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Abstract

The cytochrome P450-2C19 enzyme is involved in the metabolism of about 10 % of
all drugs used today and displays high genetic polymorphism, causing absent,
decreased or elevated enzyme activity that divides the population into different
metabolic phenotypes. CYP2C19 enzymatic activity is also highly influenced by
different substances including drugs and in vivo studies have shown that estradiol
and 17a-ethinylestradiol, commonly used in hormone replacement therapy and oral
contraceptives, decreased CYP2C19 mediated metabolism in vivo in humans. We
investigated by which mechanisms this inhibition is mediated and found that the
estrogens at rather high concentrations competitively inhibit CYP2C19 activity, but
more importantly, at low clinically relevant concentrations caused a decreased gene
transcription through a novel estrogen responsive element half-site in the CYP2C19
promoter region. Such estrogen CYP2C19 interactions are important to consider
during drug development.

Recently is was described by our laboratory that subjects lacking functional
CYP2C19 enzyme had lower depressive symptoms based on analyses of a large twin
cohort. To investigate CYP2C19’s potential effect on behavior and brain function a
transgenic mouse model expressing the human CYP2CI9 gene was characterized.
We found that CYP2C19 is expressed in the developing fetal but not in adult brain.
Newborn pups homozygous for the CYP2CI9 gene insert display high neonatal
lethality and severe brain malformations with complete commissural agenesis and a
severely reduced hippocampus. Hemizygous mice (CYP2C19Tg-Hem) showed less
extensive phenotypes, thus survived and were characterized at 7 (adolescent) and 15
weeks (young adult) of age. CYP2C19Tg-Hem mice display increased stress
sensitivity and anxiety-like behavior, which was more pronounced in young adult
mice. Furthermore, a smaller hippocampal formation was seen at both ages as
measured by manual outlining of brain sections and confirmed in adult mice by
magnetic resonance imaging. The CYP2C19Tg-Hem mice hippocampal formation
furthermore displayed an increased neuronal activation, or c-fos expression, after
acute stress. This might be explained by the drastic reduction of immature neurons
and the reduced number of GABAergic interneurons observed in the dentate gyrus of
the hippocampus in the CYP2C19 transgenic mice.

The results indicate that CYP2C19 expression during brain development increases
the susceptibility to develop anxiety-related disorders later in life. This is interesting
since, as mentioned above, absence of CYP2C19 enzyme is protective against
depressive symptoms in humans, a phenotype displaying high comorbidity with
anxiety disorders. Since the pathophysiology behind major depressive disorder and
anxiety disorders is still mostly unknown, the model presented could be used for the
investigation of factors important in the pathogenesis of these disorders and might
also be used in the development of novel anxiolytic drugs.
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Introduction

1 | Introduction

1.1 | Cytochrome P450 enzymes

Cytochrome P450s (CYPs) constitute a large family of important phase I enzymes
involved in the oxidative activation or deactivation of both endogenous and exogenous
substances.'” Besides their important functions in the metabolism of e.g. toxins and
pharmaceuticals, CYPs have an essential part in endogenous metabolic functions such
as cholesterol, fatty acid, and vitamin metabolism.> CYP enzymes are most abundant in
the liver, where they are membrane-bound and localized mainly in the endoplasmic
reticulum whereas some forms are found in the mitochondria. CYPs are heme-proteins
and function mainly as monoxygenases, transferring one oxygen atom from molecular
oxygen to a substrate.* Apart from being highly expressed in the liver, significant
expression can also be found in extrahepatic tissues such as lung, gastrointestinal tract,
and adrenal gland.>®

CYP nomenclature is based on amino acid homology with enzymes being divided into
different families (>40 % homology, e.g. CYP2), subfamilies (>55 %, e.g. CYP2C), and
individual enzymes (e.g. CYP2C19).>* For further reading see the CYP allele
nomenclature database (http://www.cypalleles.ki.se).® In humans, CYP family 1-3 are
responsible for approximately 80 % of all phase I drug metabolism.""*

