Tarazi et al., 1998), but there are also contradictory reports 
showing peak levels during adolescence (Meng et al., 1999; Moll et al., 
2000). However, the number of transporters may not be as relevant as the 
level of functionally active transporters, which have been shown to be higher 
during adolescence (Volz et al., 2009). This may also be true for VMAT2, 
which is either lower in adolescence (Truong et al., 2005) or similar to adult 
levels (Matthews et al., 2013), but has been shown to be kinetically up regu-
lated in membrane-associated vesicles (i.e. readily releasable pool) during 
adolescence (Volz et al., 2009). Studies have also shown that early adoles-
cent rats have a reduced pool of readily releasable dopamine, but also a larg-
er storage pool of dopamine compared to adults (Stamford, 1989). 

The dopaminergic response to drugs has also been shown to differ be-
tween adolescent and adult individuals. For example, acute alcohol has been 
shown to induce a larger increase in extracellular levels of dopamine in the 
nucleus accumbens of adolescent rats compared to adults (Pascual et al., 
2009; Philpot et al., 2009). Amphetamine has also been reported to induce a 
greater increase in extracellular levels of dopamine in the adolescent dorsal 
striatum compared to adults (Walker et al., 2010), although this is contra-
dicted by Matthews et al. (2013). 

Effects of adolescent alcohol on dopamine 
Long-term effects of repeated alcohol exposure during adolescence show 
that intraperitoneally administered alcohol increase basal extracellular levels 
of dopamine (Badanich et al., 2007; Pascual et al., 2009; Philpot et al., 2009) 
and this effect seems to be most pronounced in preadolescent (PND 25) rats, 
but was also found in young adult animals (PND 60) (Philpot et al., 2009). 
Repeated alcohol exposure did not affect adolescent dopamine uptake 
(Badanich et al., 2007) and this may be an age-specific effect, since chronic 
exposure to alcohol in adulthood increase dopamine uptake in both nucleus 
accumbens and dorsal striatum (Budygin et al., 2007). Exposure prior to 
PND 35 also seems to blunt subsequent alcohol-induced increase in dopa-
mine, while this effect was not seen in older animals (Philpot et al., 2009). 
On the other hand, voluntary adolescent alcohol intake in alcohol-preferring 
P rats increased dopamine uptake, without affecting basal extracellular lev-
els (Sahr et al., 2004). Discrepancies between these studies can be explained 
by a number of factors, such as route of administration, dose, rat strain and 
exact time period, but they all point to important alcohol-induced effects on 
dopamine dynamics during adolescence. 
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Dopamine analysis 
There are several ways to measure dopamine in the brain, but the most 
common techniques for in vivo analysis of dopamine today are neuroimag-
ing, microdialysis and electrochemical recordings.  

Neuroimaging includes several different techniques and the major ones 
are functional magnetic resonance imaging (fMRI) and positron emission 
tomography (PET) and are often used in clinical research. For further dis-
cussion on these techniques in drug addiction research see the review by 
Parvaz et al. (2011). 

Microdialysis offers the possibility to sample extracellular fluid in the 
brain, which can then be analyzed further by for example high-performance 
liquid chromatography. The great advantage of microdialysis is the possibil-
ity of measuring basal or drug-induced extracellular levels of one or more 
analyte in one experiment with high selectivity and sensitivity (Gerhardt and 
Burmeister, 2000). If one uses the no-net-flux technique, there is also the 
possibility of measuring the extraction fraction, which can be used as an 
indirect measure of dopamine uptake (Chefer et al., 2006). However, the 
temporal and spatial resolution is limited and second-by-second measure-
ments of release and uptake cannot be done. 

The predominant techniques in electrochemical recordings are fast-scan 
cyclic voltammetry (FSCV) and amperometry (Jackowska and Krysinski, 
2013). All of the electrochemical techniques are built upon the 2e-/2H+ redox 
reaction of dopamine, where dopamine is oxidized to an o-quinone that can 
be reduced back to dopamine (Gerhardt and Burmeister, 2000). A potential 
is applied to an electrode, relative to a reference electrode, and any molecule 
that comes in contact with the electrode surface may be oxidized, provided it 
is electrochemically active and that the potential is high enough to oxidize 
the analyte in question. The faradaic current that is produced by the reaction 
is proportional to the concentration of the analyte (Gerhardt and Burmeister, 
2000). A problem for all electrochemical techniques is specificity, since any 
analyte that can be oxidized by the chosen potential can produce a current. 
However, the different techniques have different ways to minimize this 
problem. The great advantage with the electrochemical techniques, as com-
pared to microdialysis, is the high spatial and temporal resolution (Gerhardt 
and Burmeister, 2000). Depending on the size of the electrode, the spatial 
resolution may be very high and it also minimizes tissue damage (Robinson 
et al., 2003). The most common microelectrode is the carbon fiber electrode, 
but there are also other materials available, such as platinum and gold 
(Jackowska and Krysinski, 2013). A disadvantage with high-speed chrono-
amperometry and FCSV is that they cannot measure basal extracellular con-
centrations, only quick changes in them (Robinson et al., 2003). On the other 
hand, the temporal resolution makes it possible to follow the time-course of 
evoked release and reuptake of a neurotransmitter. Release can be evoked by 
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electrical stimulation or, in the case of high-speed chronoamperometry, 
through a potassium solution (Gerhardt and Burmeister, 2000). In freely-
moving animals, behavior-induced transients can also be measured 
(Robinson et al., 2003). 

In FSCV, a triangular waveform is applied and cycled at a very high rate, 
offering the possibility of sub-second measurements (Robinson et al., 2003). 
A problem when the potential of the electrode is continuously varied is the 
contribution of the surface-associated current, termed the background cur-
rent (Michael and Wightman, 1999). Careful and precise subtraction of the 
background current contribution is therefore needed (Jackowska and 
Krysinski, 2013; Robinson et al., 2003). An advantage with FSCV is that it 
provides a moderate amount of chemical information through the back-
ground-subtracted cyclic voltammogram that can act as a chemical identifier 
for the analyte (Michael and Wightman, 1999). Unfortunately, dopamine 
and noradrenaline can be very difficult to distinguish due to their chemical 
similarities (Michael and Wightman, 1999). 

Amperometry can be performed either as constant-potential amperometry 
or high-speed chronoamperometry. The constant-potential amperometry 
involves application of a fixed potential, selected to oxidize the analyte con-
tinuously. This means that amperometric currents can be continuously moni-
tored, which lends the technique great temporal resolution (Michael and 
Wightman, 1999). The great disadvantage is that it has very little chemical 
selectivity. If an oxidation or reduction can occur at the applied potential, it 
will, making it impossible to distinguish between different analytes (Michael 
and Wightman, 1999). To improve selectivity different surface modifica-
tions have been developed. For example, coating with enzymes, inorganic 
catalysts or ion-exchange membranes. One example of an ion-exchange 
membrane is Nafion. It is a Teflon derivative that repels anions such as 
ascorbic acid, which is highly abundant in the brain (Gerhardt and 
Burmeister, 2000).  

High-speed chronoamperometry is another way of increasing selectivity. 
A square wave potential is applied to the electrode, which is typically coated 
with Nafion. The frequency is often between 5 and 25 Hz, although in stand-
ard recordings the signals are often averaged over time to 1- or 2-second 
time periods (Gerhardt and Burmeister, 2000). The potential is chosen to 
oxidize and then re-reduce the product to the original molecule. The reduc-
tion prevents the accumulation of oxidized neurotransmitter, which is often 
neurotoxic and can adhere to the electrode surface (Gerhardt and Burmeister, 
2000; Michael and Wightman, 1999). With each step in potential, there will 
be a background current, but this usually decays rapidly and therefore only 
the last 80% of each step is measured (Michael and Wightman, 1999). The 
current during the last 80% is averaged and recorded and then plotted as a 
function of time, creating second-by-second measurements. The ratio of the 
reductive current to the oxidative peak current is calculated and this is often 
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different for different neurotransmitters, which gives some possibility to 
identify the analyte (Gerhardt and Burmeister, 2000; Michael and 
Wightman, 1999). Commercial systems for high-speed chronoamperometry 
measurements as well as analysis programs are available and this was one 
important factor for the choice of this technique to measure dopamine re-
lease and uptake in this thesis. 

Endogenous opioids 
Opium poppies (Papaver somniferum) have been used for medical and non-
medical purposes for many centuries. Opium is the dried milky juice of the 
unripe capsule of the poppy. The word opium is derived from the Greek 
word opos, which means juice, and the first reference of opium by The-
ophrastus dates back to 300 B.C. In the early 19th century, the German 
pharmacist Sertürner isolated morphine from opium, which was named after 
the Greek god of dreams, Morpheus (van Ree et al., 1999). Morphine is still 
widely used for pain relief and many morphine-like substances have been 
synthesized. The syntheses of morphine-like substances have given rise to 
the terminology of opiates versus opioids. The term opiate refers to the natu-
ral alkaloids derived directly from the opium poppy and opioid refers to all 
substances, synthesized or natural, that produce effects characteristic of nat-
urally occurring opiates (Yaksh and Wallace, 2011). 

The pharmacological effects noted for morphine and similar substances 
started speculations about the presence of specific receptors for these sub-
stances. Evidence for an existing endogenous opioid system came in the late 
1960’s and early 1970’s (Mayer et al., 1971; Portoghese, 1965) and in 1973 
three independent research groups demonstrated the existence of stereospe-
cific binding sites for opioids (Pert and Snyder, 1973; Simon et al., 1973; 
Terenius, 1973). It was later found that there were different opioid receptors 
and they were termed mu-, delta- and kappa-opioid receptors. Parallel stud-
ies also showed that opioid-like activity could be found in brain extracts 
(Kosterlitz and Waterfield, 1975; Terenius and Wahlström, 1974), indicating 
that there were endogenous ligands for these receptors. They were named 
endorphin, from endogenous morphine (Simantov and Snyder, 1976), 
enkephalin, from the Greek “in the head” (Hughes et al., 1975) and dy-
norphin, from the Greek word dynamis, meaning power (Goldstein et al., 
1979). The endogenous ligands have different amino acid sequences and 
different affinities for the receptors (Table 2). Generally speaking, BEND 
has equal affinity for the mu- and delta-receptors, while the enkephalins are 
more selective for the delta-receptor and the dynorphins have higher affinity 
for the kappa-receptor (Yaksh and Wallace, 2011). 
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Table 2. Amino acid sequences for some of the endogenous opioid peptides and their 
relative receptor affinities. 

Endogenous peptide Amino acid sequence Receptor affinity 
  Mu Delta Kappa 
Beta-endorphin (rat) Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-

Ser-Gln-Thr-Pro-Leu-Val-Thr-Leu-Phe-
Lys-Asn-Ala-Ile-Ile-Lys-Asn-Val-His-
Lys-Lys-Gly-Gln 

+++ +++  

Met-enkephalin Tyr-Gly-Gly-Phe-Met ++ +++  
Met-enkephalin-Arg6Phe7 Tyr-Gly-Gly-Phe-Met-Arg-Phe +++ +++ +++ 
Leu-enkephalin Tyr-Gly-Gly-Phe-Leu ++ +++  
Dynorphin A Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-

Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln 
++  +++ 

Dynorphin B Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-
Lys-Val-Val-Thr 

+ + +++ 

Compiled from Akil et al. (1998); Vats et al. (2009); Yaksh and Wallace (2011). 

Later on, nociceptin/orphanin FQ (Meunier et al., 1995; Reinscheid et al., 
1995) and the endomorphins (Zadina et al., 1997) were also identified to-
gether with the nociceptin/orphanin FQ receptor, previously referred to as 
the opioid receptor-like receptor (Bunzow et al., 1994; Fukuda et al., 1994; 
Lachowicz et al., 1995; Mollereau et al., 1994), but these are not the focus of 
this thesis and will not be discussed further. 

The opioid receptors, which have also been confirmed through cloning, 
are G-protein coupled receptors that inhibit the production of cAMP through 
AC (Evans et al., 1992; Kieffer et al., 1992; Knapp et al., 1995; Reisine and 
Bell, 1993; Uhl et al., 1994). 

The endogenous opioids are peptides derived from larger precursor mole-
cules (Figure 1) and their synthesis in the brain also varies (Loughlin et al., 
1995). Proopiomelanocortin, which gives rise to BEND and several non-
opioid peptides (Figure 1A) (Nakanishi et al., 1979), is synthesized in the 
anterior lobe of the pituitary gland, arcuate nucleus of the hypothalamus and 
nucleus tractus solitarius. Proenkephalin synthesis is widespread in the CNS 
and the protein gives rise to multiple enkephalins, including Leu-enkephalin, 
Met-enkephalin, Met-enkephalin-Arg6Phe7 (MEAP) and Met-enkephalin-
Arg6Gly7Leu8 (Figure 1B) (Noda et al., 1982). Prodynorphin synthesis is 
also widespread and is the precursor for dynorphin A, dynorphin B (DYNB), 
neoendorphin and Leu-enkephalin (Figure 1C) (Kakidani et al., 1982). The 
amino acid sequence Tyr-Gly-Gly-Phe at the amino terminal of the peptides 
is important for their binding to opioid receptors and is common to the en-
dogenous opioid peptides (van Ree et al., 1999). 

