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Abstract
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Early life stress (ELS) is associated with risk of excessive alcohol drinking. However, the genetic
mechanisms underlying the susceptibility to excessive alcohol drinking are not well understood.
DNA methylation may mediate the influence of ELS on gene function and thereby contribute to
alcohol misuse. Furthermore, susceptible genotypes of polymorphisms in interaction with early
environment may influence alcohol related behaviors in adulthood.

The present thesis comprised of a study of rodents and a study of humans. The former aimed
to investigate the effects of ELS, alcohol drinking and housing on the expression of stress and
DNA methylation regulatory genes in the hypothalamus and pituitary, and the expression of the
Fkbp5 in the mesocorticolimbic system and dorsal striatum. The effects of ELS, alcohol, and
housing on the DNA methylation of the promoters of genes of interest and blood corticosterone
levels were also examined.

Hypothalamic Adra2a expression was lower in alcohol drinking rats exposed to ELS, whereas
ELS and ethanol drinking exerted independent effects on the expression of other genes in the
hypothalamus and pituitary, however in a manner that depended on the control group used.
Single housing associated with differential gene expression suggesting single housing as a
confounding factor. Water and ethanol drinking in rats exposed to ELS was associated with
higher and lower blood corticosterone, respectively. Brain region-dependent interaction effects
between alcohol and ELS were observed on Fkbp5 expression in mesolimbic regions. These
results indicate a counter-balancing effect of alcohol drinking to ELS.

The study of humans investigated whether environment in interaction with single nucleotide
polymorphisms of stress-related genes associate with alcohol use problems in young adults. The
functional FKBP5 rs1360780 TT genotype in interaction with poor parent-child relationship was
associated with problematic drinking behaviour. Regarding CRHR1, aversive and supportive
environment in interaction with the rs1876831 AA genotype were associated with higher and
lower alcohol drinking problems, respectively.

Altogether, the present thesis deepens the knowledge of underlying genetic mechanisms
for ELS-mediated propensity to drink alcohol and presents the novel insight into genetic
susceptibility of FKBP5 and CRHR1 to early environment in relation to alcohol drinking
problems.
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Avp Arginine vasopressin 
CCx Cingulate cortex 
CpG C phosphate G 
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Nr3c1 Nuclear receptor subfamily 3, group C, member 1 
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PND Postnatal day 
PNW Postnatal week 
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Introduction 

Alcohol misuse 
Alcohol is widely used recreationally and for its psychoactive effects, with 
some exceptions due to cultural reasons. In Europe, 66% of the total popula-
tion and 69% of adolescents regularly consume alcohol1. Alcohol misuse 
poses a considerable health and socioeconomic burden. The global burden of 
diseases related to alcohol use disorder (AUD) in terms of disability-adjusted 
years is 9.6%2, and 5.9% of the total deaths that occur each year are attribut-
able to alcohol misuse1. In addition alcohol misuse contributes to socioeco-
nomic problems arising for instance from violence and accidents due to 
drunk driving1.   

Alcohol misuse may lead to the development of AUD. The fifth version 
of the Diagnostic and Statistical Manual of Mental Disorders (DSM V) lists 
eleven criteria for the diagnosis of AUD, including the presence of craving 
and withdrawal symptoms, the development of tolerance to the effects of 
alcohol, and the presence of social and personal problems due to alcohol use. 
The presence of any two of these eleven symptoms within the prior twelve 
months is necessary for a diagnosis of AUD, whereas the presence of more 
than six symptoms is required for a diagnosis of severe AUD3.   

AUD is a heterogeneous disorder in which each individual depending on 
the environmental exposure has a distinct developmental path to AUD4. The 
heritability of AUD is estimated to be approximately 0.5 to 0.65. The devel-
opment of AUD consists of three stages: binge intoxication, withdrawal-
negative affect, and preoccupation-anticipation stage6. AUD involves a shift 
from positive reinforcement driven by impulsivity towards negative rein-
forcement driven by compulsivity4. During the development of AUD, sensi-
tization of the stress system mediates the negative reinforcement (withdraw-
al-negative affect) stage but can also be involved in the initial stage of binge 
intoxication in certain individuals4. The progression of AUD is depicted in 
Figure 1.  
  



Figure 1. Theoretical representation of the progression from alcohol use to alcohol 
use disorder. 

Stressful environment and vulnerable periods for AUD 
Foetal life, childhood and adolescence are the periods of life during which 
individuals are most vulnerable to environmental factors that have been sug-
gested to increase the risk for AUD7-9. These periods overlap with crucial 
stages of brain development where adaptive programming to environmental 
cues can have profound effect on an individual’s behaviour in adulthood9,10. 
Aversive environmental conditions especially during early life may lead to 
permanent change in the stress system that alter an individual’s ability to 
cope with stress and impart risk or resilience to psychiatric disorders includ-
ing AUD in adult life10. Epigenetic mechanisms have been suggested to me-
diate the effects of environmental cues on neural adaptations10,11. The term 
epigenetics can be defined as the stable maintenance of changes in gene ex-
pression due to the imprinting of  DNA or chromatin without changes in the 
DNA sequence12. The molecular mechanisms that contribute to the epige-
nome and regulate the accessibility of DNA to transcription include DNA 
methylation, histone modifications, and microRNAs13.  

Growing evidence suggests DNA methylation as responsible for translat-
ing the effects of stressful environments to gene function10,11. CpG DNA 
methylation refers to the addition of a methyl group to cytosine in the ge-
nomic sequence14. DNA methyltransferase 1 (DNMT1) is the enzyme re-
sponsible for the maintenance of the methylation signature13. DNMT1 rec-
ognizes hemi-methylated DNA, methylates the complementary strand, and 
transfers the methyl group to cytosine residues13. Transcriptional repression 
due to DNA methylation is thought to result from the recruitment of re-
pressor proteins such as methyl CpG binding protein 2 (MECP2)13. MECP2 
preferentially binds to methylated DNA and represses transcriptional activi-
ty, potentially by preventing the binding of transcriptional activators13. Re-
gions of mammalian DNA with high densities of CG dinucleotides are called 
cytosine-phosphate-guanine (CpG) islands. CpG islands in promoter regions 
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are generally not methylated14,15;  methylation of such regions likely leads to 
suppression of transcription15.  
    Early evidence for a role of DNA methylation in mediating the effects of 
early life environment in rodents was provided by Weaver and colleagues in 
2004. These investigators demonstrated that low levels of maternal care, i.e. 
licking and grooming behaviour, are associated with greater methylation of 
the glucocorticoid receptor gene (Nr3c1) promoter in the mouse hippocam-
pus and with impaired stress responses later in life16. These authors also re-
ported that improving rearing conditions by cross fostering with high licking 
and grooming mothers reversed the epigenetic changes, thereby confirming 
that changes in methylation are driven by environmental influences16. Later, 
McGowan and colleagues extended these results to humans by demonstrat-
ing that suicide victims who were exposed to childhood abuse exhibited 
higher levels of hippocampal NR3C1 methylation17. In recent years, early 
life stress (ELS) has been simulated using prolonged maternal separation 
models in rodents and has been preliminarily associated with hypomethyla-
tion of the arginine vasopressin (Avp) gene in the hypothalamus and of the 
proopiomelanocortin (Pomc) gene in the pituitary, and with greater expres-
sion of these genes accompanied by anxiety-like behaviour18,19. Changes in 
DNA methylation and expression of genes in the stress response system 
might thus be relevant to vulnerability to AUD. However, the neurobiologi-
cal mechanisms underlying such gene-environment interactions are largely 
unknown. Neurobiological pathways involved in regulation of the stress 
system have been suggested to be critical substrates of gene-by-environment 
interactions that influence vulnerability to AUD5. 

The stress system 

The HPA axis 
The HPA axis, as its name suggests, consists of three components: the hypo-
thalamus, the pituitary gland and the adrenal glands. The hypothalamus,  the 
control centre of the HPA axis, regulates the secretory activity of the pitui-
tary gland (Figure 2)20. The hypothalamus secretes corticotrophin-releasing 
hormone (CRH), a major stimulatory peptide, into the hypophyseal portal 
system, which connects to the anterior pituitary20. Binding of CRH to its 
receptor, corticotrophin releasing hormone receptor 1 (CRHR1), results in 
the stimulation of  pituitary corticotrophs20, and in turn increases the synthe-
sis of the prohormone called proopiomelanocortin (POMC), which is later 
cleaved to produce adrenocorticotrophin hormone (ACTH)21. ACTH stimu-
lates the adrenal cortex to release glucocorticoids, mainly corticosterone in 
rodents and cortisol in humans20,22. Corticosterone/cortisol mediates the 
physiological response to stress and also negatively regulates the hypothala-



mus and the pituitary glands after binding to the glucocorticoid receptor 
(NR3C1) complex22. The NR3C1 complex is a transcription factor that is 
found bound to a heat shock protein 90 (HSP90)23. The FK506 binding pro-
tein 5 (FKBP5) is a co-chaperone of HSP90; when bound to the complex, it 
decreases the affinity of the NR3C1 complex for corticosterone/cortisol23. 
Thus, FKBP5 inhibits the negative feedback of the HPA axis by corti-
costerone/cortisol. FKBP5 gene expression overlaps with the expression of 
NR3C1 and is inducible by corticosterone24,25. In addition to CRH, the hypo-
thalamus also secretes arginine vasopressin (AVP) and oxytocin (OXT). 
AVP stimulates CRH activity but has very low secretagogue activity of its 
own to stimulate ACTH release20. In contrast, OXT can reduce the stress 
response by decreasing ACTH secretion by the pituitary and plays important 
role in development of mother-infant bonding26-28. As the primary stress 
response system, the HPA axis is vulnerable to environmental influences, 
especially during early development, and thereby plays a role in determining 
risk or resilience to AUD in adulthood7,10. However, the genetic mechanisms 
involved in the ELS-induced vulnerability to AUD are not well understood.  