CYPs are, as the majority of both phase I and phase II drug metabolizing enzymes,
highly polymorphic. This polymorphism has in many cases been connected to high
interindividual differences in drug response and can lead to adverse drug reactions and
loss of efficacy of drugs.l’9 Furthermore, the functional consequences of the different
alleles differ and there are large differences in allele frequencies between ethnic
groups.'® Based on this polymorphism the population can be divided into different
metabolic phenotypes. Poor metabolizers (PMs) are defined by a complete lack of
enzyme function, whereas intermediate metabolizers (IMs) are carriers of one functional
and one nonfunctional allele. The wildtype allele is usually denominated */ in CYP
nomenclature and extensive metabolizers (EMs) are homozygous for this allelic variant.
Some CYP alleles display increased transcription'' or multiple copies'” thus generating
a ultrarapid metabolizer (UM) phenotype.® Besides the genetic variants other factors
such as age,''* gender,"” environmental factors, and drug interactions highly affect
CYP expression and activity.'

1.1.2 | CYPs in the brain

Besides being mainly expressed in the liver, and to a lesser extent in the gastrointestinal
tract and other extrahepatic tissues, a limited number of CYPs are also found within the
central nervous system (CNS). Many drugs with effects in the CNS are metabolized by
CYPs'*!" and there is a pronounced interindividual variation in the response to these
substances that is not always related to the drug plasma levels. Numerous studies have
investigated CYP expression in the rodent brain, however only a limited number of
CYPs expressed in brain have been detected in humans.'™™® It is suggested that most of
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the brain-expressed CYPs predominantly have endogenous effects in e.g. steroid
metabolism; nonetheless locally expressed CYPs could be crucial for the individual
response to centrally acting drugs due to polymorphism and induction. Although the
overall brain content of cytochrome P450 enzymes is relatively low, these enzymes
display great regional and cell specificity that can lead to rather high levels in specific
cells."”

1.1.3 | Human CYP2D6 and brain function

Some CYPs traditionally categorized as drug metabolizing enzymes have during the last
decade been implicated also to contribute in the biotransformation of endogenous
compounds. One enzyme extensively studied with regards to this is CYP2D6.”
CYP2D6 is an important drug metabolizing enzyme, involved in the metabolism of 20
% of all drugs® and around 50 % of all centrally acting drugs on the market'’ such as
antidepressants, antipsychotics and opioids.”’ CYP2D6 also displays genetic
polymorphism creating metabolic phenotypes ranging from PM to UM with multiple
gene copies. '

CYP2D6 mRNA and protein has been detected in several human brain areas™ and it
was recently revealed that brain CYP2D6-mediated metabolism alter codeine-induced
analgesia in rats.” CYP2D6 is suggested to be involved in the endogenous metabolism
of transmitter precursors into serotonin and dopamine.*** Besides the production of
neurotransmitters CYP2D6 is possibly also involved in the 21-hydroxylation of
progesterone®® and in the metabolism of the endogenous cannabinoid anandamide.”’
These endogenous substrates for CYP2D6 might be the reasons for the many
associations of polymorphism in the CYP2D6 gene with several personality traits and
neurological conditions. As reviewed by Cheng et al. (2013)*® PMs are in some cohorts
significantly associated with an anxious personality trait and are less successful in
28,29 However, not all studies find consistent correlations
between CYP2D6 polymorphism and personality traits.’® The UM phenotype has on the
other hand been suggested to be associated with higher suicidal risk®'~*? and increased
suicidal behavior.*> CYP2D6 PMs have additionally been shown to exhibit higher brain
perfusion rates in the thalamus and the right hippocampus in healthy subjects, further
suggesting an endogenous function of CYP2D6 in the human brain.?! CYP2D6 function
in the brain is still not well understood but the hypothesis regarding a possible
endogenous role for this enzyme and its effects on brain function has served as
inspiration for this thesis work.

socialization than EMs.