The projections of neurons containing endogenous opioid are, like the 
synthesis, widespread in the CNS (Loughlin et al., 1995). BEND is some-
what more restricted to the projections of the hypothalamus, but these are 
also numerous. It is therefore not surprising that the endogenous opioids are 
involved in regulating a number of physiological processes and behaviors. 
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Of particular interest in this thesis is their involvement in maternal interac-
tions, social behavior, and reward and addiction processes. 

 
Figure 1. A schematic illustration of the precursors for the endogenous opioids and 
related products. Met-enkephalin, illustrated with black boxes, can also be found 
within beta-endorphin and the octa and hepta Met-enkephalin peptides. Leu-
enkephalin, illustrated with white boxes, can be found within many of the products 
of prodynorphin. The darker grey boxes illustrate the peptides measured by radio-
immunoassay in this thesis: beta-endorphin, Met-enkephalin-Arg6Phe7 and dy-
norphin B. ACTH= adrenocorticotropic hormone, CLIP = corticotropin-like inter-
mediate lobe peptide, MSH = melanocyte-stimulating hormone. 

Endogenous opioids in alcohol use disorders 
Endogenous opioids have been implicated in the mechanism of action of 
alcohol, as previously discussed, but they can also modulate alcohol intake, 
which has been shown through studies of agonists and antagonists as well as 
genetic knockouts of the different receptors. Generally, mu-opioid receptor 
antagonists decrease alcohol intake (Honkanen et al., 1996; Hyytia and 
Kiianmaa, 2001; Kim et al., 2000; Mhatre and Holloway, 2003; Stromberg 
et al., 1998) and mu-receptor knockouts drink less than their wild type coun-
terparts (Becker et al., 2002; Hall et al., 2001; Roberts et al., 2000). BEND 
knockouts are not as consistent, with studies showing increased (Grisel et 
al., 1999), decreased (Racz et al., 2008) or unchanged intake (Hayward et 
al., 2004). 
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Results on the involvement of the delta-receptor are also inconclusive. 
Delta-receptor antagonists sometimes decrease (Hyytia and Kiianmaa, 2001; 
Kim et al., 2000) or have no effect on alcohol intake (Honkanen et al., 
1996), while knockouts have been shown to increase their intake (Roberts et 
al., 2001; van Rijn and Whistler, 2009). To explain these discrepancies dif-
ferences in response of the different subtypes have been proposed, as well as 
a mu-/delta-receptor heterodimer (van Rijn and Whistler, 2009). Knockouts 
also display more anxiety-like behaviors (Roberts et al., 2001) and there is a 
possibility that this is what drives their increased intake. Knocking out 
enkephalin seems to have no effect on intake (Hayward et al., 2004; Koenig 
and Olive, 2002; Racz et al., 2008). 

Furthermore, kappa-opioid receptor knockouts decrease their alcohol in-
take (Kovacs et al., 2005; van Rijn and Whistler, 2009), but dynorphin 
knockouts display increased (Femenia and Manzanares, 2012; Racz et al., 
2013), decreased (Blednov et al., 2006) or unchanged (Sperling et al., 2010) 
alcohol intake and kappa opioid receptor agonists can reduce alcohol intake 
(Lindholm et al., 2001). 

The effects of opioid receptor antagonists on alcohol intake have been uti-
lized in the search for a treatment for AUD and two opioid antagonists are 
currently on the Swedish market; naltrexone and nalmefene. 

Another important aspect of the opioid-alcohol link is that alcohol can 
modulate the endogenous opioids. As previously mentioned, acute alcohol 
increases the release of opioids in several brain areas. Chronic alcohol intake 
also modulates the opioid system and these effects can last well beyond the 
acute withdrawal stage. Although many differences between studies exist 
and the results are far from conclusive, the general idea is that prolonged 
alcohol exposure down-regulates the positive, but up-regulates the negative 
aspects of the endogenous opioid system. For example, DYNB levels have 
been found to be higher three weeks after voluntary alcohol intake in the 
mouse amygdala (Ploj et al., 2000) and after chronic alcohol treatment in the 
rat nucleus accumbens (Lindholm et al., 2000). Prodynorphin mRNA in the 
amygdala has also been shown to increase after voluntary alcohol intake 
(Chang et al., 2010). However, there are also studies that show increased 
enkephalin levels, as well as mRNA in several brain areas after voluntary 
alcohol intake (Chang et al., 2010; Cowen and Lawrence, 2001; Gustafsson 
et al., 2007), so the different brain areas may be differentially sensitive to the 
effects of alcohol and the duration and timing of the intake. It is also appar-
ent that there are differences between rat and mouse strains, as well as with-
in strains from different suppliers of animals (Palm et al., 2012) that may 
affect the outcome of the studies. Most studies have also been done in adult 
subjects and very little is known about alcohol’s acute and long-lasting ef-
fects on opioid peptides in the adolescent brain. 

On the basis of the research so far, several hypotheses on the involvement 
of the endogenous opioid system in the vulnerability towards AUD have 
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been formed. The “opioid decifit” theory hypothesizes that an inherent low 
basal opioid activity will reinforce alcohol consumption and lead to in-
creased alcohol intake in order to compensate for the low activity 
(Trachtenberg and Blum, 1987). The “opioid surfeit” theory suggests that 
vulnerable individuals have inherent excess/surfeit opioid activity, which 
stimulates alcohol intake, which in turn further increases opioid activity and 
maintains a high alcohol intake (Reid et al., 1991). A third hypothesis is that 
propensity for high alcohol intake is influenced by the individual sensitivity 
of the opioid system to alcohol-induced effects (Gianoulakis et al., 1996). 

Another theory on the involvement of opioids in AUD is the opponent 
process theory. It hypothesizes that a dysregulation of the endogenous opioid 
system forms during the addiction process, which leads to an up-regulated 
dynorphin/kappa-receptor system, among other changes, and that the nega-
tive affect associated with this drives continued drinking despite little or no 
positive effects (Koob and Le Moal, 2008). 

Ontogeny of endogenous opioid systems in rats 
Endogenous opioid peptides are present in the CNS well before birth, but the 
levels are not comparable to adult levels and during the first few weeks of 
life the opioid system undergoes substantial reorganization and maturation 
(McDowell and Kitchen, 1987). BEND in the rat striatum reaches adult lev-
els already before birth, while enkephalin reaches peak levels at around PND 
21-25 (Bailey and Kitchen, 1985; Bayon et al., 1979; Bloom et al., 1980). 
Dynorphin in the neurointermediate lobe of the pituitary gland reaches peak 
levels around PND 30 (Seizinger et al., 1982). However, there are several 
regional differences in the timing of the maturational changes (McDowell 
and Kitchen, 1987). The kappa- and mu-receptors increase during the first 
postnatal weeks, before reaching adult levels by the second and third postna-
tal week, respectively (Kornblum et al., 1987; Petrillo et al., 1987; Spain et 
al., 1985). The delta-receptors are expressed later and can be found during 
the second postnatal week and reaches adult levels at the fourth postnatal 
week (Kornblum et al., 1987; Petrillo et al., 1987; Spain et al., 1985). 

Effects of maternal separation on endogenous opioids 
The endogenous opioids have been shown to be involved in social interac-
tions during early life and seem to have an important function both in mater-
nal behavior and social motivation of the pups (Panksepp et al., 1980; 
Panksepp et al., 1994). For example, mu-receptor knockout mouse pups 
show deficits in attachment behaviors (Moles et al., 2004). Furthermore, 
previous data from our group and others show differences in opioid peptide 
content in several rat brain areas (Nylander and Roman, 2012), both after 
MS alone (Gustafsson et al., 2008; Ploj et al., 2003b), and in combination 
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with adult alcohol drinking (Gustafsson et al., 2007). Differences in the re-
sponse to the opioid antagonist naltrexone (Daoura and Nylander, 2011) and 
to an opioid agonist (Kalinichev et al., 2001) have also been shown after 
MS. These data indicate a possible link between early life environment, opi-
oids and adult drinking behavior. 

Effects of social environment on endogenous opioids 
Social isolation in adolescent rats has also been shown to affect the endoge-
nous opioid system. In a study of peptide levels after one week of single 
housing directly after weaning, MEAP was particularly affected in several 
brain areas (Granholm et al., 2014). Enkephalin mRNA levels, as wells as 
peptide levels, have also been shown to increase in the hypothalamus as a 
response to social isolation (Iglesias et al., 1992). Furthermore, the analgesic 
properties of morphine have been shown to decrease in isolated animals 
(Czlonkowski and Kostowski, 1977; Kostowski et al., 1977; Panksepp, 
1980; Smith et al., 2005) and they also consume more morphine than group 
housed rats (Alexander et al., 1981; Alexander et al., 1978; Raz and Berger, 
2010), possibly as a consequence of the decreased receptor levels that have 
also been found (Schenk et al., 1982). These changes may reflect the lack of 
social play. Both mu- and kappa-receptors have been shown to be highly 
involved in social play behaviors (Vanderschuren et al., 1995) and BEND 
has been shown to facilitate social grooming in rats (Niesink and Van Ree, 
1989). Together, these data highlight the social environment as an important 
factor in the study of effects on endogenous opioids. 

Opioid analysis 
Analysis of opioid peptide levels in the brain is commonly done using in 
vivo analysis by microdialysis, or through tissue dissection and radioim-
munoassay.  

The use of microdialysis allows analysis of changes in basal levels and 
possible acute changes due to pharmacological or physical challenges. How-
ever, the technique is time consuming and usually only one restricted brain 
region can be studied in the same animal.  

Tissue dissection allows for several brain regions to be studied in the 
same animal. It is also fairly easy to study several different peptides in each 
region. Depending on the size of the dissected regions the analysis can be 
more or less region specific. One disadvantage with tissue dissection is that 
the levels measured are difficult to interpret. In acute studies, a decrease can 
mean an increase in release followed by subsequent metabolism of the pep-
tide in question resulting in lower levels. In long-term studies a lower level 
is also a marker for a down-regulated system (Nylander et al., 1995). Anoth-
er problem to be aware of is the post mortem degradation of peptides that 
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can take place in the time it takes to dissect and freeze the tissue, as well as 
in the thawing process during tissue homogenization in preparation for pep-
tide extraction and radioimmunoassay (Nylander et al., 1997). 

The use of radioimmunoassay in combination with ion-exchange chroma-
tography allows for sensitive and specific measurement of different opioid 
peptides (Bergström et al., 1983). The method is based on competition be-
tween radioactively labeled or unlabeled antigen for a limited number of 
binding sites on an antibody. When equilibrium is reached some antigen will 
be free and some will be bound to the antibody. The free antigen can then be 
separated from the bound through a second antibody or charcoal suspension, 
for example. The radioactivity in the antibody-bound fraction can then be 
counted and a concentration can be calculated from a standard curve. The 
percentage of labeled antigen that is bound decreases with increasing 
amounts of unlabeled antigen. 

In this thesis, well-characterized antibodies for the opioid peptides 
DYNB, MEAP and BEND were used (Christensson-Nylander et al., 1985; 
Nylander et al., 1997). The immunoreactive peptides were in turn used as 
markers for the prodynorphin, proenkephalin and proopiomelanocortin sys-
tems, respectively (Nylander et al., 1997; Nylander et al., 1995). 

Risk taking and individual differences in abuse liability  
Sensation seeking is positively correlated to risk-taking behaviors such as 
exploration in response to novelty, impulsive decision-making and extrava-
gance in approach to reward cues (Franques et al., 2003; Laviola et al., 1999; 
Wills et al., 1994; Zuckerman and Kuhlman, 2000). Increased novelty seek-
ing and risk taking has in turn been associated with predisposition to reward-
ing and addictive behaviors (Belin and Deroche-Gamonet, 2012; Laviola et 
al., 1999). As mentioned earlier, high risk taking is also characteristic for the 
adolescent period. 

Animal models of individual differences 
To further investigate the importance of individual differences in vulnerabil-
ity to substance use disorders, an animal model of sensation seeking, charac-
terized by high (HR) and low responders (LR) to a novel environment has 
been developed (Blanchard et al., 2009; Dellu et al., 1996; Kabbaj, 2006; 
Piazza et al., 1989). HR rats display enhanced sensitivity to behavioral sensi-
tization and locomotor effects of psychostimulants and more readily acquire 
self-administration of these drugs than LR rats (Hooks et al., 1991; Klebaur 
et al., 2001; Mantsch et al., 2001; Marinelli and White, 2000; Piazza et al., 
1989; Pierre and Vezina, 1997). Higher basal dopamine activity has also 
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been found in HR rats compared to LR (Antoniou et al., 2008; Piazza et al., 
1991). 

Comparative studies between characteristics of HR rats and sensation-
seeking humans have noted several similarities, including altered dopamin-
ergic activity (Blanchard et al., 2009). Further, a rapid decline in the stimula-
tory effect of novelty in rats is similar to human sensation-seekers’ suscepti-
bility to boredom (Dellu et al., 1996). Interestingly, human neuroimaging 
studies have also shown that activity in the dorsal striatum during selection 
of a risky option was correlated with likelihood of choosing a risky option 
again in later trials (Engelmann and Tamir, 2009). Groups of patients with 
substance use disorders also show higher activation of the dorsal striatum in 
several risk-taking studies (Gowin et al., 2013). 