 
Figure 2. Schematic representation of the interplay between proteins regulating the 
HPA axis and DNA methylation (adaptated from the String database 29).  
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The neuronal regulation of the stress response 
Whereas the HPA axis is the primary centre of the stress system, the full 
array of the effects of stress is mediated through neuronal regulation by other 
brain structures such as the locus coeruleus and mesocorticolimbic brain 
areas20. The locus coeruleus and neurons of the nucleus of the solitary tract 
in the brainstem have excitatory noradrenergic projections to the HPA ax-
is30,31. The alpha 2a adrenoceptor subtype (ADRA2A) is a presynaptic auto-
receptor that inhibits the release of noradrenalin and thereby  inhibits the 
excitation of the HPA axis by noradrenergic neurons32. On the other hand, 
gamma aminobutyric acid (GABA)ergic projections from the bed nucleus of 
stria terminalis regulated by hippocampus to the hypothalamus and catechol-
aminergic projections from the medial prefrontal cortex (mPFC), either di-
rectly or indirectly, inhibit the HPA axis and thereby contribute to termina-
tion of  the stress response31. The amygdala (Amy), which forms part of the 
limbic pathway, stimulates the HPA axis through direct projections to the 
hypothalamus but also indirectly through the bed nucleus of the stria termi-
nalis31. The hippocampus and the prefrontal cortex may also exert inhibitory 
effects on  the HPA axis through glucocorticoid mediated mechanisms31. 
Extra-hypothalamic brain regions, such as the Amy also contain CRH secret-
ing neurons but, unlike the HPA axis, only secrete CRH under stressful con-
ditions33. Glucocorticoids released during stressful conditions have stimula-
tory effect on the mesocorticolimbic system in which glucocorti-
coid receptors are widespread24. In addition, corticosterone/cortisol has an 
inhibitory effect on the HPA axis but increases CRH expression in the 
Amy31. Regulation of the HPA axis is thus the result of a complex interplay 
between different brain regions. Investigations of the HPA axis and extra-
hypothalamic regulatory regions are needed to further our understanding of 
the stress system in its entireness.  

The mesocorticolimbic system, dorsal striatum and 
AUD 
Several neural circuitries (Figure 3) are involved in the three-stage cycle 
(i.e., binge-intoxication, withdrawal, and anticipation-preoccupation) of 
AUD (Figure 1)6,34. The mesocorticolimbic system comprises the ventral 
tegmental area (VTA), nucleus accumbens (Acb), amygdala (Amy), mPFC, 
and cingulate cortex (CCx). The VTA and Acb, which are predominantly 
dopaminergic areas, are involved in reward and motivation, whereas the 
mPFC and Amy are involved in the control of emotions, and influence do-
paminergic outputs from the VTA34-36. The initial pleasurable effect during 
the binge-intoxication phase is mediated primarily by increased dopaminer-
gic output of the VTA to Acb 37,38. The Amy is involved in the regulation of 



emotional responses and depends on inputs from the mPFC35,39. Emotions, 
such as fear, sadness, anger, disgust, and happiness are associated with in-
creased Amy activity35,39. The Amy plays a crucial role in negative rein-
forcement during withdrawal from alcohol by increasing anxiety-like behav-
iour40. The mPFC and CCx receive sensory inputs and have executive con-
trol over mesolimbic brain regions. The mPFC is important for goal-oriented 
decision making, whereas the CCx is important for decision making in the 
presence of conflict41. In contrast, the dorsal striatum (dStr) is part of the 
nigrostriatal circuit and has a role in goal-oriented decision making and ha-
bitual learning,  playinga crucial role in the binge-intoxication as well as 
preoccupation anticipation stages42. The cortical regions mPFC and CCx, as 
well as dStr, mediate the preoccupation-anticipation stage of AUD6. The 
mesocorticolimbic systems and dorsal striatum, and their connections to the 
HPA axis are instrumental in the regulation of the stress response during the 
different stages of development of AUD20,34. 

 
Figure 3. Schematic representation of the neurocircuitry involved in the three stages 
of AUD development. CRH: corticotrophin-releasing hormone; DA: Dopamine; 
GABA: Gamma-aminobutyric acid projections; GLU: glutamatergic projections; 
NE: Norepinephrine (adapted from34). 

Gene-by-environment interaction studies 
Both genetic and environmental factors are of importance to AUD43. Gene-
by-environment interaction (GxE) studies have the potential to provide a 
better understanding of the individual differences in the risk of AUD. The 
conventional approach in psychiatric genetic research is based on the as-
sumption of linearity between genetic and behavioural outcomes that utilises 
association analyses44. The success of candidate gene association studies to 
date is rather limited and only genetic variation in the alcohol dehydrogenase 
1B gene has been established as a risk factor for AUD45. Genome-wide asso-
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ciation studies (GWAS) are suggested to be superior to the candidate gene 
association studies for polygenic disorders such as AUD. However, GWAS 
studies suffer from the need of extremely large samples44. GWAS studies 
such as the Collaborative Study of the Genetics of Alcoholism (COGA) or 
the Study on Global Ageing and Adult Health (SAGE) did not provide any 
significant and replicable candidate polymorphisms in relation to AUD44,46. 
Although twin studies indicate 50 - 80% heritability, the limited explained 
variance found in GWAS studies has given rise to the question of “missing 
heritability”, with GxE being suggested as one of the answers45,47. The fact 
that not everyone exposed to the same environmental factors develop AUD 
makes the basis for GxE studies. GxE studies have investigated on the sus-
ceptibility of candidate polymorphisms to the environment48. Two major 
theories have been employed in GxE research: “diathesis-stress” and “differ-
ential susceptibility”49-51. At present most of the GxE studies are based on 
the diathesis-stress theory where an aversive environment in interaction with 
the risk genotype is considered to be a vulnerability for developing psycho-
pathology45,52,53. The differential susceptibility theory is based on an evolu-
tionary perspective where individuals have innate differences in their suscep-
tibility towards both aversive and supportive environments, with some indi-
viduals being more sensitive than others50.  

Research on GxE has been characterized by low replicability53. Amongst 
the commonly identified problems there are inaccurate statistical methods, 
ambiguity in defining environmental and outcome measures, and publication 
bias towards positive results53-55. The choice of candidate genes based on 
their biological role, inclusion of covariate-by-genotype and covariate-by-
environment terms in the statistical models, and direct replications are sug-
gested as solutions for the above mentioned problems53,55. Moreover, meticu-
lous identification and measurement of environmental factors and an integra-
tive approach between the conventional theories on GxE studies have also 
been proposed49,56. Among candidate genes in the stress response pathway 
there are FKBP5 and CRHR1. Several FKBP5 SNPs, including a functional 
one (i.e. rs1360780), alone or in interaction with aversive early environment 
have been associated with various psychiatric disorders57 and recently with 
withdrawal symptoms in AUD patients58. However whether environment in 
early life interact with FKBP5 genotype and mediate the alcohol related 
outcomes later in life is not known. CRHR1, which plays a role in mediating 
negative reinforced alcohol drinking, has been suggested as a target of 
pharmacological intervention during the withdrawal negative-affect 
stage33,40. However, associations of CRHR1 SNPs with AUD are not con-
sistent with some studies reporting no association59-61 and one study showing 
an association62. The interaction between CRHR1 rs1876831 genotype and 
an aversive childhood environment has been associated with alcohol related 
phenotypes such as heavy drinking63-66.   
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Current pharmacotherapy and need for individualization 
To date, four drugs have been approved for the treatment of AUD: disulfi-
ram, acamprosate, naltrexone, and nalmefene. Disulfiram acts by inhibiting 
acetaldehyde dehydrogenase, thereby leading to an accumulation of the acet-
aldehyde that causes aversive symptoms when alcohol is consumed67. The 
mechanism of action of acamprosate is unclear, but it has been  suggested to 
decrease the glutamatergic hyperactivity associated with chronic alcohol use 
and thereby to reduce withdrawal symptoms67. Naltrexone and nalmefene 
target the opioid system68. Naltrexone acts by inhibiting the mu and delta 
opioid receptors reducing the positive reinforcing effect of alcohol68. 
Nalmefene also inhibits the mu and delta opioid receptors and has partial 
agonistic activity on the kappa opioid receptor68. The efficacy of these medi-
cations is moderate, with differences in treatment response likely arising 
from differences in genetic makeup and environmental exposure during crit-
ical stages of development33.   
   Individualization of pharmacotherapy based on the genetic make-up could 
improve therapeutic outcomes. For instance, pharmacological agents such as 
naltrexone have been reported to be preferentially effective in maintaining 
abstinence in patients with a family history of AUD69. The interaction of 
genetic polymorphisms with environmental factors has also been suggested 
to alter the efficacies of drugs used to treat AUD. A family history of AUD 
contributes to an increased risk of AUD among offspring, both through the 
transmission of vulnerability genes and through the family environment cre-
ated by parents with AUD33.  For example, naltrexone effectively reduced 
alcohol consumption among individuals carrying the G allele of a functional 
polymorphism SNP rs1799971(A > G) in the µ opioid receptor 1 (OPRM1) 
gene who had positive family histories of AUD33. CRHR1 has been suggest-
ed as a drug target in AUD, with antagonists lowering withdrawal symptoms 
and reducing relapse in rodents33. However, a recent clinical study by 
Kwako et al. using the CRHR1 antagonist pexacerfont, did not observe any 
difference in alcohol craving or neuronal response to alcohol related cues70. 
Whether, polymorphisms played a role in mediating the effect of pexacerfont 
is not known. Further knowledge of genotype-by-environment interaction 
and alcohol drinking problems might help to categorize individuals for effec-
tive pharmacotherapy. 
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Aims 

The present work aimed to deepen the knowledge of genetic mechanisms in 
the hypothalamus, pituitary, mesocorticolimbic system, and dorsal striatum 
associated with ELS-mediated propensity to alcohol drinking.  
 
The specific aims were:  
 
Paper I 
To examine the relationship between the ELS-mediated propensity to alco-
hol drinking on Adra2a gene expression and DNA methylation in the hypo-
thalamus of outbred rats. 
 