1.2 [ CYP2C19

The human CYP2C subfamily contains 4 highly homologous genes, CYP2CS, -2C9, -
2C18, and -2C19, clustered together on chromosome 10 (10q24). In this thesis the focus
has been on CYP2CI19, one of the major drug metabolizing enzymes in humans
responsible for approximately 7-10 % of all hepatic phase I drug metabolism.®** The
CYP2C19 gene contains nine exons encoding a 490 amino-acid protein. CYP2C19 is



Introduction

mainly expressed in the liver but some expression has also been found in the small
35-37

intestine.
1.2.1 | CYP2C19 and drug metabolism

The importance of CYP2C19 in drug metabolism is widely known and intensively
studied, especially with regards to the polymorphic nature of the gene. CYP2C19 is
involved in the metabolism of approximately 7-10 % of all clinically used drugs on the
market today displaying broad substrate specificity.*** Substrates for CYP2C19 include
several proton-pump inhibitors with omeprazole being the most well-known and studied
substrate. The formation of the metabolite 5-hydroxyomeprazole from the R-enantiomer
(R-omeprazole) is highly specific and extensively used for measuring CYP2C19
enzyme activity.**** CYP2C19 is furthermore involved in the metabolism of several
different psychotropic drugs including selective serotonin reuptake inhibitors (SSRIs)
e.g. sertraline’** and citalopram,** tricyclic antidepressants (TCAs) like
amitriptyline*® and clomipramine,*® and the monoaminoxidase (MAO) inhibitor
moclobemide.*’” Other psychotropic substrates include benzodiazepines e.g. diazepam*®
and the anticonvulsant drug mephenytoin. CYP2C19 metabolic phenotypes (see 1.1.3)
can be characterized by using racemic mephenytoin and measuring the urine R/S ratio
since CYP2C19 specifically metabolizes S-mephenytoin.’”***° CYP2C19 also
participates in the activation of the antimalarial drug proguanil’® and the antiplatelet
drug clopidogrel.”> CYP2C19 is involved in the metabolism of many additional drugs,
however with a minor role due to the main contribution of other drug metabolizing
enzymes.

1.2.2 | Polymorphism in the CYP2C19 gene

Like many other CYPs CYP2C19 is highly polymorphic with both common and rare
allelic variants leading to everything from absent to high enzyme activity with great
differences in allelic frequencies between populations. There are more than 30 different
allelic variants of CYP2C19 characterized today and depending on the allelic variants
individuals can be classified into metabolic phenotypes.''°

Eight different allelic variants (CYP2C19*2 to CYP2C19%*8) encode a nonfunctional
CYP2C19 enzyme, with the CYP2C19*2 and the CYP2C19*3 null alleles displaying the
highest frequencies. The allele frequency of the null alleles varies between 12 and 23 %
in Asians compared to 1-6 % in Caucasian populations. In contrast, the PM phenotype
does not seem to exist in the Cuna Indians of Panama whereas 79 % of the population
on the island of Vanuatu in the Pacific Ocean displays this phenotype (reviewed by
Desta et al.).”
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Table 1 | Overview of selected CYP2C19 substrates

Substrate Function Reference
Omeprazol Proton-pump inhibitor 38-40
Sertraline Selective serotonin reuptake inhibitor 41,42
Citalopram Selective serotonin reuptake inhibitor 43,44
Amitriptyline Tricyclic antidepressant 45
Clomipramine Tricyclic antidepressant 46
Moclobemide Monoamine oxidase inhibitor 47
Diazepam Anxiolytic, anticonvulsant 48
Mephenytoin Anticonvulsant 39,49,50
Proguanil Antimalarian 51
Clopidogrel Anticoagulant 52
Estradiol Endogenous* 75
Estrone Endogenous 76
Progesterone Endogenous 78
Testosterone Endogenous 78
Polyunsaturated fatty acids Endogenous 3,81

*Also used in hormone replacement therapy.

CYP2C19%*2 is the most common defective allele and is defined by a point mutation
(G681A) leading to a premature termination of protein synthesis. The allele frequencies
of the CYP2C19%2 allele ranges from 15 % in Caucasians to 17 % and 30 % in African-
Americans and Chinese, respectively.” The CYP2C19*3 variant is defined by a single
base transition (G636A) that results in a truncated protein and contributes to the PM
phenotype mainly in Asian populations with the allelic frequency of around 10-12 % in

. 54,55
Japanese and Korean subjects,”™

56

compared to being almost nonexistent in
Caucasians.