Behavioral tests 
To classify the animals in the HR/LR model, the locomotor response in an 
open field arena is often used to measure the activity in a novel environment 
(Blanchard et al., 2009). Such a classification does not include a component 
of risk taking per se, which means that the increased activity could also be 
interpreted as a search for an escape route. However, an open field test arena 
does include risky areas for a rodent. An open and brightly illuminated area 
is associated with the risk of being attacked by a predator, while staying 
close to the walls of an arena is associated with some protection. The per-
centage of time spent in the open areas of the arena can therefore give fur-
ther information on the risk-taking behavior of the animal, which can then be 
used in a similar way as the HR/LR classification (Löfgren et al., 2009; 
Momeni et al., 2014). In this thesis the modified classification is referred to 
as high (HRT) and low risk-taking (LRT) animals.  

Other tests that have incorporated a risky area are the elevated plus maze 
and the multivariate concentric square field™ (MCSF) test. In the elevated 
plus maze, there are two closed arms and two open arms and the open arms 
are associated with risk. In the MCSF there is an open area with a central 
circle, similar to an open field, and a brightly illuminated bridge with a wire-
mesh floor that is also associated with risk (Figure 2) (Meyerson et al., 2006; 
Roman and Colombo, 2009). The MCSF test also has several qualitatively 
different zones for the rat to explore, which gives this ethologically founded 
test the advantage of being unprejudiced with regard to mental condition and 
this allows for a more diverse behavioral profile than the two aforemen-
tioned tests (Meyerson et al., 2006; Meyerson et al., 2013; Roman et al., 
2012).  

An important aspect of behavioral testing is the interpretation of the test 
results. The open field and elevated plus maze is often used to measure anxi-
ety-like behaviors in rodents. This is done on the basis that anxiolytic drugs, 
such as benzodiazepines, increase the time spent in the open area and on the 
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open arms (Andrews et al., 2014). However, interpretation of a rat as being 
more or less anxious in these tests can be criticized, since this is a human 
mental diagnosis and there is little evidence that these tests reliably reflect 
emotionality in rodents (Andrews et al., 2014; Walsh and Cummins, 1976). 
An alternative interpretation is therefore the rat’s willingness to explore an 
open arm or area despite the risk. Highly associated with this risk taking is 
risk assessment (Blanchard and Blanchard, 1988), which has also been sug-
gested to be the behavioral component sensitive to anxiolytic drugs 
(Blanchard et al., 2011). In the elevated plus maze, open field and MCSF 
tests, risk assessment can be measured as stretch attend postures (SAPs), 
when the rat is stretching forward into the risky area but has its hind legs in 
the safe zone. In the MCSF it can also be assessed by the time and frequency 
spent on the slope of the bridge and the bridge entrance before venturing out 
on the bridge, as well as SAPs into risk areas (Meyerson et al., 2006; Roman 
et al., 2012). 

 
Figure 2. The multivariate concentric square field™ test arena (100 × 100 cm) and 
the defined zones, numbered as follows: 1. Center, 70 × 70 cm, open area; 2. Central 
circle, 25 cm diameter, risk area; 3-5. Corridors, transit areas; 6. Dark corner room, 
area for shelter seeking; 7. Hurdle, high passage to hole board with photocell to 
count head dips, exploratory incentive; 8. Slope, leading up to Bridge, risk assess-
ment area; 9. Bridge entrance, risk assessment area; 10. Bridge, elevated and illumi-
nated, risk area.  
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Aims 

The overall aim of the thesis was to investigate the influence of early envi-
ronmental factors on adolescent alcohol intake, endogenous opioids, dopa-
mine dynamics and alcohol-induced effects in rats. Furthermore, individual 
behavioral differences and their correlation to basal and drug-induced neu-
robiological responses in rats were investigated. The rationale behind these 
studies was to increase our understanding about factors that has received 
little attention in the literature to date but that could be involved in the vul-
nerability to alcohol use disorders. 

The specific aims were: 
 
• To investigate if rearing environment affects behavior, adolescent alco-

hol intake and endogenous opioids. In addition, interaction effects of 
rearing environments and voluntary adolescent drinking on behavioral 
development and endogenous opioids were studied. 

 
• To study the effects of voluntary adolescent alcohol intake on in vivo 

dopamine release and endogenous opioids. 
 
• To study the impact of adolescent social environment on voluntary ado-

lescent alcohol intake and endogenous opioids. In addition, interaction 
effects of social environment and adolescent alcohol on endogenous 
opioids were also investigated. 

 
• To study age-dependent effects on voluntary alcohol intake, striatal do-

pamine release and endogenous opioids, as well as interaction effects of 
alcohol and age on endogenous opioids. 

 
• To study if behavioral traits could be related to dopamine response in the 

dorsal striatum. 
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Methods 

Animals 
Pregnant Wistar rats (RccHan:WI) (Harlan Laboratories B.V., Horst, the 
Netherlands) arrived at the animal facility on gestation day 15-16 (Paper I 
and II). The dams were kept in cages (type IV, 59 × 38 × 20 cm) containing 
wood chip bedding and paper towels (40 × 60 cm; Cellstoff, Papyrus, Möl-
ndal, Sweden) in rooms on a 12 h light/dark cycle, with lights on at 06:00 h 
(Paper II) or 07:00 h (Paper I). The litters that were born on the same day 
(postnatal day (PND) 0) were cross-fostered to include 5-6 males and 4-5 
females. After weaning (PND 22), the pups in Paper II were continuously 
kept on a 12 h light/dark cycle, with lights on at 06:00 h, and the pups from 
Paper I were switched to a reversed cycle with lights off at 09:30 h. Only 
male pups were used after weaning. 

Male Wistar rats (RccHan:WI) (Harlan Laboratories B.V., Horst, the 
Netherlands) (Paper III and IV) arrived at three (Paper III), seven (Paper IV) 
or nine weeks old (Paper III). They were kept in cages (type IV) containing 
wood chip bedding and wooden houses. Animals in paper IV also had paper 
towels. Rats in Paper III and IV were kept on reversed light/dark cycles with 
lights off at 06:00 h. 

All animals were kept in temperature- (22±1 oC) and humidity- (50±10%) 
controlled housing and had ad libitum access to pellet food (Type R36; 
Lantmännen, Kimstad, Sweden) and water. Water access was restricted only 
during the short-term 2h alcohol sessions (Paper III). All rooms had a mask-
ing background noise to minimize unexpected sounds that could disturb the 
animals. Weights were regularly monitored throughout the experiments.  

All animal experiments were performed under protocols approved by the 
Uppsala Animal Ethical Committee and followed the guidelines of the Swe-
dish Legislation on Animal Experimentation (Animal Welfare Act 
SFS1998:56) and the European Communities Council Directive 
(86/609/EEC).  

For experimental outlines for each of the four papers, see Figure 3. 
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Figure 3. Experimental outlines for experiments performed in A) Paper I, B) Paper 
II, C) Paper III and D) Paper IV. Grey lines denote time spent at the animal supplier. 
Water controls for alcohol drinking are not shown but run parallel to the alcohol 
periods. MCSF = multivariate concentric square field™ 
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Maternal separation 
The litters in Paper I were randomly assigned to one of two rearing condi-
tions during PND 1-21 (Figure 3A): 1) daily 15 min maternal separations 
(MS15), or 2) daily 360 min maternal separations (MS360). During the sep-
arations the litters were kept together in cages (type II, 26 × 20 × 14 cm) 
containing wood chip bedding and held in a heating cabinet (30.5±1 oC) to 
avoid hypothermia. Separations were performed during the light period of 
the light/dark cycle with 15 min separations starting at 09:00 h and 360 min 
separations starting at 09:30 h. The dams were removed from the home cage 
to a temporary cage (type II), before transferring the litter to the separation 
cage. The MS15 dams were kept in the temporary cage for the remainder of 
the separation, while the MS360 dams were returned to the home cage dur-
ing the separation, but removed prior to returning the litter. The MS15 and 
MS360 litters were weighed on PND 1, 4, 7, 10, 13, 16 and 19. The pups 
were weaned on PND 22 and housed 5-6 per cage until PND 34. 

Behavioral tests 
Before starting the behavioral tests in Paper IV, the rats had two weeks of 
acclimatization to the facility and on the third week they were handled (Fig-
ure 3D) on three occasions, consisting of lifting the animal out of its home 
cage to be gently stroked, weighed and adapted to a bucket used to transport 
the animals from the animal room to the testing room. The rats in Paper I 
were already used to handling and no adaptation to the transportation bucket 
were performed prior to behavioral tests. 

All behavioral tests were performed during the dark period of the 
light/dark cycle. After each animal, the arenas were wiped with 10% alcohol 
solution and allowed to dry before the next animal was tested. 

Open field 
The open field arena was black and circular (90 cm in diameter) enclosed by 
walls (35 cm high) in black stainless steel and a black stainless steel wire-
mesh floor (10 mm between bars). The level of illumination in the center 
was 100 lx (Momeni et al., 2014). The arena was divided into three zones; 
the center (C; 30 cm in diameter) surrounded by an inner circle (IC; width 
15 cm), which was surrounded by an outer circle (OC; width 15 cm). The 
animals in Paper IV were tested at 10 weeks of age (Figure 3D) and given 20 
min to explore the arena. The percentage of time spent in the inner circle and 
center (%D IC+C), i.e. the duration (%) in the inner part of the open field, 
was used for classification of risk-taking behavior, thus dividing rats by 
central activity versus thigmotaxis. 
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Multivariate concentric square field™ 
The light conditions (lx) in the arena were as follows: dark corner room <1; 
central circle approximately 20; corridors and hurdle <5-10; slope approxi-
mately 30; bridge 600-650. The test started with placing the rat in the center 
facing the wall between center and bridge and the animal was then allowed 
to explore the arena for 20 min. An operational categorization of the various 
parameters with regard to function (i.e. general activity, exploratory activity, 
risk assessment, risk taking and shelter seeking) was used in the interpreta-
tion of results (Meyerson et al., 2013). 

Animals in Paper I were tested on two occasions, PND 29±2 and PND 
106±2 (Figure 3A). The second test was performed during the alcohol depri-
vation period to ensure no influence of intoxication in the alcohol-drinking 
rats.  

Animals in Paper IV were tested at 11 weeks of age, one week after the 
open field test (Figure 3D). 

Behavioral recordings 
The behavioral tests were recorded by video cameras placed above the are-
nas and observed from an adjacent room. Rearing and grooming in the open 
field and MCSF, and SAPs in the MCSF was recorded by direct observation. 
After each session in the MCSF, photocell counts of head dips into the holes 
in the hurdle hole-board were noted, as well as the number of urinations and 
defecations. Score 3.3 (Copyright Soldis, Uppsala, Sweden) was used for 
manual scoring to obtain latency (L, s) to first visit, frequency (F) and dura-
tion (D, s) of visits to the different zones. Ethovision version 2.3 (Noldus 
Information Technology Inc., Wageningen, The Netherlands) was used for 
automatic tracking to obtain the mean velocity (cm/s) and total distance (cm) 
travelled.  

Voluntary alcohol consumption 
In Paper I, all rats were single-housed on PND 34 in cages (type III, 42 × 26 
× 18 cm) containing wood chip bedding and a wooden house. They were 
randomly assigned to drink alcohol or water. The alcohol model was a two-
bottle free choice paradigm with 24 h intermittent access to 20% alcohol 
(v/v) on Mondays, Wednesdays and Fridays. Sessions were initiated on PND 
34 and lasted until the animals were 20 weeks old. Alcohol deprivation peri-
ods were introduced during sessions 13-15 and sessions 27-32, Figure 3A. In 
total, the rats had alcohol access for 12 weeks (36 sessions). 

In Paper II, rats assigned to alcohol intake were single-housed and given 
binge-like access to 20% alcohol in a two-bottle free-choice paradigm from 



 41 

PND 28 to PND 65, Figure 3B. The animals were given 24 hours access to 
alcohol for three consecutive days per week, i.e. Tuesday through Thursday 
for six weeks (18 sessions). The rats with the highest cumulative alcohol 
intake (g/kg) were selected and chronoamperometric recordings were then 
made at PND 70 (±2 days). Age-matched water-drinking controls were also 
single-housed during the same period. 

In Paper III, three-week old or nine-week old rats were group-housed, i.e. 
3 or 4 per cage, upon arrival at the animal facility. At four or ten weeks old, 
respectively, the rats were divided into subgroups that were single-housed 
for 24 hours or continuously group-housed. Single-housed rats from each 
age group were given access to 20% alcohol for one 2h session, or kept as 
water controls. Group-housed rats of each age were kept as housing controls, 
Figure 3C. Further, in Paper III, another group of three-week old rats were 
pair-housed or single-housed upon arrival at the animal facility. Half of the 
single- and pair-housed rats were assigned alcohol, and the other rats were 
assigned water, Figure 3C. Before alcohol sessions began, the wooden hous-
es were removed and the cages were divided in order to keep the rats from 
drinking from the each other’s bottles. The divider was made from see-
through plastic and wire mesh to allow for tactile, auditory and olfactory 
contact, Figure 4. Water controls and single-housed rats were also given 
dividers at the start of each session. Access started at 4 weeks of age and 
was given as a two-bottle free-choice for three 2h sessions per week, Tues-
day, Wednesday and Thursday, for 6 weeks (18 sessions) during the dark 
phase of the light/dark cycle. 