Paper II 
To investigate the expression and promoter DNA methylation of genes that 
regulate the HPA axis and DNA methylation, and to assess corticosterone 
levels in relation to ELS and alcohol drinking in outbred rats. Moreover, to 
investigate the putative confounding effect of single housing in the drinking 
paradigm and the use of different control groups in the maternal separation 
(MS) paradigm on gene expression and DNA methylation profiles. 
 
Paper III 
To study the effects of ELS and voluntary alcohol drinking on mesocortico-
limbic and striatal Fkbp5 expression in young adult rats as well as to study 
the interaction between the functional FKBP5 SNP rs1360780 genotype and 
parent-child relationship on alcohol-related problems in young adults.   
 
Paper IV  
To study the interaction between the CRHR1 SNP rs1876831 genotype and 
adverse/supportive childhood environments on alcohol-related problems in 
young adults.   
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Materials and methods 

Animals (Papers I, II and III) 

Rationale  

Outbred Wistar rats show high individual variability in alcohol intake71, and 
were therefore used in this study rather than genetically selected alcohol 
preferring rats to represent better the heterogeneity in alcohol drinking pat-
terns observed in humans. Male rats were used to avoid the potential con-
founding effects of hormone fluctuations due to the oestrus cycle as well as 
due to previous report of no effect of MS on alcohol drinking in female 
Wistar rats72. Based on previous studies, a sample size of ten animals per 
group was chosen. However, twenty rats were used in the MS360 group 
because of the previously demonstrated presence of responders and non-
responders in the MS360 group leading to heterogeneity in alcohol drinking 
associated with higher or stable/lower alcohol intake. The present study had 
> 80 % statistical power to detect a medium effect size of 1.  

Experimental procedure 

Twenty-five pregnant outbred Wistar rats (RccHan: WI, Harlan, Europe) 
were received at gestation day 15. The animals were housed in standard 
sized cages with wood chip bedding, and papers as enrichment. The tem-
perature of the animal rooms was controlled and a regular 12h/12h light/dark 
cycle was maintained. At postnatal day (PND) 0, corresponded to the day of 
birth, the pups were weighed and sexed. Cross fostering was carried out with 
a litter size of 10 (6 males and 4 females) to avoid assignment of biological 
littermates to the same experimental group. The litters were randomly as-
signed to different experimental groups. The study was approved by the 
Uppsala Animal Ethical Committee (C32/11) and followed the guidelines of 
the Swedish Legislation on Animal Experimentation (Animal Welfare Act 
SFS1998:56) and the European Communities Council Directive 
(86/609/EEC). 
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The maternal separation model (Papers I, II and III) 

Rationale  

Maternal separation (MS) is a well-established model of ELS in rodents73,74. 
The MS was first introduced by Levine and colleagues and since then sever-
al protocols have been developed75,76. In the MS models, the pups as a whole 
litter were separated from the mother for a certain period of time during the 
first postnatal weeks76. The various protocols differ with respect to the dura-
tion of the MS (i.e. MS180 or MS360 min that are related to ELS and nega-
tive consequences), and the control group (i.e. conventional animal facility 
reared (AFR), non-handled (NH), or short maternal separation of 0 or 15 min 
(MS0, MS15)74, making the comparison of results across studies difficult. 
AFR animals are most widely used as controls; however, large variations in 
rearing conditions exist in different animal facilities77 making handling an 
additional confounding factor. MS15 animals are often considered a better 
choice as a controls because the handling conditions for these animals are 
the same as those for MS36073,76. MS15 also simulates the natural condition 
in which the mother leaves the pups alone for short periods of 15-20 min 
foraging for food73. Hence, a MS paradigm with MS15 as the control for 
ELS (MS360) was chosen for the present study. The MS model is applied 
during a period that coincides with the maturation of the rodent brain78 and 
hence is a crucial period for programming of the brain by environmental 
influences and determining behavioral outcomes in adulthood79. Prolonged 
MS for 360 min is a risk factor for alcohol drinking73.  

Experimental procedure 
Male pups were exposed to MS15, MS360 or AFR conditions (Figure 4). 
The MS procedure began at 9 am during the light cycle, and all the animals 
were handled by a single experimenter in the same way except for the dura-
tion of MS, i.e. 15 or 360 minutes. Changes in body weight were monitored 
by weighing the pups at 3-day intervals until PND 16. AFR rats were used to 
study the effect of single housing as well as for comparison with the MS360 
animals. The AFR animals were left undisturbed except for regular cage 
maintenance (PND 7 and 16) and weighing (PND 0, 7and 16). On PND 22, 
all the pups were weaned and group-housed with littermates until postnatal 
week 10. 

Two-bottle choice alcohol drinking model (Papers I, II and III) 

Rationale  

Compared to alcohol injection and vapor exposure, the voluntary alcohol 
drinking paradigm has the advantage of mimicking human situational set-



 22 

tings. Intermittent access paradigms with access restricted to certain hours 
(i.e., 2 to 4 h per day) increase alcohol intake in rodents compared to contin-
uous access paradigms80,81. The intermittent access model consists of access 
to alcohol for three alternate days, with three alternate days of abstinence81 
and is shown to increase ethanol drinking in rodents82. A modification of the 
intermittent access model consists of access to alcohol for three consecutive 
days followed by four days of abstinence83. This version has the advantage 
of mimicking human episodic drinking occurring during week-ends. The 
concentration of alcohol can also influence alcohol intake; alcohol concen-
trations up to 6% having slightly sweet taste whereas higher alcohol concen-
trations can produce an aversive response in rats84. The use of sweeteners, 
which is common, has been suggested to complicate the interpretation by 
masking the aversive response and motivation to drink alcohol85. Hence, a 
concentration of 20% alcohol is preferable, but an initiation phase is required 
to acclimate the rats to the taste of alcohol at high concentrations. Interrup-
tion of the alcohol drinking paradigm at a time point where predisposed rats 
start to escalate the intake but show no signs of dependence permits the as-
sessment of early molecular changes that lead to such states and avoids the 
confounding effects of ingestion of larger amounts of alcohol. 

Experimental procedure 
The alcohol drinking procedure began at postnatal week 10 and continued 
until postnatal week 16 (Figure 4). At postnatal week 10, the light cycle was 
reversed and the rats were single housed, with the exception of one set of 
group-housed AFR animals (AFRWg, n = 7). The single housed animals, 
which had previously been exposed to one of the three rearing conditions, 
were randomly divided into two groups; one group had access only to water 
(AFRW, n = 9; MS15W, n = 10 and MS360W, n = 10) and the second group 
had access to both alcohol and water (AFRE, n = 11; MS15E, n = 10 and 
MS360E, n = 20). Initiation of alcohol drinking was carried out using 5% 
alcohol available 24 h/day prepared from 96% alcohol (Solveco AB, 
Rosersberg, Sweden) during postnatal week 10, together with water and food 
ad libitum. During postnatal week 11, 5% alcohol was available for 2h/day 
for three consecutive days followed by 4 days of abstinence. During the 
postnatal weeks 12 to 16, the rats had access to 20% alcohol with the choice 
of alcohol and water ad libitum. Alcohol was made available for 2h/day for 
three consecutive days followed by 4 days of abstinence to simulate human 
episodic weekend drinking 83.  

Precautions were taken to avoid position preference by changing the posi-
tions of the bottles at each session. For each session, the bottles were filled 
with fresh alcohol and water and weighed before and after the session. The 
rats were sacrificed at postnatal week 16 after the last session of alcohol 
drinking. Trunk blood was obtained for corticosterone analyses and brain 
tissues were sampled for genetic analyses. The brain regions of interest (the 
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hypothalamus (Paper I and II), pituitary (Paper II), and the Acb, Amy, CCx, 
dStr, mPFC, and VTA (Paper III)) were collected). The brain tissues were 
snap-frozen on dry ice and preserved at -80ᵒ C until further use. 

Figure 4. Study scheme of the MS and two-bottle choice alcohol drinking experi-
mental model. Group-housed AFR rats were included to assess the effect of single 
housing in adulthood. Acb: nucleus accumbens ; AFR: animal facility rearing; Amy: 
amygdala; CCx: cingulate cortex; dStr: dorsal striatum ;Hyp: hypothalamus; mPFC: 
medial prefrontal cortex; MS: maternal separation (15/360 min); Pit:pituitary 

Hormone analyses (Paper II and III) 

Rationale  

The hormone corticosterone is responsible for mediating the physiological 
response to stress in rodents. It can thus be used as a marker of HPA axis 
activity. Among the methods available for the analysis of hormone levels, 
radioimmunoassay (RIA) and enzyme linked immune-sorbent assay (ELI-
SA) are widely used. RIA is based on a competitive antigen-antibody reac-
tion in which the amount of hormone is assessed by the measured radioactiv-
ity (representing the free antigen) that is displaced by the hormone. This 



method has been widely used, is considered reliable, and is preferred when 
the concentration of hormone is high86,87.  

Experimental procedure  
Corticosterone measurement was performed using a corticosterone 125I RIA 
kit (MP Biomedicals LLC, Orangeburg, NY, USA) (Figure 5). All samples 
and one standard (12.5ng/ml) were assessed in duplicates. According to the 
manufacturer, inter-and intra-assay variability was 4.4 - 10.3% and 6.5 - 
7.2% respectively. The corticosterone antiserum showed 100% cross-
reactivity with corticosterone; cross-reactivity with other steroids was 0.34% 
with deoxycorticosterone, 0.10% with testosterone, 0.05% with cortisol, and 
< 0.05% with other steroids. 

 
Figure 5. Schematic representation of the steps in the hormone analysis. 