The CYP2C19*17 allele represents a rapid metabolizer (RM) phenotype and is defined
by two linked single nucleotide polymorphisms (SNPs) in the CYP2C19 gene promoter
region. The SNPs are located in the 5’-flanking region at -806(C>T) and -3402(C>T)
relative to translation start and the -806 SNP introduces a novel transcription factor

4
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binding site that causes increased gene transcription.'' The allele frequency of
CYP2C19*17 is around 18 % in Swedes but ranges between 18 and 27 % in different
European populations.'>”*® The variant is rarer in Asian populations with an allele
frequency of e.g. 4 % in Chinese'"' and 1.3 % in Japanese subjects.”*

Polymorphism in the CYP2C19 gene is important in respect to drug metabolism as well
as therapeutic outcome after treatment.'” The effect of CYP2C19 genetic polymorphism
on drug metabolism is mostly studied and has the greatest clinical impact in activating
the antiplatelet drug clopidogrel. Defective CYP2C19 alleles have been associated to
increased risk of cardiovascular events and reduced bleeding risk in patients having
undergone percutaneous intervention. Additionally, the RM phenotype is associated
with increased risk of bleeding with clopidogrel treatment. Thus, dose adjustment based
on CYP2CI9 genotypes could be beneficial but is still debated.” Furthermore,
psychiatric patients being RMs (CYP2C19*17/*17) display lower plasma levels of
escitalopram®”®’
patients taking citalopram, with RMs displaying lower remission rates compared with

and imipramine,”’ and the genotype furthermore predicts remission in

PMs.®? Escitalopram serum concentrations were found to be 42 % lower in patients
homozygous for the CYP2C19*17 allele and 5.7-fold higher in PMs, compared to
EMs.” This correlates with previous predictions of 35-40 % lower and a 2.1-fold
decrease in omeprazole plasma concentrations in CYP2C19%*17/%17 subjects.'**

1.2.3 | €YP2C19 gene regulation

Besides the described genetic polymorphism, CYP2C19 enzyme activity is also affected
by a variety of substances, including different drugs. CYP2C19 is inducible by the
antibiotic rifampicin and the corticosteroid dexamethasone and, as will be described in
more detail below, inhibited by estrogens. The CYP2C/9 promoter region contains
many putative transcription factor sites but the transcriptional regulation of CYP2C19
has not been completely elucidated.®** It has however been shown that, like for many
other CYPs, gene expression is up-regulated by the nuclear receptors: constitutive
androstane receptor (CAR), pregnane X receptor (PXR), and the growth hormone
receptor.®® Other suggested transcription factors potentially involved in the regulation of
CYP2C19 include hepatocyte nuclear factor 3y (HNF3y)®” and GATA-4.%

As described above, the -806 SNP in the CYP2C19 promoter region introduces a novel
transcription factor binding site that leads to increased gene transcription of the
CYP2C19%*17 allele. This SNP was suggested to create a consensus binding site for the
transcription family GATA."" It was however recently discovered by our laboratory that
the heterogeneous nuclear ribonucleoprotein L (hnRNP L) binds to this site and might
therefore be the protein responsible for the increased gene transcription (Isa Cavaco et
al., unpublished).
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1.3 | CYP2C19 activity and oral contraceptives

Induction or inhibition of CYP2C19 mediated drug metabolism is an important aspect
of drug assessment since it could lead to unwanted drug-drug interactions associated
with increased risks of side-effects or therapeutic failure.! Several studies have shown
that exogenous estrogens affects CYP activity and most studies propose enzyme
inhibition by these hormones.*’

17B-estradiol or estradiol (EE), the major endogenous estrogen in humans, and 17a-
ethinylestradiol (ETE) are the most commonly used estrogens in hormone replacement
therapy (HRT) and oral contraceptives (OCs), respectively. OCs are among the most
commonly prescribed drugs for women in childbearing ages with more than 60 million
users world-wide. HRT 1is also commonly used for women in menopausal ages and
therefore possible drug interactions with both OCs and HRT are important to
investigate.”””' Since many studies have shown drug interactions with OCs, most
pharmaceutical companies screen for possible interactions with ETE-containing OCs
during drug development.’