 
Figure 4. A standard cage with a removable divider made of plastic and two wire-
mesh panels. The dashed lines show the outline of the divider. 
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Alcohol solutions were made from 96% ethanol (Solveco Etanol A 96%; 
Solveco AB, Rosersberg, Sweden) and tap water. Bottle positions were 
switched between sessions to avoid position preference. During sessions, 
water control rats also had access to two bottles, with tap water only. In the 
time between alcohol access sessions, one water bottle was available. At the 
end of each session bottles were weighed and intake was calculated in grams 
of pure ethanol per kilogram bodyweight (g/kg). For weekly intake, an aver-
age intake for each animal per week was calculated and the median of this 
intake was then calculated for each group. Preference for alcohol was calcu-
lated as the percentage (%) of the total fluid intake drunk from the alcohol 
bottle. 

High-speed chronoamperometry 
Surgery was performed immediately prior to the dopamine recordings. Ani-
mals were anesthetized (Inactin® 125 mg/kg intraperitoneally) and placed in 
a stereotaxic frame (Stoelting Co., Wood Dale, IL, USA). A water-
circulating heating pad (Gaymar Industries, Inc., Orchard Park, New York) 
was used to maintain body temperature. Two holes in the skull were drilled, 
one for the microelectrode (SF1A; 30 µm outer diameter × 150 µm length, 
from Quanteon, LLC, Nicholasville, KY, USA), and another remote from 
the recording site for the reference electrode. 

Dopamine recordings were made at PND 28 (±1 day), PND 42 (±1 day) 
or PND 70 (±2 days) in Paper II and at 12 weeks of age in Paper IV. High-
speed chronoamperometric measurements (5 Hz sampling rate, 200 ms total, 
averaged to one signal per second (1 Hz)) using the FAST16-mkII recording 
system (Fast Analytical Sensing Technology, Quanteon, LLC, Nicholasville, 
KY, USA) was done according to a procedure described previously (Littrell 
et al., 2012). Carbon fiber microelectrodes were heated for 5 min at 200 °C 
and then coated with Nafion® three times, with 5 min heating at 200 °C after 
each coating (Gerhardt and Hoffman, 2001). The electrodes were then cali-
brated in vitro in 0.05M phosphate buffered saline to determine selectivity, 
limit of detection (LOD) and slope before use in vivo (Littrell et al., 2012). 
The reference electrode for in vivo use was prepared by plating a silver wire 
with AgCl (200 µm, Teflon-insulated from A-M Systems Inc., Carlborg, 
WA, USA) (Lundblad et al., 2009). 

A micropipette (0.58 mm inner diameter, World Precision Instruments 
Ltd, Stevenage, UK), pulled to 10-15 µm inner tip diameter and filled with 
KCl solution (120 mM KCl, 29 mM NaCl, 2.5 mM CaCl2 � 2H2O; pH 7.2-
7.4), was affixed 150-200 µm from the microelectrode tip using sticky wax 
(DAB LAB AB, Upplands Väsby, Sweden). The electrode was placed in the 
dorsal striatum, AP: +1.0 mm, L: +3.0 mm (Paxinos and Watson, 2007), 
initially dorsal (-3.0 mm) to the recording site, using a micromanipulator 
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(Narishige International Ltd, London, UK). After a stable baseline was 
reached (45-60 min), the electrode was lowered to -4.0 mm. The electrode 
was then allowed to stabilize another 5-10 min before the effect of a single 
injection of KCl on dopamine release was determined (Lundblad et al., 
2009; Miller et al., 2012). KCl was applied using pressure ejection (10-20 
psi for 0.5-1.0 s) controlled by a PicoSpritzer® III (Parker Hannifin Corpora-
tion, Pine Brook, NJ, USA) adjusted to deliver 100 nl KCl, measured using a 
surgical microscope fitted with an eyepiece reticule (Friedemann and 
Gerhardt, 1992). 

Three reference peaks of dopamine concentrations similar in amplitude 
were produced in response to repeated KCl ejections, 10 min apart. Five min 
later, rats were given a subcutaneous injection of amphetamine (2 mg/kg) or 
saline (1 ml/kg). After 5 min, KCl-induced release was evoked every 10 min 
producing peaks at 5, 15, 25, 35, 45, 55 and 65 min after the systemic injec-
tion (Figure 5A). Maximal amplitude and time for the peak to decline 80% 
of its amplitude (T80) (Figure 5B) were calculated using the FAST Analysis 
software version 4.4 (Quanteon, LLC, Nicholasville, KY, USA). The three 
reference peaks were averaged and the percentage of these peaks were calcu-
lated for the peaks following injection. 

Electrodes were cut and left in place after the experiment, the brains were 
frozen and electrode placement was verified by sectioning. 

 
Figure 5. A) A representative trace of the oxidation current for a rat at postnatal day 
28 receiving amphetamine and B) a close-up of a reference peak showing how am-
plitude and T80 were calculated. Ref = reference. 

Tissue dissection and peptide analysis 
The rats in Paper I and III were sacrificed by decapitation directly after the 
last alcohol session. The brain and pituitary gland was removed and in the 
adult rats the pituitary gland was further divided into the neurointermediate 
and anterior lobes. The hypothalamus was removed from the brain, which 
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was then placed in a cooled matrix (ASI Instruments, Inc., Warren, MI). 
Coronal sections were made by manually slicing with razor blades. The 
structures dissected from the sections were: frontal cortex, medial prefrontal 
cortex, nucleus accumbens, striatum, hippocampus, amygdala, substantia 
nigra, VTA and periaqueductal gray. In Paper III, the cingulate cortex was 
also dissected from the long-term drinking rats. All tissues were immediately 
frozen on dry ice and stored in -80 oC. 

Tissue extraction and purification was done according to a previously de-
scribed ion exchange procedure (Christensson-Nylander et al., 1985). The 
opioid peptides were analyzed using specific radioimmunoassays, previously 
described in detail (Nylander et al., 1997). Antiserum for the DYNB and 
MEAP peptides was generated in rabbits and used in a final dilution of 
1:250000 for DYNB (113+) and 1:80000 for MEAP (90:3DII). For the 
BEND assay commercially available antiserum was used, according to the 
protocol provided by the manufacturer (Peninsula Laboratories LLC; San 
Carlos, CA). Antibody bound peptides in the DYNB and BEND assays were 
separated from free peptides by adding 50 µl goat-anti-rabbit-IgG and 50 µl 
normal rabbit serum (Peninsula Laboratories LLC; San Carlos, CA). For the 
MEAP assay, separation was performed by adding charcoal suspension. 

Statistical analyses 
Statistical analyses were performed using Statistica 9.1, 10 or 12 (StatSoft 
Inc., Tulsa, OK, USA) and the significance level was set to p < 0.05. For the 
multivariate data analysis, SIMCA-P+ 12.0.1 (Umetrics AB, Umeå, Swe-
den) was used and partial least squares projections to latent structures (PLS) 
were created according to a previously published method (Wold et al., 
2001). 

Conventional analyses 
Shapiro-Wilk’s test was used to test for normality of the data distribution. 
Distributions were considered skewed when W < 0.95 and data was trans-
formed or analyzed using non-parametric statistics. 

Parametric statistics 
For analysis of descriptive behavioral parameters in Paper I, the data was 
logarithmically transformed (log (x+1)) to achieve a normal distribution and 
analyzed using parametric statistics. 

Factorial analysis of variance (ANOVA) was used to analyze differences 
in opioids peptide levels (Paper I and III). Repeated measures ANOVA was 
used to assess changes over time in behavior (Paper I), weights and chrono-
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amperometric data (Paper II and IV). Post-hoc analyses were performed with 
Fisher’s least significant difference (LSD) test. 

Non-parametric statistics 
The parameters in the open field and MCSF tests (Paper IV) or alcohol in-
take (Paper I, II and III) were not normally distributed. Comparison between 
groups was done using the Mann-Whitney U-test. Occurrences were tested 
using the Chi-squared test. Changes over time were assessed using Friedman 
ANOVA followed by the Wilcoxon matched-pairs signed-rank test. 

Trend analysis 
Trend analysis was also used to analyze the performance in the MCSF (Pa-
per I and IV), see Meyerson et al. (2013) for further details. Briefly, behav-
ioral parameters for each individual within the population were ranked. The 
rank values were then summed into functional categories; general activity 
(total activity, frequency and duration/frequency in all corridors and fre-
quency in center), exploratory activity (duration in all corridors, center and 
hurdle, rearing and photocell counts), risk assessment (duration/frequency 
on slope and bridge entrance and stretch attend postures to center), risk tak-
ing (frequency, duration and duration/frequency on the bridge and in the 
central circle) and shelter seeking (frequency, duration and dura-
tion/frequency in the dark corner room). Differences between groups were 
tested with ANOVA (Paper I) or the Mann-Whitney U-test (Paper IV). 

Multivariate analysis 
Multivariate data analysis, with principal component analysis (PCA) and 
PLS, was used to investigate relationships between behavioral parameters 
(Paper I and IV), alcohol intake (Paper I), opioid peptide levels (Paper I) and 
chronoamperometric data (Paper IV). 

Loading plots guided further investigations of correlations. For example, 
variables that load close together in a PCA usually show high positive corre-
lation with each other. Correlations were confirmed using Spearman rank 
order correlations. 
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Results and discussion  

Experiences early in life can change the development of a number of neuro-
biological and behavioral factors that may influence the individual’s vulner-
ability to develop alcohol or other substance use disorders later in life 
(Andersen and Teicher, 2009; Fenton et al., 2012; McCrory et al., 2011). 
These changes may also affect the response to treatment (Heilig et al., 2011; 
Langeland et al., 2004). In this thesis, the effects of early life environment, 
adolescent social environment, adolescent alcohol use and behavioral pheno-
types on alcohol intake, dopamine dynamics and neuropeptides were inves-
tigated in order to increase the knowledge on factors affecting vulnerability 
to alcohol or drug use disorders. Age-specific aspects of certain factors were 
also investigated, since age of onset of drinking is important for later alcohol 
use (Monti et al., 2005). 

Maternal separation (Paper I) 
Effects of early-life environment on behavioral development, adolescent 
alcohol intake, endogenous opioids and alcohol-induced effects were inves-
tigated using MS for 15 or 360 minutes per day for the three first weeks of 
life. 

Behavior 
The trend analysis of the behavioral parameters in the MCSF test revealed 
differences in risk taking at 4 weeks of age, with MS360 rats being more 
risk taking than MS15 (Figure 6). The behavioral development of risk taking 
was also different between the MS15 and MS360 rats, with MS15 becoming 
as risk taking in adulthood as MS360. Adolescent alcohol did not change the 
trajectory of this development (Figure 6B). Unfortunately, there were initial 
differences between the randomly assigned alcohol- and water-groups al-
ready at the first behavioral test when no alcohol access had been given, 
showing larger differences between future water-drinkers than future alco-
hol-drinkers (Figure 6), making it difficult to truly assess the impact of alco-
hol on risk-taking behavior. However, the trajectory is the same in both wa-
ter- and alcohol-drinking animals in each MS group. 
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Figure 6. Risk-taking behavior assessed by trend analysis of the multivariate con-
centric square field™ (MCSF) test parameters at 4 and 15 weeks of age in the MS15 
and MS360 groups randomly assigned A) water or B) alcohol. Note that at 4 weeks 
of age, alcohol access had not yet begun. *p < 0.05 compared to water-assigned 
MS360 at 4 weeks (repeated measures ANOVA followed by Fisher’s LSD test). 

No other MS-induced differences or changes in behavior over time were 
found in the trend analysis. 

Other studies investigating the impact of longer sessions (180-360 min) 
of MS on adolescent behavior show inconsistent results, interpreted as no 
changes in anxiety-like behaviors (Farkas et al., 2009) or novel object explo-
ration (Hensleigh et al., 2011), increased anxiety-like or depressive-like 
behaviors (Chocyk et al., 2013; Leussis et al., 2012; Li et al., 2013; Ploj et 
al., 2002), increased response to a novel environment (Marin and Planeta, 
2004) and increased risk-taking behaviors (Colorado et al., 2006). Discrep-
ancies between these studies and the findings herein may reflect the use of 
different MS protocols and behavioral tests, and differences in control 
groups and exact timing of the tests. Strain- and supplier-dependent differ-
ences in behavior have also been found (Palm et al., 2011a). Thus, it is diffi-
cult to draw any general conclusions from the compiled studies on behavior 
after MS, but the effects of MS seem to be more evident during adolescence 
than in adulthood (Marin and Planeta, 2004; Ploj et al., 2002), which is in 
line with the findings herein. Furthermore, the behavioral tests used, includ-
ing the MCSF test, have been developed and validated for adult animals and 
it is possible that the responses in adolescence should be interpreted differ-
ently to the responses of adult animals.  