Genetic analyses (Papers I, II and III)  

Rationale  
The mRNA is the most immediate product derived from DNA and contains 
information encoding the protein, which is the final effector molecule. Dif-
ferences in mRNA levels can reflect changes in the transcription machinery, 
including possible repression of transcription by epigenetic modifications15. 
Various techniques are available to quantify the mRNA expression of candi-
date genes, including quantitative real-time polymerase chain reaction 
(qPCR), droplet digital PCR, RNAse protection assay, northern blotting, and 
in situ hybridization. Imaging techniques have the advantage of assessing 
mRNA expression in anatomical substructures but tend to be semi-
quantitative and time-consuming. Droplet digital PCR is a relatively new but 
is not yet widely used technique in which the absolute measure of mRNA is 
possible. The qPCR method, which is based on the temperature-dependent 
amplification of complementary DNA from mRNA, uses oligonucleotide 
sequences called primers that are specific to target sequence are used. The 
generation of double strands after each qPCR cycle gives rise to a fluores-
cence signal that is proportional to the amount of amplified product. The 
sensitivity and reproducibility of qPCR are higher than those of most other 
methods88.  

Experimental procedure  
Gene expression analyses (Papers I, II and III) and promoter DNA methyla-
tion analyses (Papers I and II) were performed (Figure 6). To avoid deviding 
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the tissue into portions, simultaneous isolation of DNA and RNA was per-
formed using an Allprep DNA/RNA/miRNA Universal kit (Qiagen AB Sol-
lentuna, Sweden). Nucleic acids were quantified using an ND 1000 spectro-
photometer. 

 
Figure 6. Schematic representation of the procedural steps in the genetic analyses. 

Gene expression analyses (Paper I, II and III) 
Gene expression analyses were performed using qPCR. Total RNA (700ng) 
was converted to cDNA using the QuantiTect reverse transcription kit (Qi-
agen AB, Sollentuna, Sweden). The manufacturer’s protocol was followed, 
including the genomic DNA (gDNA) wipeout reaction to minimise the 
chance of contamination by gDNA. The converted cDNA was diluted 20-
fold and stored at -20ᵒC until further use. The primers were designed using 
Primer 3 (http://frodo.wi.mit.edu/). Three most commonly used housekeep-
ing genes (Actb, Gapdh and Rpl19 )were used as reference controls. The  
expression of Adra2a in the hypothalamus (paper I); of Avp, Crh, Crhr1, 
Dnmt1, Fkbp5, Mecp2, Nr3c1, Oxt and  Pomc in the hypothalamus, and of 
Crhr1, Dnmt1, Fkbp5, Mecp2, Nr3c1 in the pituitary (Paper II) was assessed. 
In paper III, Fkbp5 gene expression was assessed in the brain regions Acb, 
Amy, CCx, dStr, mPFC and VTA. Except for Crh, gene expression analyses 
were performed using 1x iQ SYBR green Supermix (Biorad, Sweden) with 
0.15μM of each primer and 3μl of cDNA sample. The reactions were per-
formed using a C1000 Touch™ Thermal Cycler with a three-step protocol 
that included denaturation, annealing, and elongation steps as well as melt-
ing curve analysis at the end of the qPCR.  

To assess Crh expression in the hypothalamus, the TaqMan® Gene Ex-
pression Assays for Crh (Rn01462137_m1) with a FAM-labelled exon span-
ning probe and one assay each for Actb (Rn00667869_m1) and Gapdh 
(Rn01775763_g1) were used (Life Technologies Europe BV, Stockholm). 
Data on the relative fluorescence units from each qPCR were collected and 
used to calculate the threshold and PCR efficiency using LinReg PCR soft-
ware (http://www.hartfaalcentrum.nl/index.php?main=files&sub=0)89.  
Three replicates for each sample were used to compute the standard devia-
tion within threshold cycles (Cq)88, and samples with SD > 0.5 were exclud-
ed. Relative gene expression was calculated using the ∆Cq method (Bio-Rad 
real-time PCR application guide). The mean Cq values of the three house-
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keeping genes were used as reference controls in the papers I and II except 
for Fkbp5 expression in the dStr, for which only Actb and Rpl19 were used 
due to noisy data for housekeeping gene Gapdh. 

The following precautions were taken to avoid gDNA contamination: 1) 
DNAse treatment was used during RNA isolation; 2) the gDNA wipeout 
reaction was carried out during cDNA synthesis; and 3) the primers were 
designed across two exons. Primer specificity was verified by gel electro-
phoresis and melting curve analysis. To avoid plate bias, each plate con-
tained samples belonging to each experimental group, and the Cq values for 
each gene were corrected for threshold and PCR efficiency (Papers I and II). 
For paper III, to avoid plate bias each of the three plates contained a refer-
ence control that was used to correct the Cq values. In the qPCR, a no-
template control was present on each plate.  

DNA methylation analyses (Papers I and II) 

Rationale 

DNA methylation is one of the epigenetic mechanisms that translates envi-
ronmental cues such as ELS to the genome10,11. CpG islands co-localize with 
the majority of promoters and are considered to play an important role in the 
transcriptional regulation of genes15. In recent years, loci adjacent to the 
CpG islands, called “shores” have also been implicated in tissue- specific 
transcriptional control14, but their role in transcriptional regulation is not yet 
well studied. Quantitative DNA methylation analysis of candidate genes can 
be performed using methods such as methylation-specific PCR, mass spec-
troscopy, bisulfite sequencing, and bisulfite pyrosequencing90. Pyrosequenc-
ing has the advantage over the other methods of allowing precise quantifica-
tion at single CpG nucleotides and of being quick90. Quantification of  DNA 
methylation using pyrosequencing involves a three-step process: i) a bisulfite 
conversion reaction in which un-methylated cytosine residues are converted 
to uracil and methylated cytosine residues remain unchanged; ii) production 
of single-stranded DNA  from bisulfite converted DNA and  biotinylation of 
the single stranded DNA; and iii) sequencing based on chemoluminescence, 
in which complementary nucleotides (A, T, G and C) are sequentially added 
such that at any point of addition only one nucleotide is present: thus  correct 
incorporation of a nucleotide results in the emission of luminescence. Thus, 
by comparing the added T nucleotides to the C nucleotides, percent methyla-
tion can be calculated.  

Experimental procedure 
DNA methylation analyses were performed using quantitative pyrosequenc-
ing provided as a service by EpigenDx (MA, USA). DNA methylation of 
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Adra2a in the hypothalamus (Paper I), Avp and Fkbp5 in the hypothalamus 
and Crhr1, Fkbp5 and Pomc in the pituitary (Paper II) were investigated. 
The choice of genes was based on prior reports in which  an effect of ELS on 
the DNA methylation of Avp, Fkbp5, and Pomc18,19,91 was observed and on 
the potential of Crhr1 as a possible pharmacological target for AUD treat-
ment92. Genomic regions located 5’ upstream were chosen based on 1) the 
presence of transcription factor binding sites and/or  CpG Islands (Adra2a, 
Avp, 142bp; Pomc 268bp and Crhr1, 153bp); and  2) the relative closeness 
of the sequence to the transcription start site (Adra2a, Fkbp5, 168bp).  

The gDNA (500 ng) underwent bisulfite conversion with the EZ DNA 
methylation kit (ZymoResearch, Inc., CA), which converted un-methylated 
cytosine bases to uracil and left methylated cytosines unchanged. First strand 
synthesis was performed using biotinylated primer (0.2μM). The synthesised 
first strand was isolated and purified using Streptavidin Sepharose HP 
(Amersham Biosciences, Uppsala, Sweden) and subsequently washed with 
0.2M NaOH. Aliquots (10 μl) of purified single stranded PCR products were 
pyrosequenced using a Qiagen PSQ96 HS system. Each pyrosequencing 
reaction plate contained standard low, medium and high methylated controls 
as well as PCR bias controls prepared by mixing un-methylated and methyl-
ated PCR products to generate 0%, 5%, 10%, 25%, 50%, 75%, and 100% 
methylated controls. The percent methylation was calculated using the ratio 
between C and T.  

The efficiency of bisulfite conversion was determined to be greater than 
99%. To estimate the replicability, duplicate samples were used for which 
the service provider was kept blind. The difference between duplicated sam-
ples was < 2% implying a minimum of 98% replicability for each pyrose-
quencing assay. The expected versus observed methylation percentage was 
measured and was found to be 96% for Avp, 97% for Crhr1, 98% for Fkbp5 
and 94% for Pomc.  

Humans (Papers III and IV) 

Rationale 

Observational and population-based GxE studies have better external validi-
ty compared to animal studies pertaining to the study of real world environ-
ment53. However, such studies can suffer from quality control in data collec-
tion93.  

Subjects 

The subjects approved to participate to the Retrospective Study of Young 
People’s Experiences (RESUME), a Swedish population-based, cross-
sectional and retrospective study94. RESUME was conducted to examine the 
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association of aversive and stressful experiences in childhood and adoles-
cence with various outcomes in young adulthood including criminal behav-
iour, aggressive behaviour, mental and physical health, and social adjust-
ment. The sample consists of 2,500 randomly selected individuals (1,314 
females; 1,186 males) born between 1987 and 1991.  At the beginning of the 
study, the participants were between 20 and 24 years of age (mean age = 
22.15, SD = 1.38). Participants were initially recruited from a pool of 20,827 
individuals who had been drawn from a national population register at Statis-
tics Sweden and who also had valid telephone numbers. To investigate 
whether non-participants (those who declined, were never reached, or ap-
plied after the target number of 2,500 had been reached) differed from par-
ticipants, a comparison was made between 30 randomly selected non-
participating males and females and the included 2,500 participants. No sig-
nificant differences between participants and non-participants were found on 
key outcomes or demographics with the exception of having ‘been forced to 
participate in sexual activities’, which was only reported by the partici-
pants94. The data were collected between March and December, 2011.  
Trained interviewers administered the study protocol, which included in-
formed consent, a face-to-face interview, questionnaires and collection of 
DNA saliva samples. The questionnaires were completed by the participants 
on an iPad.  The entire session required, on average 1.5 hour, and the partic-
ipants received a small monetary compensation for their participation.  In the 
present study, only data from the questionnaire were used.  For more details 
regarding the study protocol and procedure, see94. The study was approved 
by the Uppsala regional ethics committee (#2010/463).  