Regarding CYP2C19, both in vitro and in vivo studies have shown significant inhibition
of enzyme activity by ETE. In vitro studies in liver microsomes have shown that a high
concentration (100pM) of ETE strongly inhibits CYP2C19 enzyme function, as shown
by CYP2C19-specific R-omeprazole hydroxylation.”” This supports previous in vivo
findings in healthy Swedish subjects were OCs including ETE increased the S/R-ratio
of mephenytoin 2.5-fold and doubled the omeprazole/hydroxyomeprazole-ratio, both
highly specific ratios for CYP2C19 activity.” Other in vivo studies have found similar
interactions between CYP2C19 activity and OCs.”*”*

Most oral contraceptives are usually combined with progestins to obtain a normal
hormone cycle.” The effects seen on CYP2C19 activity using combination OCs is most
definitely due to the effect of ETE since progestins by themselves do not seem to cause
any CYP2C19 enzyme inhibition in vivo.”>”® ETE can inhibit CYP enzymes by both
reversible and irreversible mechanisms and it is still largely unknown and difficult to
predict how ETE inhibit CYP2C19 enzyme function. It is however suggested that ETE
might be a weak reversible inhibitor of CYP2C19 enzyme activity.'® **

1.4 | Potential endogenous substrates for CYP2C19

CYP2C19 has broad substrate specificity as described above and despite its important
role in drug metabolism relatively few studies have investigated potential endogenous
substrates. CYPs involved in the metabolism of endogenous substrates are most
commonly involved in cholesterol, vitamin A, steroid or arachidonic acid turnover, as
described previously. CYP2C19 is still regarded as a drug metabolizing enzyme but
some studies suggest other functions of this enzyme in the human body that have not
been completely elucidated yet. Most studies regarding a possible endogenous function
of CYP2C19 have covered its role in steroid hormone metabolism. /n vitro studies in
human liver microsomes have shown that CYP2C19, together with CYP2C8 and

6



Introduction

CYP2C9, effectively catalyzes the 17B-hydroxy dehydrogenation of estradiol (EE) into
estrone (E1). EE has many different metabolites with E1 and 2-hydroxy-estradiol being
the most important and found in higher abundance than the other metabolites. E1 was
found to be the most abundant metabolite at lower substrate concentrations suggesting
that CYP2C19-mediated metabolism might be the most important pathway in vivo.”
Concentrations of EE in plasma are usually very low, ranging from around 70 pmol/L
(postmenopausal) to 2 nmol/L, but can however be significantly higher in specific
tissues due to local synthesis.”®”” CYP2C19 has also been shown to contribute to the
formation of the E1 metabolite 160-OH-estrone in liver microsomes.”®

Another suggested substrate for CYP2C19 is progesterone. In a study by Yamazaki et
al. (1997) CYP2C19 mediated the formation of 21-OH-progesterone, and to some
extent 16a-OH-progesterone, in human liver microsomes.” CYP2C19 has furthermore
been shown to oxidize testosterone to form androstenedione as a major metabolite, but
also low levels of the metabolites: 6B-, 16B-, and 2B-OH-testosterone.” Taken together,
it can be hypothesized that CYP2C19 is involved in the metabolism and
biotransformation of steroid hormones in humans. It has furthermore also been
suggested that the CYP2C19*17 variant, leading to increased gene expression,
decreases breast cancer risk in women using hormone replacement therapy for more
than 10 years. This also emphasizes the possible involvement of CYP2C19 in steroid
hormone metabolism.”*

Apart from steroid hormones, other endogenous substrates have been proposed for
CYP2C19. These include several different polyunsaturated fatty acids (PUFAs) e.g.
arachidonic acid, eicosapentaenoic acid, and docosahexaenoic acid.*® Other members
of the CYP2C family also contribute to this metabolism, e.g. CYP2C9 that moreover
displays higher hepatic expression than CYP2C19.

CYP2C19 is also suggested to be important in the metabolism of the exogenous
cannabinoid cannabidiol and related substances thus suggesting that it could be involved
in the metabolism of endogenous cannabinoids as well.*** However this remains to be
further investigated.