Studies of MS-induced effects on adult behavior are also inconsistent, but 
the studies using the MCSF test in adulthood show no differences between 
MS15 and MS360, in agreement with the results herein (Roman et al., 
2006). 
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Alcohol 
No differences in alcohol intake or preference due to MS were found at any 
time point during the 12 weeks of access (Table 3). 
Table 3. The weekly alcohol intake during the 12 weeks of intermittent 24-hours 
access to alcohol (20%) and water in MS15 and MS360 rats. Alcohol intake ex-
pressed as median, minimum and maximum in each group. 

 MS15 MS360 
Age (weeks) Intake (g/kg/24h) Min Max Intake (g/kg/24h) Min Max 

5 3.3 2.7 4.2 3.0 2.2 9.1 
6 2.9 2.1 8.8 2.6 2.2 4.6 
7 2.9 1.6 7.9 2.6 1.7 4.9 
8 2.8 1.6 8.4 2.5 1.3 6.7 
9 Alcohol deprivation 

10 2.7 1.5 6.4 2.3 1.3 4.3 
11 2.8 1.6 6.0 2.5 1.6 4.7 
12 2.8 1.4 6.0 2.5 1.7 4.7 
13 2.7 1.2 6.0 2.5 1.5 6.2 
14 Alcohol deprivation 
15 Alcohol deprivation 
16 2.9 0.9 6.0 2.8 1.3 6.0 
17 2.8 0.9 5.9 2.6 1.2 5.2 
18 3.0 1.1 6.1 2.9 1.4 5.1 
19 2.7 1.0 5.4 2.8 1.5 5.0 

Age (weeks) Preference (%) Min Max Preference (%) Min Max 
5 10.6# 8.4 48.3              9.9# 7.1 27.7 
6 14.4+ 8.9 34.4 10.7+ 8.8 32.5 
7             14.4 8.5 44.6 13.9+ 10.1 37.6 
8             15.6 8.4 49.3             13.4 9.3 28.3 
9   

10             20.1 8.1 48.4 16.6+ 8.6 33.1 
11             20.3   10.8 41.1             18.8 10.8 41.8 
12             23.6   10.1 44.1 19.2+ 13.7 43.8 
13             21.1 9.2 55.5             21.7 11.9 42.2 
14   
15   
16 29.9+ 8.8 53.9 26.4+ 13.3 62.4 
17             28.8 9.5 54.3             25.9 12.0 60.6 
18             27.9   13.6 55.9             31.2 12.3 56.3 
19             30.9   11.0 57.6             30.7 12.7 57.9 

#p<0.05 compared to all other weeks in the same group, +p<0.05 compared to previous week 
in the same group (Friedman ANOVA followed by the Wilcoxon matched-pairs signed-rank 
test). 
 
This is in agreement with Daoura et al. (2011) that found no differences in 
adolescent alcohol intake after using the same MS protocol. Other studies 
investigating alcohol intake after MS have focused on adult intake and the 
results are generally in support of increased intake in adult male rats subject-
ed to longer sessions of MS (Nylander and Roman, 2013). However, when 
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drinking is initiated in adolescence, the effects of MS may be less important 
than other behavioral, neuronal and hormonal factors influencing alcohol 
consumption. Furthermore, it is possible that the single housing during alco-
hol access impacted the development of adolescent animals more than it 
would adult animals, thereby diminishing the effects of MS. For further dis-
cussion on housing, see Social environment. 

Endogenous opioids 
Decreased levels of BEND in the pituitary gland (Figure 7A) and periaque-
ductal gray area (Figure 7B) were found in MS360 compared to MS15 and 
the effects were independent of drinking group. The lower BEND levels in 
the MS360 may reflect a down-regulated endorphin system, but the signifi-
cance of this is unclear. Differences in HPA axis function (Meaney, 2001; 
Pryce and Feldon, 2003; Roman et al., 2006) and pain modulating systems 
(Kalinichev et al., 2001) have been shown after MS and the findings herein 
suggest that BEND in these areas may be involved. 

 
Figure 7. Rearing-induced beta-endorphin (BEND) levels in A) the pituitary gland 
and B) the periaqueductal gray area. The bars show mean ± SEM immunoreactive 
levels in the water- and alcohol-drinking MS15 and MS360 groups. *p < 0.05 over-
all effect of MS group, #p <0.05 compared to water-drinking MS15 (factorial ANO-
VA followed by Fisher’s LSD test). 

In contrast to previous studies on endogenous opioids after MS (Gustafsson 
et al., 2008; Gustafsson et al., 2007; Ploj et al., 2003b), no changes were 
found in DYNB and MEAP. As previously mentioned, the single housing 
during adolescence may have cancelled out the effects of MS. In previous 
studies on adult opioid levels the animals have been group-housed during 
adolescence and it is possible that this is needed for the development of 
changes in reward-related structures previously seen (Gustafsson et al., 
2008; Gustafsson et al., 2007; Ploj et al., 2003b). 
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Adolescent alcohol intake (Paper I, II and III) 
The impact of voluntary adolescent alcohol intake on behavior, dopamine 
dynamics and endogenous opioids was studied using three different intake 
paradigms. 

Behavior (Paper I) 
Eight weeks of intermittent 24-hours alcohol intake (Table 3) changed the 
trajectory of behavioral development in the functional category general ac-
tivity and this effect was independent of MS-condition (Figure 8). The wa-
ter-drinking rats decreased their activity in relation to the alcohol-drinking 
rats. This suggests that alcohol can affect the normal development of this 
behavior.  

 
Figure 8. General activity assessed by trend analysis of the multivariate concentric 
square field™ (MCSF) test parameters at 4 and 15 weeks of age in the MS15 and 
MS360 groups randomly assigned A) water or B) alcohol. Note that at 4 weeks of 
age, alcohol access had not yet begun. *p < 0.05 compared to water-assigned 
MS360 at 4 weeks (repeated measures ANOVA followed by Fisher’s LSD test). 

Previous studies on behavioral effects of adolescent alcohol have concluded 
that alcohol may increase (Slawecki et al., 2004) or decrease (Desikan et al., 
2014; Gilpin et al., 2012; Hughes, 2011; Salimov et al., 1996) anxiety-like 
behaviors, increase depressive-like behaviors (Desikan et al., 2014; Ehlers et 
al., 2011; Slawecki et al., 2004), impair learning and object recognition 
(Pascual et al., 2007), increase disinhibition (Desikan et al., 2014; Ehlers et 
al., 2011) and result in motor learning deficits (Forbes et al., 2013). The 
results herein do not show any effects on the functional categories shelter 
seeking, exploratory activity, risk assessment or risk taking that would be 
possible to relate to the above findings. This can be explained by the differ-
ence in doses of alcohol. Most studies on adolescent alcohol exposure use 
vapor chambers (Desikan et al., 2014; Ehlers et al., 2011; Gilpin et al., 2012; 
Slawecki et al., 2004) or intraperitoneal injections (Pascual et al., 2007), 
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which result in high doses of alcohol. Voluntary alcohol intake, used in this 
thesis, does not result in the same doses and was expected and intended to 
result in more modest outcomes. However, as mentioned earlier, there were 
initial differences between the assigned alcohol- and water-groups in risk 
taking at the first test, making it difficult to truly assess the impact of alcohol 
on this behavior, which was somewhat disappointing since risk taking is 
often strongly associated with interpretations of anxiety-like behaviors in 
rodents (see Behavioral tests in the Introduction). 

Dopamine (Paper II) 
Six weeks of binge-like access to alcohol (Table 4) significantly lowered 
amplitudes in response to potassium-evoked dopamine release compared to 
water controls (Figure 9A). No effects were seen on uptake time. 

Table 4. The median, minimum and maximum weekly alcohol intake (g/kg/24h) and 
preference (%) for six weeks of binge-like alcohol (20%) access and the median, 
minimum and maximum cumulative alcohol intake (g) after the 18 sessions. 

Age (weeks) Intake (g/kg/24h) Min Max Preference (%) Min Max 
4 3.5 3.1 7.5 11.9 9.6 19.1 
5 4.1 2.6 8.9            15.2+ 8.9 31.0 
6 3.6 2.2 6.5            16.9+ 9.5 35.3 
7 3.5 1.8 7.0 17.5 9.3 35.5 
8 3.3 1.9 6.0 19.4 9.8 36.9 
9 3.6 1.7 5.6 22.9 10.4 34.5 

Cumulative (g)              12.5 9.0 22.0    
+p<0.05 compared to the previous week (Friedman ANOVA followed by the Wilcoxon 
matched-pairs signed-rank test). 
 
Because the effects were seen on amplitudes and not uptake, it is conceiva-
ble that alcohol affects factors controlling the releasable pool of dopamine 
rather than the dopamine transporter, which is in line with data showing 
unaffected uptake after adolescent alcohol (Badanich et al., 2007) and de-
creased dopamine release after adolescent, but not adult, alcohol exposure 
(Zandy et al., 2014). In contrast, there are microdialysis data showing in-
creased extracellular levels of dopamine after adolescent exposure to intra-
peritoneal injections of alcohol (Badanich et al., 2007; Pascual et al., 2009; 
Philpot et al., 2009). Increased firing rates may be a way of reconciling the 
microdialysis data with the current data, but there are no studies to support 
this. Furthermore, there are studies showing that the mode of alcohol expo-
sure, i.e. voluntary or forced, may have different effects on the neurobiology 
(Spanagel, 2003).  

When treated with amphetamine, no significant differences were found 
between alcohol- and water-drinkers in release amplitudes or uptake times. 
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However, there was a trend [F(1,19)=3.01; p=0.099] towards an effect on 
amplitudes, seen as an overall increase in the alcohol group (Figure 9B). 

 
Figure 9. A) Potassium-induced reference amplitudes of dopamine (µM) and B) 
responses over time after subcutaneous (s.c.) injections of saline or amphetamine, as 
percent of reference values in water- or alcohol-drinking animals. Data expressed as 
mean ± SEM. ** p <0.01, *** p<0.001 (repeated measures ANOVA, followed by 
Fisher’s LSD test).  

There was also more variation in the response to amphetamine in the alco-
hol-drinking group, which could be due to a variation in alcohol intake, alt-
hough this variation was not correlated to the response. 

No differences in uptake time after amphetamine suggests that adolescent 
alcohol has no effect on dopamine transporter function in response to am-
phetamine, and is in agreement with studies of adolescent alcohol-exposed 
rats that show unaffected dopamine uptake (Badanich et al., 2007). 

Endogenous opioids (Paper I and III) 
One 2h-session of alcohol (Paper III) (Table 5) in adolescent rats resulted in 
increased levels of DYNB and MEAP in the amygdala and increased BEND 
in the nucleus accumbens (Figure 10A), as compared to the single-housed 
water controls.  

Table 5. The median, minimum and maximum alcohol intake (g/kg/2h) after one 2h-
session of alcohol (20%) in adolescent (4 weeks old) and adult rats (10 weeks old). 

Age (weeks) Intake (g/kg/2h) Min Max 
4 1.7 0.6 3.6 

10               0.9*** 0.6 2.0 
***p<0.001 compared to adolescents (Mann-Whitney U-test). 
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Figure 10. Alcohol-induced changes (%) in immunoreactive levels of dynorphin B 
(DYNB), Met-enkephalin-Arg6Phe7 (MEAP) and beta-endorphin (BEND) after one 
2h-session in A) adolescent and B) adult animals compared to water controls. *p < 
0.05, **p <0.01, ***p < 0.001 compared to water controls (ANOVA followed by 
Fisher’s LSD test). AMY = amygdala, NAc = nucleus accumbens, STR = striatum, 
HT = hypothalamus, MPFCx = medial prefrontal cortex, HC = hippocampus, AL = 
anterior lobe of the pituitary gland. 

In adulthood, one 2h-session (Table 5) produced increased levels of DYNB 
in the amygdala and striatum, decreased levels of MEAP in the hypothala-
mus, medial prefrontal cortex and hippocampus, and decreased levels of 
BEND in the anterior lobe of the pituitary gland (Figure 10B). 

A 2h-session of alcohol intake in adulthood induced increases in DYNB 
levels and decreases in MEAP and BEND levels, which is opposite to the 
established idea of increased enkephalins and endorphins in response to 
acute alcohol (Drews and Zimmer, 2010). This indicates that a 2-hour drink-
ing session may be too long to assess the acute effects of alcohol. Increases 
in enkephalin have been seen at 30-120 min (Marinelli et al., 2006; Mendez 
et al., 2010; Seizinger et al., 1983), BEND at 60-240 min and dynorphin at 
2-3 hours (Jarjour et al., 2009; Lam et al., 2008) after injection, depending 
on the brain region. Therefore, if the rats drink most of their intake during 
the beginning of the session, degradation of released peptides (Hallberg et 
al., 2005) would account for the decreases seen in MEAP, whereas release of 
BEND into the blood stream would account for the decreases seen in the 
pituitary gland (Gianoulakis, 1987). Compensatory release of dynorphin in 
response to increased dopamine can account for the later increase seen in 
DYNB (Shippenberg et al., 2007). The acute alcohol-induced effects may 
also depend on the mode of intake. Most studies used intraperitoneal admin-
istration (Jarjour et al., 2009; Lam et al., 2008; Marinelli et al., 2006; 
Mendez et al., 2010; Seizinger et al., 1983), whereas this study used volun-
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tary intake, which is known to cause different effects than forced intake 
(Spanagel, 2003).  