The Alcohol Use Disorders Identification Test (AUDIT) (Papers 
III and IV) 

Rationale 

AUDIT is a widely used and reliable test used to identify at risk alcohol 
drinkers and preliminary screening of AUD patients95,96. 

Procedure 

The first three AUDIT questions focus on frequency of drinking; the follow-
ing four questions focus on screening of compulsive or habitual drinking, 
and the last three questions focus on intoxication and social consequences of 
alcohol drinking97. All participants completed the 10-item AUDIT question-
naire97 regarding quantity (number of standard drinks = 12 g alcohol) and 
frequency of drinking as well as alcohol-related problems94. The results for 
each question (score range 0 – 4) were summed to obtain the AUDIT score 
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(i.e. total score range 0 – 40). Higher AUDIT score indicated higher alcohol 
related problems. 

Environmental variables (Papers III and IV) 

Parent-Child Relationship (Papers III and IV) 
Parent-child relationship was measured using the following items: ‘How 
would you describe your relationship with your (1) mother, (2) father?’  
These items had a four-point response format, running from “not very close 
at all” to “very close”. Thereafter a parent-child relationship summation 
index (ranging from 0 to 6) was created in which a higher score indicated a 
more positive parent-child relationship.  

Exposure to physical violence (Paper IV) 
Exposure to physical violence was measured using eleven items. Of eleven 
items, six were adopted from the Juvenile Victimization Questionnaire 
(JVQ) 94, and five additional items were added to cover other types of physi-
cal violence. The six items adopted from the JVQ were modified to cover 
lifetime exposure to physical violence and to include various perpetrators.  

Witnessing violence (Paper IV) 
Seven items adopted from the (JVQ) 94 were used to measure the subjects’ 
histories of witnessing violence. The items from JVQ were modified to cov-
er lifetime witnessing of violence and various perpetrators. All the items 
used a six-point scale ranging from zero times to five or more times.   

Genotyping analyses (Papers III and IV) 
DNA was extracted from 200 µl of saliva collected with the Oragene self-
collection kit (DNA Genotek®) using the silica-based Kleargene DNA ex-
traction method. In paper III, FKBP5 and in paper IV, CRHR1 single nucleo-
tide polymorphism (SNP) was examined. Genotyping analyses of SNP in 
FKBP5 (rs1360780) and CRHR1 (rs1876831) were performed using the 
Kbioscience Allele-Specific Polymorphism assay (KASP) based on competi-
tive allele-specific PCR and bi-allelic scoring of the SNP. No-template con-
trol samples were included to allow detection of contamination or non-
specific amplification. In paper III, only males were used (N = 838) and 
FKBP5 rs1360780 genotype frequencies were in HWE. In paper IV, saliva 
samples were provided by 1,870 of the participants, and CRHR1 rs1876831 
genotype data were available for n = 1,783. The genotype frequencies (AA: 
2.6%, AG: 27.8%, GG: 69.5%) were in Hardy-Weinberg equilibrium. 
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Statistical analyses (Papers I, II and III) 

Rationale  

In the presence of non-normally distributed data, non-parametric tests are 
preferred because they do not rely on assumptions such as normal distribu-
tion of the data. However, one-way or two-way ANOVA are generally con-
sidered to be robust even when applied to non-parametric distributed data 98. 
The non-parametric Mann Whitney test is based on the comparison of mean 
ranks and assesses group differences, whereas Spearman’s test is a non-
parametric alternative to the Pearson’s correlation test that can be used to 
assess correlations evaluating the extent of linearity that exists between two 
variables. To assess main and interaction effects between ELS and alcohol 
the general linear model based on two-way ANOVA can be used98. This test 
with type III sum of squares allows investigation of main and interaction 
effects after adjusting for the effect of each factor. Finally, to reduce the 
likelihood of type I error, the Bonferroni correction is considered necessary 
when a large number of statistical tests are performed  however, it can be 
considered very strict99.    

Papers I and II 
In paper I, one-way ANOVA and the Fisher post-hoc test were used for 
group comparisons following the general linear model. In paper II, the effect 
of single housing and alcohol in AFR rats was assessed using the Mann- 
Whitney test. The main effects of ELS and alcohol, as well as the interaction 
effect between ELS and alcohol, were assessed using the general linear 
model with type III sum of squares in the MS rats. ELS (MS15 = 1, MS360 
= 2) and alcohol (water = 0, alcohol = 1) were used as fixed factors in papers 
I, II and III. In paper II, to facilitate the comparison of the results to the liter-
ature, AFR rats were also used as a control group for the MS360 rats. Group-
wise bivariate Spearman’s correlations were tested amongst and between 
gene expression, methylation, alcohol intake at postnatal week 15, and corti-
costerone levels in paper I and amongst and between gene expression, corti-
costerone levels, and alcohol intake at postnatal week 15 in papers II and III. 
Bonferroni correction for multiple testing was used based on the number of 
tests for each research question.  

Papers III and IV 
The General Linear Model (GLM) test with type III sum of squares was used 
to assess the interaction effect between MS and drinking. The Mann-
Whitney U test was used to test between-group differences in MS15 and 
MS360 water or alcohol-drinking rats. Group-wise bivariate correlation tests 
were performed using Spearman’s rank test, and Bonferroni correction for 
multiple testing was applied. Genotype differences in AUDIT were tested 
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using the Mann-Whitney U test, whereas the correlation between AUDIT 
and parent-child relationship was tested using Spearman’s rank correlation 
test. The statistical power for the human study was computed using the Ge-
netic Power Calculator100. The size of the population- based sample had 
more than 80%  statistical power considering an alpha value of 0.05 and 
heritability equal to 1%. The interaction effect of the FKBP5 rs1360780 and 
CRHR1 rs1876831 genotypes and environmental variables on AUDIT was 
estimated by applying the univariate ANOVA GLM test with type III sum of 
squares test. As a confirmatory test, binomial regression, adjusted for the 
main effects of genotype and environment was performed. For illustrative 
purposes, the parent-child relationship score was dichotomized into poor vs. 
supportive relationship. All analyses were performed using the Statistical 
Package for the Social Sciences (SPSS) software v. 21. 
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Results 

Animal Studies  
Alcohol intake (Paper I) 
A model in which rats had free choice between water and ethanol was em-
ployed. The intake of 20% alcohol was stable over time in the AFR and 
MS15 rats as evidenced by the high correlation between alcohol intake at 
week three and six, whereas the rats within the MS360 group displayed a 
heterogeneous pattern and no correlation. Based on the alcohol intake at 
week six the MS360 rats were sub-grouped into high (>1.5 g/kg/2 h), mod-
erate (1–1.5 g/kg/2 h) or low (<1 g/kg/2 h) drinkers. Different drinking pat-
terns were revealed in these subgroups; the high drinking rats increased their 
alcohol intake over time, whereas the moderate drinkers had a stable intake 
pattern, and the low drinking rats had a decreased intake. The change over 
time differed between these groups with a significant difference between the 
high and low drinking MS360 rats. In the MS360 group, seven rats (35%) 
consumed > 1.5 g/kg/2 h compared to one MS15 rat (10%) and two AFR rats 
(18%). Comparing the alcohol intake and preference during the last week 
before decapitation in the AFR, MS15 and the entire MS360 group revealed 
no statistically significant differences. The alcohol intake, median (min–
max), in the different groups was: AFR, 1.18 (0.62–1.66); MS15, 1.32 
(0.39–1.77); MS360, 1.32 (0.6–2.05). The alcohol preference median (min–
max) was: AFR, 62.2 (42.9–86.2); MS15, 63.8 (26.2–87.7); MS360, 75.4 
(22.0–90.6) (g/kg).  

The effect of ELS-mediated propensity to alcohol drinking on 
Adra2a gene expression (Paper I) 
The expression of Adra2a was assessed in the hypothalamus of rats. A two-
factor analysis comparing water- and alcohol-drinking MS15 and MS360 
rats revealed that there was a tendential main effect of stress, whereas no 
main effect of alcohol and no interaction between stress and alcohol was 
observed. Water drinking single- and group-housed AFR rats were used as 
controls to exclude possible confounding effects by single housing stress. 
Neither single housing nor alcohol drinking in adult AFR rats affected 
Adra2a gene expression. 
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Based on different effects of a α2A-adrenoceptor agonist in high and low-
drinking rats101, the individual Adra2a expression and alcohol intake was 
examined in all alcohol-drinking rats (n = 41). The results revealed different 
responses in animals with high, moderate and low alcohol intake. The corre-
lation analysis of alcohol intake and Adra2a gene expression in all rats 
drinking > 1.5 g/kg/2 h (n = 10) revealed a negative correlation between 
alcohol intake and Adra2a gene expression. Most of these high-drinking rats 
were MS360 rats (70 %). Furthermore, the alcohol-drinking MS360 rats had 
the lowest Adra2a gene expression; MS360 rats had lower expression than 
the MS15 rats and a trend to lower than the AFR rats, whereas no differences 
were observed between MS15 and AFR rats.  

Lastly, it was assessed whether DNA methylation on the Adra2a promot-
er region is a mediating factor of alcohol-induced effects. The promoter re-
gion at the CpG island most proximal to the transcription start site was main-
ly un-methylated in all samples, thus no statistics were performed. 

The effects of ELS and alcohol drinking on MS rats (Paper II) 

Relative gene expression and DNA Methylation 
The effects of ELS, alcohol drinking and the interaction between ELS and 
drinking were investigated in the hypothalamus and pituitary gland of MS15 
and MS360 rats. ELS exhibited a main effect on Pomc expression in the 
hypothalamus, i.e. the MS360 rats displayed lower expression than the 
MS15 rats irrespectively of the drinking of water or alcohol. Further, a main 
effect of ELS on the expression of Dnmt1 in the pituitary was observed; i.e. 
the MS360 rats exhibited higher Dnmt1 expression than the MS15 rats.  

The main effect of alcohol drinking was associated with higher Crh ex-
pression in the hypothalamus and lower Fkbp5 expression in the pituitary in 
the alcohol compared with the water drinking rats. No interaction effects 
were observed on the expression of any of the genes studied. Additionally, 
between-group statistics were performed. The water drinking MS360 rats 
exhibited higher Dnmt1 expression in the pituitary compared to the water 
drinking MS15 rats and alcohol drinking MS360 rats.   