1.5 | CYP2C19, personality traits, and depressive symptoms

For many drug metabolizing enzymes, genetic polymorphism does not render any
obvious phenotypes without a drug challenge. This is probably due to the fact that they
do not have a critical function in endogenous metabolism.** From what is known today,
CYP2C19 polymorphism does not have a clear impact on endogenous phenotypes in
humans. Nevertheless, two studies have reported associations between CYP2CI9
polymorphism and personality traits in healthy Japanese subjects using the Japanese
version of the Temperament and Character Inventory (TCI).*>%¥ The TCI investigates
the intensity and relationship between seven personality dimensions divided into the
temperament dimensions: harm avoidance (HA), novelty seeking, reward dependence,
and persistence, and the character dimensions: self-directedness, cooperativeness, and
self-transcendence.®” The first study to investigate personality dimensions and
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CYP2C19 polymorphism found significantly lower TCI-score in HA of homozygous
EMs compared to heterozygous EMs and PMs.*® Low scores in HA are associated with
a carefree, courageous, outgoing, and optimistic personality and studies have previously
found that high scores in HA is highly associated with depression and furthermore
highly predicts MDD.***°

In the other study by Ishii et al.,** other associations were found with female CYP2C19
PMs scoring significantly lower on the dimensions reward dependence,
cooperativeness, and self-transcendence, compared to EMs. People with low scores in
reward dependence are more practical, cold, and withdrawn and low scores in
cooperativeness are associated with a more socially intolerant, critical, unhelpful, and
opportunistic personality.®*> Low cooperativeness has also been correlated to a current
state of depression.*”® Furthermore, low scores in self-transcendence correlates with an
impatient, unimaginative, and proud character. There was however no differences found
between male subjects.™

Some aspects of these studies are interesting since high scores in HA and low scores in
cooperativeness are associated to depression, something that seems to correlate with a
PM phenotype. However, the results from these two studies are rather inconclusive,
with major gender differences, and should be reproduced in a larger cohort and possibly
also other ethnic groups before any conclusion can be made regarding personality traits
and CYP2C19 genetic variants.

CYP2C19 genetic polymorphism has also been associated with depressive symptoms as
measured by the center for epidemiologic studies depression scale (CES-D). The CES-
D scale measures depressive symptoms during the last week and consists of four
subscales that together form the total score (T1): depressed mood, psychomotor
retardation and somatic complaints, wellbeing, and interpersonal differences.”’ Higher
scores in all subscales indicate higher levels of depressive symptoms. In the study by
Sim et al.,”® T1, depressed mood, and psychomotor retardation and somatic complaints
were assessed in 1,472 subjects from the Swedish twin registry. CYP2C19*2/*2
subjects, i.e. PMs had significantly lower T1, depressed mood, and psychomotor
retardation and somatic complaints scores compared to EMs (CYP2CI19*1/*1),
indicative of lower depressive symptoms.”

It is difficult to draw any conclusion regarding CYP2C19 genetic polymorphism and its
effect on personality traits and depressive mood with regards to previous published
results. Firstly, two different tests were used and TCI and CES-D scores do not measure
the same parameters. However, previous studies have found significant association
between high HA and high T1 scores.”” PMs score high on HA but low on TI,
depending on the study, thus making the results contradictory. The results from the twin
study, using CES-D scores, are however from a much larger population and can
therefore be considered more reliable. It seems that CYP2C19 genetic polymorphism
influence personality traits and depressive state but this remains to be further elucidated.
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1.6 | Major depressive disorder

Major depressive disorder (MDD) is a common, heterogeneous affective disorder with a
life-time prevalence of approximately 17 %,” being twice as common in females as in
males. MDD can be limited to a single episode but is frequently reoccurring or
chronic.”* MDD is associated with high mortality due to the increased risk of suicide,
and is one of the major causes of morbidity world-wide.” The symptoms of MDD
include persistent low mood and/or the inability to experience reward and pleasure i.e.
anhedonia and associated symptoms. Furthermore, cognitive deficits such as poor
concentration and impaired working memory are often a part of the symptomatology.”®

Although being intensively researched, the pathophysiology and neurobiology of MDD
are still largely unknown. The etiology of MDD is partly genetic, displaying 40-50 %
heritability as shown by large family and twin cohorts.”” However, no major risk alleles
have been identified, supporting the hypothesis that MDD is under polygenic influence
and that the etiology is largely influenced by environmental factors.”* MDD is mostly
associated with polymorphism in e.g. the serotonin transporter (SLC6A44) and brain-
derived neurotrophic factor (BDNF) genes.”” These associations are logical since most
antidepressants affect the serotonergic system®’ and low BDNF levels are suggested to
correlate with depression severity and to increase with recovery.” Furthermore, many
studies are investigating how environmental factors can influence the risk of MDD, both
alone but also in combination with genetic risk. Environmental factors known to
influence MDD are e.g. childhood adversities” and stressful life events.'®