Six weeks of three 2h-sessions per week during adolescence (Paper III) 
(Table 6) resulted in alcohol-induced effects in the pituitary gland, nucleus 
accumbens, amygdala and VTA (Figure 11). 

Table 6. The median, minimum and maximum weekly alcohol intake (g/kg/2h) and 
preference (%) for six weeks of three 2h-sessions of alcohol (20%) per week. 

 Pair-housed Single-housed 
Age (weeks) Intake (g/kg/2h) Min Max Intake (g/kg/2h) Min Max 

4 2.0# 1.4 2.6              1.8 1.2 2.2 
5 1.9# 1.1 2.9 1.9# 1.4 2.7 
6 1.7# 1.2 2.9 1.7# 1.4 2.6 
7              1.5  0.9 2.3 1.6# 1.0 2.2 
8              1.5 0.9 2.3              1.6 1.0 2.1 
9 1.2+ 0.6 2.5              1.3 0.7 2.2 

Age (weeks) Preference (%) Min Max Preference (%) Min Max 
4             42.0 29.0 61.2 51.6 29.1 62.4 
5             52.5 24.7 75.1 55.9 44.4 73.8 
6 62.3+ 41.6 77.1 63.9 49.1 82.2 
7 64.3+ 37.4 80.1 61.9 35.2 79.2 
8 50.4+ 37.1 71.7 67.3 29.0 79.8 
9             47.2 33.5 79.1 67.6 33.2 78.6 

#p<0.05 compared to week 6 in the same group, +p<0.05 compared to week 1 in the same 
group (Friedman ANOVA followed by the Wilcoxon matched-pairs signed-rank test). 

 
Figure 11. Alcohol-induced changes (%) in immunoreactive levels of dynorphin B 
(DYNB), Met-enkephalin-Arg6Phe7 (MEAP) and beta-endorphin (BEND) after six 
weeks of alcohol access in A) pair-housed and B) single-housed animals compared 
to water controls. *p < 0.05, **p <0.01, ***p < 0.001 compared to water controls 
(ANOVA followed by Fisher’s LSD test). E = main effect of ethanol, I = interaction 
effect between ethanol and housing, AL = anterior lobe of the pituitary gland, PIT = 
pituitary gland, NAc = nucleus accumbens, AMY = amygdala, VTA = ventral teg-
mental area. 
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Alcohol-induced effects on BEND and DYNB levels in the amygdala 
were dependent on housing condition and will be discussed later (see Social 
environment). 

However, many of the long-term alcohol-induced effects were independ-
ent of housing condition. Increased levels of DYNB in the nucleus accum-
bens may be a compensatory response to the increased MEAP and fits with 
the hypothesis of increased dynorphin activity in the course of the addiction 
cycle (Drews and Zimmer, 2010). The decrease in BEND in the VTA also 
suggests compensatory mechanisms to prolonged alcohol intake (Drews and 
Zimmer, 2010). Changes in the pituitary gland may reflect a modulated 
stress-axis in response to repeated alcohol intake (Koob and Volkow, 2010). 
The consequences of adolescent voluntary alcohol intake for endogenous 
opioids in non-dependent and non-preferring animals have not been exten-
sively investigated and the effects seen herein need to be studied further to 
interpret the functional relevance of changes induced by adolescent drinking. 

A longer alcohol exposure time, i.e. fifteen weeks of intermittent 24 hours 
alcohol access (Paper I) (Table 3), including alcohol deprivation periods, 
resulted in increased DYNB levels in the hippocampus (Figure 12A) and 
increased MEAP levels in the amygdala (Figure 12B). The effects were in-
dependent of rearing condition, although the increase in MEAP was slightly 
more pronounced in the MS15. 

 
Figure 12. Alcohol-induced levels of A) dynorphin B (DYNB) in the hippocampus 
and B) Met-enkephalin-Arg6Phe7 (MEAP) in the amygdala after 15 weeks of alco-
hol access. The bars show mean ± SEM immunoreactive levels in the water- and 
alcohol-drinking MS15 and MS360 groups. *p < 0.05 overall effect of drinking 
group, #p <0.05 compared to water-drinking MS15 (factorial ANOVA followed by 
Fisher’s LSD test). 

The data on DYNB are in agreement with a study on human alcoholics with 
a long history of AUD, where increased levels of dynorphin A and B were 
found in the hippocampus (Bazov et al., 2013). Functional implications of 
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this may be impaired learning and memory acquisition. Previous studies 
have shown that dynorphin injections into the hippocampus impair spatial 
learning in rats (Sandin et al., 1998) and elevated levels of dynorphin have 
been found in animals with spatial learning impairments (Jiang et al., 1989), 
whereas learning impairments were diminished in prodynorphin knockout 
mice (Nguyen et al., 2005). 

The effects of voluntary drinking on MEAP have been shown previously 
in adult rats (Gustafsson et al., 2007) and are also consistent with studies 
investigating mRNA levels of enkephalin or preproenkephalin in adult vol-
untary drinking rats that show increased mRNA expression in the central 
nucleus of the amygdala (Chang et al., 2010; Cowen and Lawrence, 2001). 
Increased MEAP levels in the amygdala could be connected to the anxiolytic 
effect of alcohol consumption (Bilkei-Gorzo et al., 2004; Konig et al., 1996; 
Wilson et al., 2003) through delta-opioid receptor activation (Randall-
Thompson et al., 2010). Both delta- and mu-opioid receptors are present in 
the amygdala and there are differences in distribution of the receptors in the 
different nuclei and subdivisions of the amygdala (Poulin et al., 2006). Local 
injections of specific mu- and delta-receptor antagonists in the amygdala 
decrease self-administration of alcohol, showing that this area is also in-
volved in modulating alcohol consumption (Hyytia and Kiianmaa, 2001). 
However, a decrease in self-administration is not seen in addicted animals, 
indicating that the mu- and delta-receptors are mainly involved in the modu-
lation during the acquisition phase and not the addicted state (Kissler et al., 
2013).  

From the combined information from the three different experiments on 
alcohol-induced effects on endogenous opioids, the amygdala emerges as 
especially interesting. Although the effects vary with the duration of drink-
ing, age and intake model, it is clear that the amygdala is affected by alcohol 
in short- and long-term drinking in both adolescent and adult rats and that 
housing conditions can modify alcohol-effects in this region. Because of the 
variation in peptide and receptor distribution (Chieng et al., 2006; Poulin et 
al., 2006) it is difficult to draw any definitive conclusions of the functional 
impact of changes in peptide levels in the whole of amygdala, such as we 
dissect it, but the fact that there is an effect in this area after voluntary alco-
hol consumption in both young and adult individuals underlines the im-
portance of further studies of this area in relation to the acquisition of exces-
sive alcohol intake and development of AUD. 

Social environment (Paper III) 
The impact of social environment on alcohol intake and endogenous opioids 
was studied using pair- and single-housed rats. 
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Alcohol 
No differences in alcohol intake or preference were found between pair- and 
single-housed animals (Table 6). However, there was a trend [χ2=10.4; 
p=0.06] towards an increase in preference in the single-housed animals. 

The results herein are in agreement with a previous study on single- and 
pair-housed adolescent animals, where no differences in intake were found 
during adolescence (Doremus et al., 2005). Other studies of single hous-
ing/isolation rearing have mainly focused on adult alcohol intake, where 
most studies show an increased intake in the isolation-reared groups (Becker 
et al., 2011; Chappell et al., 2013; Neisewander et al., 2012). In the future, it 
would therefore be of interest to continue the alcohol intake further into 
adulthood to see if the single housed animals escalate their intake. 

Endogenous opioids 

 
Figure 13. Housing-induced changes (%) in immunoreactive levels of dynorphin B 
(DYNB), Met-enkephalin-Arg6Phe7 (MEAP) and beta-endorphin (BEND) after 24 h 
single housing in A) adolescent and B) adult animals compared to group-housed 
controls. *p < 0.05, **p <0.01, ***p < 0.001 compared to group-housed controls 
(ANOVA followed by Fisher’s LSD test). AMY = amygdala, MPFCx = medial 
prefrontal cortex, HC = hippocampus, PIT = pituitary gland, STR = striatum, HT = 
hypothalamus. 

Short-term single housing, i.e. 24 hours, in adolescence led to decreased 
DYNB levels in the amygdala and increased MEAP in the medial prefrontal 
cortex, hippocampus and pituitary gland (Figure 13A). In adult rats, short-
term single housing decreased DYNB levels in the striatum and amygdala, 
increased MEAP in the hypothalamus and hippocampus, and decreased 
BEND in the amygdala (Figure 13B). 
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Short-term single housing mainly affected regions involved in the stress 
response, i.e. pituitary gland, hypothalamus, amygdala, hippocampus and 
cortex regions (Watts, 2000), which suggests that this is an acute stressor in 
both ages. A large impact of single housing on MEAP levels has been shown 
in a recent study, where lower levels were found in adolescent rats after one 
week of single housing (Granholm et al., 2014). This indicates time-
dependent changes in MEAP with an initial increase, as seen herein, fol-
lowed by a compensatory decrease. Finally, levels are reset after permanent 
single housing, as can be seen in the long-term single-housed rats. 

Long-term single housing, i.e. six weeks, starting in adolescence and end-
ing in early adulthood, did however lead to increased levels of MEAP in the 
cingulate cortex (Figure 14A), an effect which was independent of drinking 
group. 

 
Figure 14. A) Main effect of housing on Met-enkephalin-Arg6Phe7 (MEAP) in the 
cingulate cortex and B) interaction effects of alcohol and housing on dynorphin B 
(DYNB) in the amygdala and C) beta-endorphin (BEND) in the amygdala. The bars 
show mean ± SEM immunoreactive levels in the water- and alcohol-drinking pair- 
and single-housed groups. *p < 0.05, **p<0.01 (factorial ANOVA followed by 
Fisher’s LSD test). 

Interestingly, the cingulate cortex plays a role in generation of emotional 
states and executive control of the influence of these states on behavioral 
selection (Etkin et al., 2011). Changes in this area may have implications for 
social deficits associated with several psychiatric disorders and may also be 
involved in the escalation of drug intake that occurs in the addiction cycle 
(Perry et al., 2011). Antagonism of delta-opioid receptors in the cingulate 
cortex has been shown to produce anxiety-like behavior in mice (Narita et 
al., 2006) and patients with borderline personality disorder show greater mu-
opioid receptor activation in response to sustained sadness (Prossin et al., 
2010). This points towards important regulatory functions of the endogenous 
opioid system in this area. Unfortunately, the cingulate cortex was not inves-
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tigated in the short-term sessions so no comparison can be made between 
acute and long-lasting changes. 

As mentioned earlier, alcohol-effects in the amygdala for both DYNB and 
BEND were dependent on housing condition. Alcohol induced a slight de-
crease in DYNB in pair-housed animals, and a slight increase in single-
housed animals (Figure 14B). The opposite was seen for BEND, where a 
slight increase was found in the pair-housed animals, while a significant 
decrease was seen in the single-housed animals (Figure 14C). BEND in 
amygdala was also affected by single housing alone, seen as an increase in 
levels in water-drinking single-housed animals. This response was opposite 
to the response in short-term single housing, indicating a duration-dependent 
response. 

The rodent amygdala is involved in social play (Vanderschuren and 
Trezza, 2014) and mu-opioid receptor density is increased in the basolateral 
amygdala after social isolation during early adolescence, with this effects 
persisting even after later reestablishment of social housing (Van den Berg et 
al., 1999). The amygdala is also implicated in emotional memory and BEND 
can impair such memory formation (Quirarte et al., 1998). Furthermore, as 
previously discussed, a role for opioids in amygdala in relation to AUD has 
also been proposed and the alcohol-induced results in the single-housed 
animals are in line with the hypothesis of increased ligands for the kappa-
opioid receptor and decreased ligands for the mu-receptor in the course of 
AUD (Kissler et al., 2013). 

Age-dependent effects (Paper II and III) 
Age-specific effects on alcohol intake, dopamine and endogenous opioids 
were studied in adolescent and adult rats in two studies. 

Alcohol 
One single session of alcohol intake resulted in higher intake in adolescent 
animals compared to adults (Table 5). The results are in line with others 
showing higher alcohol intake in adolescents compared to adults (Brunell 
and Spear, 2005; Daoura et al., 2011; Doremus et al., 2005; García-Burgos 
et al., 2009; Hargreaves et al., 2009; Maldonado et al., 2008; Vetter et al., 
2007; Walker et al., 2008). 

Dopamine 
Amplitudes in response to potassium chloride were different depending on 
age, showing a gradual increase in amplitude with age (Figure 15).  
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Figure 15. Potassium-induced reference peak amplitudes (µM) in rats on postnatal 
day (PND) 28, 42 and 70. Data expressed as mean ± SEM. ** p <0.01 (repeated 
measures ANOVA, followed by Fisher’s LSD test). 