Regarding DNA methylation, in the hypothalamus, a main effect of alco-
hol drinking was present on the average Fkbp5 methylation (Figure 8); the 
alcohol drinking rats exhibited less methylation than the water drinking rats. 
In the pituitary, no main or interaction effects of ELS and alcohol were ob-
served on the average DNA methylation of any gene.  
 



 
Figure 8. Average percentages of DNA methylation of the genes in the MS rats. 
There was a main effect of alcohol drinking on Fkbp5 promoter average DNA meth-
ylation in the hypothalamus was observed. The bars represent the median % methyl-
ation and the 95% confidence interval. E = alcohol drinking; hyp: hypothalamus; pit: 
pituitary; MS = maternal separation (15 or 360 min); W = water drinking.   

Corticosterone levels  
An interaction effect between ELS and alcohol drinking on the corti-
costerone levels was observed. Alcohol drinking was associated with lower 
corticosterone levels in the rats exposed to MS360, whereas no difference 
was noted between the water- and alcohol drinking MS15 rats. The alcohol 
drinking MS360 rats also exhibited lower levels than the water drinking 
MS15 rats.  

Correlations 
Correlation analyses were performed separately in each group to assess the 
effect of ELS and alcohol drinking on the correlations i) among the expres-
sion of the genes and ii) between gene expression, promoter methylation, 
alcohol intake at post-natal week 15 and corticosterone. Strong positive cor-
relations, that were mainly restricted to the hypothalamus in MS360 group, 
were observed between the expression of the HPA receptor (Nr3c1, Crhr1) 
and the methylation-related genes (Dnmt1 and Mecp2). No correlations of 
gene expression with DNA methylation, alcohol intake or corticosterone 
were observed.  
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The effects of single housing and alcohol drinking on AFR rats 
(Paper II) 

Relative gene expression and DNA Methylation  
The effects of alcohol drinking and the possible confounding effects of sin-
gle housing were investigated in the hypothalamus and pituitary of AFR rats. 
Single-housed water drinking AFR rats displayed lower Crhr1 expression   
and higher Pomc expression in the pituitary compared to group-housed AFR 
rats. Alcohol drinking was associated with increased Crhr1 expression in the 
pituitary and increased Crh expression in the hypothalamus. Regarding DNA 
methylation in the promoter regions, neither single housing nor alcohol elic-
ited an effect on the average DNA methylation of any gene in the hypothal-
amus or pituitary (Figure 7). 

 
Figure 7. Average percentages of DNA methylation of genes in the AFR rats. The 
bars represent the median % methylation and the 95% confidence interval. E: alco-
hol drinking; g: group housing; hyp: hypothalamus; pit: pituitary; s: single housing; 
W: water drinking. 

Corticosterone levels  
The alcohol drinking AFR rats exhibited lower corticosterone levels com-
pared to the water drinking rats. Single housing in adulthood was not associ-
ated with differences in corticosterone levels in the AFR rats.  
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Comparison of main and interaction effects using different 
control groups (Paper II) 

In previous studies of MS paradigms, both AFR and MS15 have been used 
as controls77; therefore, the effects of ELS and alcohol drinking were also 
assessed by comparing the MS360 and AFR rats. Irrespective of the refer-
ence group used (i.e. MS15 or AFR), main effects of alcohol drinking on the 
expression of Fkbp5 in the pituitary and Crh were found in the hypothala-
mus.  Main effects of alcohol drinking were also observed on Avp and Oxt in 
the hypothalamus and on Crhr1 and Dnmt1 in the pituitary as well as corti-
costerone levels when the AFR rats were used as controls. Moreover, an 
interaction effect between ELS and alcohol on Crhr1 expression in the pitui-
tary was observed when AFR rats were used as the controls. Therefore, the 
results differed depending on the control group used, and additional signifi-
cant associations were observed when MS360 rats were compared to the 
AFR rats (Table 1). 
 

Table 1 Comparison of the group differences using MS15 and AFR as con-
trol conditions. 

EFFECT MEASUREMENT 
GENE        

(region) 

MS15 vs. MS360 AFR vs. MS360 

DIRECTION  of  
EFFECT 

DIRECTION  of  
EFFECT 

Stress 
Expression 

Dnmt1 (pit) S ↑ - 

Pomc (hyp) S ↓ - 

Corticosterone   - - 

Alcohol 
Expression 

Fkbp5 (pit) E ↓ E ↓ 

Crh (hyp) E ↑ E ↑ 

Avp (hyp) - E ↑ 

Dnmt1 (pit) - E ↓ 

Oxt (hyp) - E ↑ 

Corticosterone   - E ↓ 

Stress x 
alcohol 

Expression 
Crhr1        
(pit) 

- 
↑ in AFR, alcohol  

drinking 

Corticosterone   
↓ in MS360, alco-

hol drinking  
- 

 
 AFR:  animal facility reared; E: alcohol drinking; hyp: hypothalamus; pit: pituitary; MS: 
maternal separation; S: stress.  
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The effects of ELS and alcohol drinking on MS rats (Paper III) 

Relative gene expression  
The main effects of ELS and alcohol drinking and their interactions on 
Fkbp5 gene expression in mesocorticolimbic system and dStr were examined 
in MS rats. Interaction effects between ELS and alcohol drinking in relation 
to Fkbp5 expression were present in the VTA and Acb. Lower and higher 
expression of Fkbp5 was found in the alcohol drinking MS360 rats com-
pared to the MS15 rats in the Acb and CCx. Additionally, the water drinking 
MS360 rats displayed lower Fkbp5 expression in the VTA compared to the 
water drinking MS15 and alcohol drinking MS360 rats. The alcohol drinking 
MS360 rats exhibited higher Fkbp5 expression in the CCx compared to all 
other groups. No interaction effects were observed in the dStr, mPFC, or 
Amy.  

Humans studies 

The association between FKBP5 genotype and alcohol-related 
problems (Paper III) 
The mean age of the 838 young male adults was 22.1 ± 1.4 (20 – 24) years 
for which FKBP5 rs1360780 genotype data were available, and the age at 
first intoxication was 15.7 ± 1.9 (11- 22) years. The majority reported to 
drink two to four times a month, and consumed on average 5 – 6 drinks con-
taining alcohol in a typical occasion, with AUDIT scores of 7.6 ± 5.2 (0 – 
29). They further reported that their relationship with their parents until the 
age of 18 years was fairly good, 4.3 ± 1.5 on a scale between 0 and 6. 
Though the FKBP5 rs1360780 TT genotype group self-reported the highest 
AUDIT scores, FKBP5 rs1360780 genotype frequencies did not differ re-
garding alcohol intake or relationship with the parents. No correlation was 
observed between AUDIT and parent child-relationship, except among TT 
carriers for whom problematic drinking behaviour was associated with poor 
parent-child relationship. The FKBP5 rs1360780 genotype modulated this 
association, with carriers homozygous for the T allele scoring the highest in 
AUDIT when experiencing a poor relationship with the parents.  

The association between alcohol-related problems and the 
susceptibility of CRHR1 genotype to environmental factors 
(Paper IV) 
The CRHR1 rs1876831 genotype interacted with exposure to physical vio-
lence, witnessing violence, and paternal relationship in relation to AUDIT 
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scores. Interestingly, there were significant interaction effects between all 
environmental factors, including a three-way interaction, indicating a protec-
tive effect of a good parent-child relationship among individuals witnessing 
and experiencing physical violence. Furthermore, when adjusting for interac-
tion effects, the main effects of experiences of physical violence were no 
longer significant.  

Moreover, CRHR1 rs1876831 genotypes interacted with individuals wit-
nessing and experiencing physical violence. CRHR1 rs1876831 genotype 
showed susceptibility properties; individuals witnessing and experiencing 
physical violence were to some extent protected if they also had a good par-
ent-child relationship. CRHR1 rs1876831 AA individuals were more suscep-
tible to exposure to physical violence compared to AG and GG individuals 
in relation to AUDIT scores. The R2 of the variation in AUDIT score for AA 
individuals adjusted for the variation in physical violence was 0.293, where-
as AG and GG individuals had an R2 of 0.008 and 0.027, respectively. Like-
wise, CRHR1 rs1876831 AA individuals were more affected by differences 
in parent-child relationship in relation to AUDIT scores. The R2 of the varia-
tion in AUDIT score for AA individuals adjusted for the variation in parent-
child relationship was 0.113, whereas AG and GG individuals have an R2 of 
0.00040 and 0.00046, respectively. No main effects of CRHR1 rs1876831, 
parental relationship, or exposure to physical violence were observed, 
whereas both male sex and witnessing violence were associated with higher 
AUDIT scores.  
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Discussion 

The present thesis investigated genetic mechanisms mediating the associa-
tion between ELS and alcohol drinking. The studies of rodents provide in-
sights into genetic and epigenetic signatures in the stress system and addic-
tion circuitry in relation to ELS and alcohol drinking. Additionally, method-
ological questions regarding the use of single housing when studying the 
effects of alcohol, as well as the choice of control group used for comparison 
when studying the effects of ELS, have been addressed. The association 
between problematic alcohol drinking and SNPs of the FKBP5 and CRHR1 
genes was demonstrated to depend on environmental factors in humans.   

Animal studies  
Effect of alcohol on the stress system  
The stress system plays a crucial role in the development of AUD. Alcohol 
drinking alters the physiology of the stress system, especially in the with-
drawal negative-affect stage34,40,102. Furthermore, pharmacological  studies 
suggest Crhr1 antagonism to be a valid drug target for AUD 
treatment92,103,104, especially during the withdrawal phase33. In the present 
thesis, the focus was on early phases of alcohol drinking, with the potential 
of leading to predisposition to escalate into high alcohol drinking. Genetic 
correlates within the stress system in relation to alcohol drinking were identi-
fied using rats reared under conventional conditions (AFR). Higher Crh and 
Crhr1 expression found in the hypothalamus and pituitary, respectively, 
have been previously observed to be associated with alcohol exposure105,106. 
Alcohol preferring rats also display higher Crh expression than non-alcohol-
preferring rats107, further supporting a role of Crh and Crhr1 in alcohol 
drinking. However, the effect of alcohol on pituitary Crhr1 expression could 
also be a result of single housing; hence the results should be interpreted 
with caution. Lower corticosterone levels were associated with alcohol 
drinking. Lower HPA axis feedback inhibition as a result of low corti-
costerone levels might explain the compensatory higher Crh and Crhr1 ex-
pression in the hypothalamus and the pituitary, respectively. Acute alcohol 
exposure has been associated with higher corticosterone release, whereas 
chronic alcohol exposure has been associated with blunted corticosterone 
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response due to development of tolerance108,109. The lower corticosterone 
levels observed in the present study might indicate a stage in which tolerance 
to the effect of alcohol-induced corticosterone release has begun to develop.  

Effect of ELS and alcohol on the stress system 
Stressful experiences in early life can affect the physiology of the HPA axis 
and its regulatory regions8,10,110. Elevated corticosterone levels have been 
reported to associate with ELS induced by 180 minutes of MS111-113.  Moreo-
ver, ELS increases the propensity to drink alcohol and possibly imparts vul-
nerability to AUD7,114. To investigate differences in genetic signatures asso-
ciated with the ELS-mediated increased propensity to drink alcohol, the ef-
fects of ELS and alcohol were assessed in MS rats.  Adrenergic projections 
from the locus coeruleus regulate the HPA axis20. The Adr2a receptor antag-
onist yohimbine can induce an anxiety-like state as well as increased alcohol 
drinking in rats, whereas the Adra2a agonists prazosin and guanfacine have 
the opposite effect115. The present study observed lower Adra2a expression 
in high alcohol drinking (> 0.5g/kg/2h) rats exposed to MS. These results are 
consistent with recent report showing guanfacine reduced alcohol preference 
in high, but not in low, alcohol drinking rats101. Lower hypothalamic Pomc 
expression and higher Dnmt1 expression in the pituitary were associated 
with ELS. The interpretation of the role of Pomc is complex due to the pro-
hormone nature of this transcript precursor, which is converted into different 
peptides such as beta endorphin, ACTH and alpha melanocyte producing 
hormone with diverse physiological functions21. Additionally, no effects of 
ELS alone on Adra2a, Crh or Avp expression in the hypothalamus, Pomc 
expression in the pituitary, or corticosterone levels were observed. A lack of 
an association between ELS and Avp expression in the mouse hypothalamus 
following exposure to ELS induced by restricting the availability of nesting 
material to dams and pups has previously been observed116. However, in 
other studies ELS induced by 180 minutes of MS has been associated with 
increased Avp expression in the hypothalamus, higher Pomc expression in 
the pituitary, and increased corticosterone levels18,19. Several methodological 
differences, such as the duration of maternal separation (180 min vs. 360 
min) and group vs. single housing, as well as species differences may ac-
count for these discordant results. On the other hand, the lack of an associa-
tion between ELS alone on gene expression in the HPA axis may have re-
sulted from the rather normal environment present during adolescence when 
rats were group-housed with littermates.   

The corticosterone-mediated negative feedback to the HPA axis is im-
portant in terminating the HPA axis response20. The previously observed 
persistent hyperactivity of the HPA axis after maternal separation of 180 
minutes is suggested to result from the disruption of such negative 
feedback18,19. Because Fkbp5 is a negative regulator of corticosterone, al-
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tered Fkbp5 expression was expected in rats exposed to ELS. In humans, 
FKBP5 genotype-ELS interaction effects have been associated with psychi-
atric disorders such as post-traumatic stress disorder and depression that are 
characterized by an impaired stress response117-120. However, in the present 
study, ELS was not associated with Fkbp5 expression in the hypothalamus 
or pituitary, a finding that might be explained by the low basal expression of 
Fkbp5 in the hypothalamus24. ELS was, however, associated with lower 
Fkbp5 expression in the VTA. The VTA expresses Nr3c1, which might in-
crease the dopaminergic output in the Acb upon acute stimulation by corti-
costerone121,122. ELS-associated persistent high corticosterone levels have 
been suggested to induce the opposite effect and lead to a hypodopaminergic 
state123. Thus, it is possible that reduced Fkbp5 expression in the VTA in the 
presence of ELS is part of a mechanism that alters the sensitivity of the do-
paminergic system, particularly in the neurons that project from the VTA to 
the Acb123.  

Independently of ELS, alcohol drinking was associated with lower Fkbp5 
expression, in the HPA axis, in MS rats. The combination of ELS and alco-
hol affected Fkbp5 expression in the mesocorticolimbic system. Water- and 
alcohol drinking rats displayed higher and lower levels, respectively, of cor-
ticosterone and Fkbp5 expression in the Acb. Fkbp5 expression in the VTA 
displayed an opposite pattern; i.e. lower and higher Fkbp5 expression was 
observed in water and alcohol drinking rats, respectively. This suggests that 
distinct region-dependent Fkbp5-mediated mechanisms may occur in affer-
ent and efferent dopaminergic areas due to ELS and alcohol drinking. 

Epigenetic mechanisms have been suggested to mediate the cross-talk be-
tween the environment and genes11. The higher Dnmt1 expression observed 
in the pituitary of rats exposed to ELS might suggest the involvement of a 
DNA methylation-mediated mechanism in eliciting the effects of ELS. 
However, no effect of ELS or alcohol was observed on the average DNA 
methylation levels of the genes studied in the pituitary, which included 
Crhr1, Fkbp5 and Pomc. Moreover, ELS and alcohol drinking displayed 
opposite effects on Dnmt1 expression in the pituitary. Of interest is that posi-
tive correlations were observed between the expression of receptor genes 
(Crhr1 and Nr3c1) in the hypothalamus and DNA methylation-related genes 
(Dnmt1 and Nr3c1) in MS rats. These results might indicate that the effect of 
ELS is mediated by DNA methylation. Indeed, ELS has been associated with 
changes in the methylation of several genes, including Nr3c1, Avp and 
Fkbp518,91,124. The main effect of alcohol drinking on gene methylation was 
an increase in the average methylation of Fkbp5; however, the differences 
were negligible (< 5%). Furthermore, methylation of Fkbp5 was not corre-
lated with its expression. The absence of correlations between methylation 
and expression observed in the present study might indicate that genomic 
loci other than those studied herein are involved in transcriptional regulation 
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through methylation. Importantly, the effects of ELS and alcohol on DNA 
methylation profiles were negligible from a biological perspective. 

One of the crucial problems underlying low reliability and reproducibility 
of GxE studies is the lack of sufficient knowledge of the biological mecha-
nisms behind GxE125. The present thesis adds supportive information regard-
ing genetic, epigenetic and hormonal effects that may be related to the inter-
action between ELS and alcohol drinking. Although it is not possible to as-
sign a causal relationship to the findings, the results indicate sensitivity of 
the HPA axis and limbic brain regions to the interaction between ELS and 
alcohol drinking.  

Methodological considerations 

Methodological differences in MS paradigms have previously been suggest-
ed to be responsible for inconsistent results and to present an obstacle to 
comparability between studies73,74.  Of the various control groups used in MS 
paradigms, AFR and MS15 are the most common. Hence, a comparison was 
performed to investigate whether the use of two different control groups, i.e. 
AFR and MS15, would yield different results. The comparison revealed that 
using AFR as a control resulted in more differences compared to MS360 
than the use of MS15. MS15 rats were subjected to the same handling pro-
cedure as MS360 with the exception of the duration of separation. In con-
trast, AFR rats are less handled during the first three weeks. Therefore, the 
presence of more differences when AFR rats were used as controls might be 
due to the confounding effect of handling. These results suggest the need to 
select the appropriate control during the design of MS experiments. Moreo-
ver, the current state of GxE research calls for an integrative approach with 
assessment of both aversive and supportive environments in GxE studies. 
The supportive environment provided by cross-fostering high licking groom-
ing mothers has previously been observed to reverse the epigenetic changes 
due to negative ELS in rodent pups126. Thus, lack of assessment of the posi-
tive environment is one of the limitations of the present study. 

Human studies 

FKBP5 genotype and alcohol misuse 
The association of alcohol drinking with FKBP5 genotype in interaction 
with environmental factors was investigated in a population-based sample of 
young male adults. The results showed that male carriers of the FKBP5 TT 
genotype who experienced a poor relationship with their parents were at 
increased risk of problematic drinking. Clinical studies suggest an associa-
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tion between the FKBP5 genotype and psychiatric disorders such as depres-
sion and post-traumatic stress disorder23. The rs1360780 T/ TT, either alone 
or in interaction with childhood aversive experiences, has been associated 
with depression120,127,128, psychosis, behavioural problems such as higher 
aggression and suicidal behaviour117,119 as well as higher amygdala reactivi-
ty129.  The single nucleotide polymorphism (SNP) rs1360780 leads to a C to 
T substitution and has been preliminarily characterized. The T allele is more 
functional because it is associated with greater FKBP5 protein levels in lym-
phocytes and exhibits greater activity in in vitro constructs91,130. Higher 
FKBP5 protein levels can be expected to dampen the glucocorticoid mediat-
ed negative feedback in cortical and subcortical areas leading to HPA axis 
hyperactivity131. Furthermore, the effect of an FKBP5 haplotype containing 
the risk allele T, in interaction with aversive early environment, might lead 
to limbic system dysfunction128. Indeed, neuroimaging studies have reported 
that T allele carriers, especially homozygotes, display altered Amy volume 
and reactivity129 as well as altered Amy-cortical connectivity which in turn 
correlated with depression scores132. These results indicate an altered neuro-
biology that might be more sensitive to environmental stimuli in the pres-
ence of the T/TT genotype. The cortisol reactivity in CC homozygotes, but 
not in T allele carriers, has been observed to be blunted after a social stress 
test in adulthood among children who experienced aversive events in early 
life133, further indicating lower sensitivity of CC homozygotes compared to 
T allele carriers. The findings in the present thesis also showed TT homozy-
gotes to be sensitive to the stressful environment.  