This is in agreement with a previous study using voltammetry in combina-
tion with electrical stimulation, which showed that adult rats released more 
dopamine upon stimulation than young rats (Stamford, 1989). The time-
point for adolescence used by Stamford (1989) was approximately PND 30, 
but since then studies have shown that around PND 40-45 there are peaks in 
basal extracellular levels of dopamine (Badanich et al., 2006; Nakano and 
Mizuno, 1996; Philpot et al., 2009) and dopamine receptor D2 density 
(Teicher et al., 1995), while tyrosine hydroxylase levels are lower than both 
early adolescence and adulthood (Mathews et al., 2009). Two time-points 
during adolescence were therefore included herein, PND 28 and PND 42, 
equivalent to early and late adolescence in rats (Spear, 2000). The gradual 
increase of amplitudes with age, indicate that development from adolescence 
into adulthood involves a gradual increase in the release capacity of dopa-
mine in response to potassium chloride in the dorsal striatum. This could be 
due to a larger releasable pool of dopamine in adulthood (Stamford, 1989) 
and a number of factors could be involved, such as age-dependent differ-
ences in dopamine synthesis by tyrosine hydroxylase (Mathews et al., 2009; 
Matthews et al., 2013), VMAT2-containing vesicles (Truong et al., 2005), 
and kinetics of the VMAT2 (Volz et al., 2009), as well as D2 receptor prun-
ing (Teicher et al., 1995) and function (Benoit-Marand and O'Donnell, 
2008). However, a study showing potassium-induced extracellular levels in 
the nucleus accumbens to peak around PND 42 (Nakano and Mizuno, 1996) 
contrasts to data from the dorsal striatum, from Stamford (1989) and the 
current study, which indicate regional differences. 

The uptake measure, T80, did not reveal any differences between the ages 
herein, whereas Stamford (1989) found that the rate of uptake was higher in 
adult rats. This can be due to methodological differences in the measure of 
uptake; T80 includes both the linear and the curvilinear part of the curve, 
whereas Stamford used the linear part of the curve (Stamford et al., 1984). 
The concentrations reached in this study are only a tenth of the concentra-
tions in the previous study and Vmax should therefore not be reached. Using 
the linear part of the peak curve to calculate uptake rate under these condi-
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tions will only produce uptake rates dependent on amplitudes (Wightman 
and Zimmerman, 1990). T80 was chosen because it also takes into account 
the curvilinear part of the curve, where dopamine concentrations are lower 
and is more sensitive to dopamine uptake blockers (Wightman and 
Zimmerman, 1990; Zahniser et al., 1998). Naturally, T80 is also dependent 
on the amplitude, but as can be seen in this study, differences in amplitude 
do not automatically result in differences in T80. Support for the current 
findings can be found in a study that used quantitative microdialysis and 
found no differences in the extraction fraction, an indirect measure of uptake 
rate, in the nucleus accumbens of rats at PND 35, 45 and 60 (Badanich et al., 
2006).  

Differences between the age groups in amplitude response to ampheta-
mine were also found (Figure 16A-C). The largest effect was seen at PND 
28 followed by a gradual decrease in response with age. Again, the current 
data are consistent with data showing a larger increase in dopamine release 
in young compared to adult animals in response to nomifensine (Stamford, 
1989) indicating that early adolescent rats have a proportionally larger stor-
age pool, which can be released upon stimulation by psychoactive substanc-
es. This is further supported by data showing a larger increase in stimulated 
extracellular dopamine after amphetamine in adolescent animals (Walker et 
al., 2010). Interestingly, a new mechanism of action for amphetamine has 
been proposed, which involves the depletion of the storage pools and re-
distributed cytosolic dopamine being re-packaged by the readily releasable 
pool (Covey et al., 2013). This may not have a great impact in the adult ani-
mals, since the releasable pool is larger and the storage pool is smaller, but 
in the adolescent animals, this could account for the increase in amplitudes 
through a relatively larger increase in the releasable pool. 

No age-dependent effects on T80 after amphetamine was found, which 
indicates that amphetamine exerts similar effects on dopamine uptake in all 
ages. This is also supported by the results from Stamford (1989), showing no 
differences in the degree of uptake blockade after nomifensine between age 
groups. Further indications that age-dependent effects of amphetamine on 
uptake do not exist come from studies suggesting that age-related differ-
ences in dopamine transporter structure and function are related to the co-
caine-binding site on the transporter, but not the amphetamine-binding site 
(Walker et al., 2010). However, there was a trend [F(12,150)=1.60; p=0.098] 
towards an interaction between time, age and treatment, suggesting that they 
responded somewhat differently to amphetamine over time depending on 
age (Figure 16D-F). Further studies investigating the uptake by applying 
exogenous dopamine could help separate amplitude-dependent uptake from 
transporter function (Cass and Gerhardt, 1995; Cass et al., 1993; Miller et 
al., 2012), since differences in amplitude may be confounding the results on 
T80 herein. 
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Figure 16. Responses over time after subcutaneous (s.c.) injections of saline or 
amphetamine, as percent of reference values (mean ± SEM), for the amplitudes at 
A) postnatal day (PND) 28, B) PND 42 and C) PND 70, and for the T80 values at 
D) PND 28, E) PND 42 and F) PND 70. *p<0.05, **p<0.01, ***p<0.001 compared 
to saline controls, #p<0.05 compared to the equivalent time-point at PND 42, 
°p<0.05, °°p<0.01, °°°p<0.001 compared to the equivalent time-point at PND 70, 
§p<0.05, §§p<0.01, §§§p<0.001 compared to the equivalent time-point at PND 28. 
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Endogenous opioids 
In general, adolescent rats had lower levels of peptides than adult rats, with 
the exception of BEND in the nucleus accumbens, where adolescent levels 
were higher than in adults (Figure 17A). 

In the striatum of adults only, single housing decreased levels of DYNB, 
and alcohol increased these levels (Figure 17B). The striatum has been hy-
pothesized to be involved in the shift from initial drug use to compulsive use 
and addiction (Everitt and Robbins, 2013), and lower levels of dynorphin in 
this area has been proposed to confer vulnerability to cocaine addiction 
(Yuferov et al., 2009). 

Further, the results also showed that MEAP in the hypothalamus, medial 
prefrontal cortex and pituitary gland (Figure 17C, D and E) as well as BEND 
in the nucleus accumbens (Figure 17A) was differentially affected by single 
housing or alcohol depending on age. Alcohol intake generally counteracted 
the housing-effects in adults, but such a pattern was not evident in the ado-
lescent animals. These age-specific effects on endogenous opioid levels may 
partly explain some of the differences in alcohol response and intake seen in 
adolescents compared to adults (Daoura et al., 2011; García-Burgos et al., 
2009; Spear, 2000), but their functional relevance needs further investiga-
tion. 

 
Figure 17. Age-specific changes in immunoreactive levels of A) beta-endorphin 
(BEND) in the nucleus accumbens, B) dynorphin B (DYNB) in the striatum and 
Met-enkephalin-Arg6Phe7 (MEAP) in the C) hypothalamus, D) medial prefrontal 
cortex and E) pituitary gland after short-term single housing (24h) and alcohol 
drinking (2h) in the adolescent and adult animals. *p < 0.05, **p <0.01, ***p < 
0.001 (ANOVA followed by Fisher’s LSD test). G = group-housed water-drinking, 
SW = single-housed water-drinking, SE = single-housed ethanol-drinking. 
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Behavioral phenotypes (Paper IV) 
Differences in behavioral profiles and neurochemistry between high and low 
risk-taking animals were investigated using a classification based on the 
open field test. 

Behavior 
A median split of the duration (%) in the inner part of the open field was 
used to classify all animals as either LRT or HRT. The median was 6.2% 
(range 2.3%-16.3%). Differences between the LRT and HRT were found in 
several parameters, besides duration (%) in the inner part of the open field 
[U=0.0; p<0.001], used to classify the animals. The HRT animals also had 
higher total activity [U=17.0; p<0.001], reared significantly more [U=53.0; 
p=0.02] and traveled both longer [U=54.0; p=0.03] and faster [U=55.5; 
p=0.03] in the open field arena and longer in the center [U=22.0; p=0.03] 
and inner circle [U=31.0; p=0.001] than the LRT rats. 

The trend analysis did not reveal any differences between the groups in 
risk taking (Figure 18A). However, when dividing the risk-taking category 
into central circle-related parameters (frequency, duration and duration per 
frequency in the central circle), and bridge-related parameters (frequency, 
duration and duration per frequency on the bridge), the risk taking in the 
central circle was significantly higher in the HRT compared to the LRT rats 
(Figure 18B). 

 
Figure 18. Trend analysis of A) all functional categories and B) the risk-taking 
category divided into central circle- and bridge-related parameters in the low (LRT, 
N=13) and high risk taking (HRT, N=14) groups in the multivariate concentric 
square field™ (MCSF) test. Data are shown as boxplots with the median and 25-75 
percentiles and non-outlier range. *p<0.05 compared to the LRT group (Mann-
Whitney U-test).  
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The classification from the open field correlated well with previously 
used classifications such as locomotion, i.e. total activity [ρ=0.85; p<0.001], 
total distance [ρ=0.59; p<0.001] and rearing [ρ=0.60; p<0.001]. Interesting-
ly, it also correlated well with the risk-taking parameters in the MCSF that 
were similar to the open field parameters, i.e. duration in the central circle 
[ρ=0.43; p=0.028], but not risk taking on the bridge. Risk-taking behavior 
measured by exploration of open areas, and the elevated brightly illuminated 
bridge is different and high risk taking in an open area is not necessarily a 
predictor of high risk taking on an elevated and brightly illuminated surface 
(Meyerson et al., 2013), in agreement with recent findings (O'Leary et al., 
2013). In the MCSF there are several other options to explore and this is 
most likely the reason for the poor predictability of open field behavior for 
categories other than risk taking (Meyerson et al., 2013). 

Dopamine 
No differences between HRT and LRT animals were found in potassium-
evoked amplitudes or uptake time, indicating that there were no differences 
in release capacity (Miller et al., 2012) or time course of dopamine uptake 
between the groups (Zahniser et al., 1998). This is in agreement with data 
from the dorsal striatum in a study of high and low cocaine-responding rats, 
which showed no differences in clearance of exogenous dopamine between 
the groups (Sabeti et al., 2002). The high cocaine-responding rats also dis-
played higher locomotor activity in response to a novel environment (Sabeti 
et al., 2002), consistent with the HR/LR classification (Blanchard et al., 
2009; Dellu et al., 1996; Kabbaj, 2006). Whether dopamine clearance in the 
dorsal striatum of HR/LR rats follow the same pattern is not clear and has to 
our knowledge not been examined in vivo. A study using microdialysis 
showed a decreased uptake in the nucleus accumbens of HR compared to LR 
rats (Chefer et al., 2003). However, this was not seen in the current study, 
indicating regional differences in uptake between the dorsal striatum and the 
nucleus accumbens. Uptake has been shown to differ in vitro in the nucleus 
accumbens, but not the striatum, of LR and HR animals (Hooks et al., 1994).  

No amphetamine-induced effects on amplitudes were found, but the up-
take parameter T80 was affected by amphetamine and there were differences 
in response over time between the three experimental groups, i.e. saline, 
amphetamine-LRT and amphetamine-HRT (Figure 19). T80 in the HRT 
animals increased 15 min after the amphetamine injection while in the LRT 
animals a significant increase was not seen until 45 min after the injection 
(Figure 19). Similarly, the HRT animals were significantly different from 
the saline controls at 25 min after injection, whereas the LRT animals were 
not significantly different from controls until 55 min after injection (Figure 
19). However, there was no significant difference in response between the 
LRT and HRT animals. A more clear-cut difference between the groups may 
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have been achieved if the intermediate risk takers had been removed, but this 
approach had demanded a larger number of animals. However, the results 
indicate a higher sensitivity in the HRT animals to the dopamine transport 
blocking effects of psychostimulants and fits with previously mentioned 
studies of enhanced sensitivity to locomotor effects of psychostimulants, and 
the readily acquired self-administration of these drugs in HR animals (Hooks 
et al., 1991; Klebaur et al., 2001; Mantsch et al., 2001; Marinelli and White, 
2000; Piazza et al., 1989; Pierre and Vezina, 1997). Furthermore, a greater 
inhibition of the dopamine transporter by cocaine has been shown in rats that 
are high responders to cocaine (Sabeti et al., 2002). 

 
Figure 19. The response in T80 (mean ± SEM) to a subcutaneous (s.c.) injection of 
amphetamine or saline (N=7) shown as the percent of the reference T80. The am-
phetamine animals were further divided into low (LRT, N=6) and high risk taking 
(HRT, N=7) groups. *p<0.05, **p<0.01, ***p<0.001 compared to the saline con-
trols; #p<0.05, ##p<0.01, ###p<0.001 compared to the 5-min time point (repeated 
measures ANOVA followed by Fisher’s LSD test). 