CRHR1 genotype and alcohol misuse 

Regarding CRHR1, this thesis expands the literature on the association be-
tween CRHR1 genotype and alcohol related phenotypes by investigating not 
only aversive but also supportive environmental factors. The findings indi-
cate that carriers of the genotype AA of CRHR1 SNP rs1876831 were sensi-
tive to the environment in such a way that in interaction with aversive envi-
ronment they displayed higher alcohol-related problems, whereas interaction 
with a supportive environment displayed the opposite effect in these individ-
uals. In addition, various environmental factors interacted with each other to 
influence the outcome suggesting that alcohol related phenotypes depend on 
complex interactions between aversive and supportive environments as well 
as genetic factors. However, these findings contradict the results of previous 
studies that reported the CRHR1 rs1876831 CC genotype, in interaction with 
SLEs, to be associated with an alcohol-related phenotype in adolescents and 
adult AUD patients63,65,66. Importantly, parent-child relationship was a factor 
not considered in the aforementioned studies, making the comparison diffi-
cult. Thus, the present study reiterates the importance of studying both aver-
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sive and supportive environments before considering a genotype to be the 
risk genotype45. The SNP rs1876831 is in high linkage disequilibrium with 
other SNPs in the nearby genomic region64. Several SNPs at the CRHR1 
locus, other than rs1876831, have been associated with altered cortisol lev-
els134-137. The haplogenotype GG of SNPs rs110402 and rs242924, upon 
interaction with an early aversive environment, has been associated with 
lower hippocampal volume and lower working memory efficiency136. Fur-
thermore, the SNP rs110402 G allele in interaction with an early adverse 
environment has been associated with higher cortisol reactivity after a social 
stress test137, indicating altered stress responsivity.  However, the TAT hap-
lotype of the SNPs rs7209436, rs110402 and rs242924, alone or in interac-
tion with an early aversive environment, has been associated with blunted 
basal cortisol as well as with cortisol reactivity to a social stress test134,135. 
The findings in relation to polymorphisms at the CRHR1 locus indicate that 
certain genotypes are sensitive to early aversive environments and that these 
genotypes might contribute to neurobiological changes; however, the contra-
dictory results call for replication in independent samples. The present thesis 
suggests that certain genotypes are more sensitive to environmental effects 
than others and that the outcome depends on the type of environment inter-
acting with the genotype.   

Methodological considerations 

Current GxE research is hampered by several limitations that make it diffi-
cult to use the knowledge in our hands in a pragmatic way125. Some of the 
commonly suggested problems in GxE interaction studies are low statistical 
power, lack of evidence from molecular, imaging or functional studies, and 
lack of reliable findings from genome-wide association studies125. Addition-
ally, precise assessment and definition of the environmental variables in-
volved is also one of the reasons behind the lack of replication54. Finally, a 
publication bias towards positive findings in GxE studies impacts the relia-
bility and replicability of the findings54. 

A follow-up on the present results would be to investigate whether differ-
ences in FKBP5 and CRHR1 DNA methylation are associated with alcohol 
drinking problems, considering both the genotype as well as aversive and 
supportive environments. In addition, it will be of interest to functionally 
characterize the CRHR1 SNP rs1876831, and determine the effect of DNA 
methylation in the polymorphic region on gene function91. Although GWAS 
studies have the potential to detect the genetic correlates associated with 
heterogenous disorders such as AUD, they require very large samples138, 
which may not be practical.  

The cross-sectional and retrospective self-report design and the assess-
ment of a single polymorphism are some of the limitations of the present 
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studies52. However,  a negative impact of retrospective measures on GxE 
studies based on self-reports has been debated, and systematic comparison of 
effect sizes between interview-based and self-reported retrospective 
measures showed no considerable difference139. Although interview-based 
assessment is considered superior to questionnaire-based self-reporting, each 
method has distinct strengths and weaknesses depending on the measures 
assessed140,141. The limitations of self-reported assessment include difficulty 
in recalling events, subjective interpretation of memories, and bias due to the 
state of “mood” of the individual at the time of reporting as well as underes-
timation of the sensitive experiences related to abuse142. One suggestion for 
improving the reliability of GxE studies is independent replication 54,125.  

GxE studies often fail to include both positive and negative environmen-
tal factors. The inclusion of both aversive and supportive environments in 
the present study helped us investigate interactions between various envi-
ronments and their possible effects on alcohol related problems. It has been 
suggested that genetic predisposition decides the “propensity for sensitivity” 
to environments (both adverse and supportive) during early development and 
that GxE interactions render an individual more or less sensitive to contextu-
al environments49. The findings of the present study support the fact that 
current GxE studies that are biased toward the diathesis-stress theory need 
more integrative model of environmental sensitivity to incorporates princi-
ples of the differential susceptibility theory49.  

GxE studies using candidate genes have not always been replicable54,143. 
The candidate gene approach is another issue of contention in GxE studies 
and is considered to be inferior to genome wide association studies 
(GWAS)143. Lack of prior knowledge regarding the neurobiology of disor-
ders such as AUD is the suggested culprit for the low replicability of candi-
date GxE studies143. In the present thesis, studies of humans were comple-
mented by studies of rodents, in which the brain is accessible and the envi-
ronmental conditions are controllable, thus providing neurobiological insight 
into the developmental aspects of alcohol consumption and misuse upon 
aversive early experience. Including covariate-by-genotype and covariate-
by-environment in general linear model testing GxE effect is suggested to be 
the effective method to control the effect of confounding factors55. However, 
in the human studies included in the present thesis, no adjustment for covari-
ates such as sex, age of onset of drinking, socioeconomic status and age, was 
performed.  
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Conclusions 

The studies described here advance our understanding of the genetic altera-
tions associated with stressful experiences in early life and alcohol drinking 
in adulthood in rodents as well as of the interactions between genetic poly-
morphisms and environmental factors that associate with alcohol drinking 
among young adults. The present thesis also provides insight into the meth-
odological aspects of animal models of maternal separation. 
 
The main findings and conclusions were:  
o A link exists between ELS, susceptibility to high alcohol drinking, and 

low Adra2a expression in the hypothalamus.  
o Water and alcohol drinking display opposite effects on corticosterone 

levels in rats exposed to ELS, suggesting negative reinforced alcohol 
drinking.  

o ELS and alcohol drinking were independently associated with gene tran-
scription level in the HPA axis.  

o The lack of correlation between expression and methylation profiles 
suggests that genomic loci other than those studied here are responsible 
for transcriptional regulation.  

o The correlative relationship between genes regulating DNA methylation 
and receptor genes in the HPA axis in rats exposed to ELS and alcohol 
drinking suggest functional links.  

o Single housing is a potential confounding factor in studies of voluntary 
alcohol intake and expression of HPA axis genes.  

o The use of conventionally reared rats as controls revealed more differ-
ences than the use of rats exposed to short MS as controls possibly due 
to confounding by different handling procedures.  

o Fkbp5 gene expression differences associated with ELS and alcohol 
drinking in the mesocorticolimbic, but not striatal, dopaminergic circuit-
ry.  

o FKBP5 genotype modulates the association between parent-child rela-
tionship and problematic drinking behaviour in young male adults.  

o Aversive and supportive environmental experiences interact with 
CRHR1 genotype, modulating its association with alcohol use-related 
problems in young adults.  
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Ethical considerations 

Animal study 
According to the Declaration of Helsinki of 1964, the use of animals in re-
search should be accompanied by care for the  well-being of the animals. 
According to the Swedish Animal Welfare Act, every animal study should 
consider the 3Rs principles. The 3Rs are replacement, reduction, and refine-
ment. 
 Replacement: Whenever possible, animals should be replaced with non-

animal alternative experiments such as specialized cell lines, tissues, or 
computational models. In the current study, the aim was to study the mo-
lecular mechanisms responsible for increased vulnerability to ethanol 
drinking in adulthood; this was not possible using tissues or cell cultures.  

 Reduction: A minimum number of animals should be used to achieve the 
scientific aim. Based on previous experience a minimum number re-
quired for the study was determined. Approximately, 10 animals per 
group were needed. However previous experience with the MS rats ex-
posed to ethanol drinking indicated heterogeneity in drinking patterns, 
hence to study the different phenotypic subgroups the present study in-
cluded more animals in this group.   

 Refinement: Pain and suffering of the animals should be minimized un-
less it is an absolute necessity. In the present study no surgical or inva-
sive procedures were performed. Additionally, the humane endpoint was 
considered in that the animals were sacrificed by quick decapitationand 
there were no food or water restrictions during the entire length of the 
experiment.  

Furthermore, according to the EU directive, only a trained person is allowed 
to work with experiments dealing with animals. In compliance with this di-
rective, the entire experiment was performed by a trained person in posses-
sion of certification from the Federation of European Laboratory Animal 
Science Associations (FELASA). Additionally, consistent with the Animal 
Welfare Act, the project was approved by the ethics committee,who consid-
ered whether the suffering of the animals was justified by the aims of the 
study. The present study was approved by the Uppsala Animal Ethics Com-
mittee (C32/11) and followed the guidelines of the Swedish legislation on 
Animal Experimentation (Animal Welfare Act SFS1998:56) and the Euro-
pean Communities Council Directive (86/609/EEC). 
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Human study 
Though confounded by various factors, studies of humans are the only way 
to study perceived emotions such as stress; this is not possible in animal 
studies. Sensitive questions about stress in early life such as “Have you been 
physical abused?” were core to the present research and hence could not be 
avoided. However, participants were assured of the confidentiality of the 
data and their right to withdraw from the study at any time point. Saliva 
sampling was chosen over blood sampling because it is a non-invasive col-
lection procedure. Because genetic testing poses critical ethical questions 
regarding the exchange of  genetic information144, all samples were anony-
mized.   
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