The underlying mechanism for the increased response to amphetamine in 
HRT rats can only be speculated upon, but may involve differences in the 
number of dopamine transporters or differences in affinity of the transporter, 
as is indicated for the HR/LR rats (Chefer et al., 2003). The reference T80 
values do not show any such differences in this study, but a lower affinity of 
the transporter may be compensated by a higher number of functionally ac-
tive transporters in the dorsal striatum. Challenging the system with amphet-
amine could reveal previously masked differences, by skewing the balance 
between functionally active transporters and their affinity. It is also possible 
that the dopamine transporters in the HRT animals have a higher affinity for 
amphetamine, something that has not been investigated. 
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Differences in dopamine content in the dorsal striatum could also be a 
factor affecting the uptake and higher levels have been found in HR rats in 
this area (Antoniou et al., 2008) as well as in the nucleus accumbens (Hooks 
et al., 1992; Verheij et al., 2008). In this context, it is important to note the 
difference between tissue content, vesicular content, microdialysis data and 
chronoamperometric recordings. Chronoamperometry only measures the 
overflow of dopamine after stimulation, not the basal extracellular levels, or 
intracellular levels outside or inside of vesicles. Amphetamine may affect all 
these aspects of dopamine levels (Sulzer et al., 2005), but the results herein 
show no differences in amplitudes between amphetamine and saline treated 
animals, indicating that the dose used does not affect the dopamine overflow 
after potassium-induced release. Instead, the data points toward the dopa-
mine transporter as the important factor for individual differences in the 
response to amphetamine in the HRT/LRT animals.  

A multivariate approach was used to investigate relationships between 
behavior and neurochemistry. A PLS with two significant components was 
created [R2

X=0.53; R2
Y=0.65; Q2=0.36] (Figure 20A) and indicated that the 

chosen behavioral parameters (Figure 20B and C) from the open field and 
MCSF test together could predict potassium-induced amplitudes and T80 
values. Spearman rank order correlations between behavioral parameters and 
amplitude or T80 values further confirmed the multivariate analysis. For 
example, the reference amplitude was positively correlated with the frequen-
cy in the center of the open field [ρ=0.49; p=0.045] and T80 was positively 
correlated with duration per visit in the central circle of the MCSF [ρ=0.60; 
p=0.023]. However, the amplitudes were not correlated to the duration (%) 
in the inner part of the open field. Instead risk assessment in the MCSF was 
positively correlated with the reference amplitudes [ρ=0.58; p=0.016] (Fig-
ure 20D). This was somewhat surprising, since there was a fairly strong 
correlation between the classification parameter and parameters used to clas-
sify HR/LR rats in previous studies (Blanchard et al., 2009; Dellu et al., 
1996; Kabbaj, 2006) and there was some expectation that this would lead to 
similar findings as in HR/LR which have shown to display a good correla-
tion between dopamine levels and the activity in a novel environment 
(Hooks et al., 1992). However, the current study did not measure basal ex-
tracellular levels of dopamine and it is possible that the individual variation 
in second-by-second release and uptake of potassium-induced overflow 
measured here is underlying different aspects of the behavior. 
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Figure 20. The A) score plot and B) loading plot for the partial least squares projec-
tions to latent structures (PLS) for chosen behavioral parameters, and reference 
amplitudes and T80 values [R2

X=0.53; R2
Y=0.65; Q2=0.36], C) a close-up of the 

dashed box in the loading plot and D) the correlation between risk assessment in the 
MCSF and the reference amplitudes. Blue denotes parameters from the open field 
and red denotes parameters from the multivariate concentric square field™ (MCSF) 
test. BE=bridge entrance, C=center, CC=central circle, DCR=dark corner room, 
D=duration (s), D/F=duration per frequency (s), F=frequency, HRT=high risk taking 
(N=8), IC=inner circle, L=latency (s), LRT=low risk taking (N=9), OC=outer circle, 
OF=open field, TOTACT=total activity, i.e. the sum of all frequencies, 
TOTCORR=total corridor, i.e. the sum of all corridors. 

The relationship between the amphetamine response in T80 values and the 
behavioral data was also investigated using multivariate data analysis. A 
PLS with one significant component was created [R2

X=0.44; R2
Y=0.56; 

Q2=0.23] and guided further correlations. A Spearman correlation between 
the classifying parameter duration (%) in the inner part of the open field and 
the response in T80 15 min after amphetamine showed a weak, but signifi-
cant, positive correlation [ρ=0.61; p=0.049], supporting a higher sensitivity 
in the HRT animals to the dopamine transport blocking effects of psychost-
imulants. 
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Conclusions 

The studies in this thesis have identified brain structures in which endoge-
nous opioids and dopamine are impacted by early environmental factors, 
such as maternal separation, voluntary adolescent alcohol intake and social 
environment. Furthermore, behavioral phenotypes in relation to individual 
neurobiological responses to drugs have been identified. Specifically, the 
conclusions were: 

 
• Rearing environment affected adolescent risk-taking behavior and in-

duced brain area-specific effects on beta-endorphin in the pituitary gland 
and periaqueductal gray area. However, no differences were found in al-
cohol intake or alcohol-induced effects on endogenous opioids between 
animals subjected to short or long maternal separation. Voluntary ado-
lescent alcohol intake, in contrast to adult alcohol intake, may therefore 
abolish the effects previously seen after maternal separation. The data 
herein confirms previous studies on adolescent alcohol intake and ma-
ternal separation and extends them to include abolishment of rearing-
dependent alcohol-induced effects on endogenous opioid peptides. 
 

• Voluntary adolescent alcohol intake changed the development of activi-
ty-related behavior, decreased dopamine release in the dorsal striatum 
and induced time-, area- and peptide-specific changes in endogenous 
opioids. One area that emerged as particularly interesting in terms of 
opioid changes was the amygdala. The amygdala and the dorsal striatum 
are both hypothesized to be involved in the shift from initial drug use to 
compulsive use and addiction and effects in these areas by adolescent 
alcohol drinking may be underlying the vulnerability to alcohol use dis-
orders seen after early onset drinking. 
 

• Social environment in adolescence did not affect concurrent alcohol 
intake but did affect alcohol-induced effects on endogenous opioids, 
specifically in the amygdala. The interactions between social stress and 
alcohol suggest that the reasons for drinking in pair- and single-housed 
adolescent animals may be different and this could affect their suscepti-
bility to alcohol use disorders. Furthermore, differential social experi-
ences could also affect the outcome of pharmacological treatments of al-
cohol use disorders. 



 70 

 
• Age-dependent effects were found in alcohol intake, dopamine release 

and housing- as well as alcohol-induced effects on endogenous opioids. 
The differences in dopamine release and endogenous opioids may partly 
explain the higher alcohol intake seen in adolescent individuals, but their 
specific functional relevance needs further investigation. 
 

• Individuals with a high risk-taking profile had a more pronounced and 
rapid response to the dopamine uptake-blocking mechanisms of amphet-
amine. However, differences in basal dopamine release were associated 
with risk-assessment behavior and not risk-taking behavior, highlighting 
the importance of a more extensive behavioral profile when investigat-
ing associations between neurobiology and behavior. Differences in be-
havioral profiles and underlying neurobiology may be important in the 
variation of vulnerability seen for different drugs of abuse. 

 
Finally, although animal data may not be directly translated to humans, to-
gether, the results presented herein provide new information on factors lead-
ing to increased vulnerability for addiction in adolescents and young adults 
and could be of use in new strategies for prevention and treatment. 
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Populärvetenskaplig sammanfattning 

Alkohol är en av världens mest socialt accepterade och legaliserade droger, 
men alkohol utgör också ett världsomfattande hälsoproblem. I Sverige be-
räknas ungefär en halv miljon personer använda alkohol på ett skadligt vis 
eller vara beroende av alkohol. Detta leder till stort fysiskt och psykiskt li-
dande för såväl individerna själva som deras anhöriga. Risken för att ut-
veckla ett alkoholberoende påverkas i ungefär samma utsträckning av arv 
och miljö och det är samspelet däremellan som avgör vem som blir bero-
ende. Barn och ungdomars hjärnor är extra känsliga för yttre omständigheter 
eftersom deras hjärnor fortfarande utvecklas. Studier har till exempel visat 
att barn som utsatts för sexuella eller känslomässiga övergrepp har en större 
risk att utveckla alkoholberoende. Samtidigt kan en trygg uppväxtmiljö vara 
skyddande, trots ett riskfyllt arv. Risken för att bli beroende av alkohol ökar 
också om man börjar dricka tidigt i livet och det är framförallt då, under 
ungdomsperioden, som de flesta kommer i kontakt med alkohol för första 
gången. Trots detta är kunskapen om miljöns och alkoholens effekter på den 
unga hjärnan begränsad.  

Det övergripande målet med denna avhandling var att ta reda på mer om 
hur den unga hjärnan förändras av uppväxtmiljö och tidig alkoholkonsumt-
ion. 

Ett viktigt hjärnsystem som ligger till grund för de positiva effekterna vi 
känner när vi dricker alkohol eller tar droger är belöningssystemet. Det för-
medlar normalt sett de positiva effekterna av sådant som är bra för oss och 
vår överlevnad, såsom mat, sex och fysisk aktivitet. När man är beroende av 
en drog fungerar inte belöningssystemet som det ska och man upplever inte 
längre samma positiva effekter av droger, eller andra belöningar. Ofta mår 
man också allt sämre under drogfria perioder. Det beror på att det skett 
gradvisa förändringar i hjärnan under tiden man har druckit alkohol. För 
vissa individer kan dessa förändringar ske snabbare än för andra och de är 
därmed extra sårbara. Faktorer som uppväxtmiljö, sociala sammanhang och 
ålder när man börjar dricka kan förändra delar av hjärnan och påverka sår-
barheten för att utveckla ett beroende. Viktiga komponenter i belöningssy-
stemet är dopamin och de kroppsegna opioiderna, även kallade endorfiner. I 
tidigare studier har man visat att balansen i dessa system är rubbad efter lång 
tids alkoholanvändning, men kunskapen om tidiga förändringar i den unga 
hjärnan är som sagt begränsad. 
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I denna avhandling mättes förändringar i dopaminfrisättning och opio-
idnivåer i olika delar av hjärnan. Dessutom undersöktes det risktagande och 
riskbedömande beteendet i relation till dopaminfrisättning under normala 
förhållanden och efter drogintag, eftersom man har sett att skillnader i risk-
beteenden delvis kan förutsäga om en individ är sårbar eller inte. 

Att göra dess undersökningar i människa innebär praktiska och etiska 
svårigheter. Djurmodeller kan därför utgöra ett alternativ och i denna av-
handling studerades råttor. Råttors belöningssystem är mycket likt männi-
skans och det finns modeller för att studera uppväxtmiljö, social miljö, alko-
holkonsumtion och beteende. En råttas livsspann är kort och barndomspe-
rioden infaller under de tre första levnadsveckorna, varefter ungdomspe-
rioden tar vid och varar fram till ungefär åtta veckor. Under de tre första 
veckorna är ungarna beroende av mamman för att få mat och omvårdnad, 
men också för normal utveckling. Då finns det möjlighet att manipulera 
uppväxtmiljön genom att separera ungarna från mamman kortare eller längre 
stunder varje dag. De kortare separationerna är normalt förekommande i 
naturen, medan de längre separationerna utgör en riskfylld uppväxtmiljö. 
Råttor är mycket sociala djur och framförallt under ungdomsperioden är det 
viktigt att de får leka med andra råttor för att hjärnan ska utvecklas normalt. 
Genom att husera dem ensamma kan man påverka hjärnutvecklingen och 
således även sårbarheten för beroende. Deras benägenhet att dricka alkohol 
när de ges ett val mellan alkohol och vatten kan sedan mätas och kopplas till 
förändringar i hjärnan. 

Resultaten visade att råttor som fick tillgång till alkohol under ungdoms-
perioden drack lika mycket oavsett uppväxtmiljö eller social miljö. Upp-
växtmiljön påverkade däremot nivåerna av de kroppsegna opioiderna i flera 
hjärnområden. Dessutom uppvisade de olika beteende beroende på upp-
växtmiljö och om de haft tillgång till alkohol. De råttor som drack alkohol 
hade också förändringar i opioidnivåer i amygdala och dopaminfrisättning i 
dorsala striatum. Amygdala och dorsala striatum tillhör de områden som 
anses viktiga i övergången från ett okomplicerat drickande till tvångsmässigt 
drickande och beroende. Amygdala styr bland annat minnen av känslor och 
dorsala striatum styr inlärning av rörelser och möjligheten att göra saker 
vanemässigt. Förändringarna i amygdala var dessutom olika beroende på om 
råttorna huserats ensamma eller med en annan råtta, vilket visar att detta 
område också påverkas av den sociala miljön. Vidare kunde beteenden som 
ingår i riskbedömning kopplas till dopaminfrisättning under normala förhål-
landen, medan individer som var mer risktagande svarade tydligare på dro-
gen amfetamin. 

Sammantaget bidrar resultaten till att bredda kunskapen om inverkan av 
uppväxtmiljö och tidigt alkoholintag på den unga hjärnan. Studierna pekar ut 
faktorer och hjärnområden av intresse för framtida studier av individuell 
sårbarhet. Dessa faktorer kan vara vägledande i såväl förebyggande arbete 
som behandlingsstrategier. 
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