The major brain systems involved in MDD are suggested to be subcortical areas
involved in emotion and reward processing e.g. amygdala, hippocampus, and the ventral
striatum and cortical areas such as the (medial and lateral) prefrontal cortex and anterior
cingulate cortical regions, highly implicated in emotion processing and cognitive
control.”* Monoaminergic signaling is thought to be of major importance within these
structures, both in the pathophysiology and treatment of depression. The monoamine
deficiency theory, reduced neuroplasticity, dysregulation of the hypothalamic-pituitary-
adrenal gland (HPA) axis, and immune abnormalities are all considered important
factors in the pathogenesis of MDD.”

1.6.1 | Pharmacotherapy of major depressive disorder

Current antidepressant treatment is directed against the monoaminergic systems and is
designed to enhance its transmission. The most commonly prescribed drugs are
selective serotonin re-uptake inhibitors (SSRIs) such as citalopram but other treatment
strategies also include serotonin and noradrenaline re-uptake inhibitors (SNRIs),
monoamine oxidase inhibitors (MAOIs), tricyclic antidepressants (TCAs) and
furthermore noradrenaline and dopamine reuptake inhibitors like bupropion, and
noradrenergic and specific serotonergic antidepressants like mirtazapine, mainly acting
as ap-receptor antagonists.”” Around 30 % of depressed patients do not respond to the
treatments available,”'*"'®® thus making the identification of new targets and new
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treatment strategies extremely important for the seriously disabling and increasing
health problem that MDD is today.

1.7 | Generalized anxiety disorder

Generalized anxiety disorder (GAD) has a life-time prevalence of around 4-7 %°>'%
with females displaying an almost twice as high risk of developing the disorder.'® The
life-time prevalence of anxiety disorders is around 30 %°° which beside GAD also
include panic disorder, phobias, post-traumatic stress disorder (PTSD), and obsessive-
compulsive disorder (OCD). The symptomatology of GAD includes uncontrollable
worry, anxiety, and physical symptoms like disturbed sleep, restlessness, and muscle
tension.'” The disorder furthermore displays high co-morbidity with other psychiatric
disorders,'™ including MDD as reviewed by Kessler et al. (2008).'” It has been
proposed by population twin studies that genetic effects are the most important common
causes of MDD and GAD.'%

Compared to e.g. MDD relatively little is known regarding risk factors, genetics and
neurobiology of generalized anxiety disorder but a heritability of approximately 15-20
% has however been proposed.'® Neuroimaging studies suggest several brain areas
involved in the pathophysiology of generalized anxiety disorder, most being a part of
the so-called fear network including the amygdala, anterior cingulate cortex, and insula
cortex. These structures seem important in both the pathogenesis and the neurobiology
of the disorder.'*”'%

1.7.1 | Pharmacotherapy of generalized anxiety disorder

For anxiety disorders the remission rate is poor, with between 30-50 % of patients not
reaching full remission.'” Even without a comorbid depression antidepressants are the
first choice in the pharmacotherapy of GAD. This includes both SSRIs and SNRIs. Also
MAOIs are sometimes used in treatment-resistant anxiety disorders. Other treatment
choices include the acute and often short-term use of benzodiazepines, buspiron, and the
anticonvulsant pregabalin.''’ Pregabalin resembles benzodiazepines in its mechanism of
action, including a rapid onset of action, and does also improve depressive symptoms
when co-morbid with GAD. Unlike benzodiazepines, no issues regarding abuse,
tolerance and withdrawal symptoms can be seen with pregabalin. Atypical
antipsychotics might furthermore be used in treatment-resistant anxiety disorders either
as monotherapies or in combination with other treatments. '*’

1.8 | The hippocampal formation and its role in psychiatric disorders

Evidence is emerging of the involvement of the hippocampal formation in a wide range
of psychiatric disorders including Alzheimer’s disease, schizophrenia, anxiety disorders
and MDD.'""" The hippocampus is considered a part of the limbic system with humans
and other mammals having two hippocampi, one in each hemisphere. The hippocampal
formation is a bilaminar grey-matter structure that consists of the dentate gyrus (DG)
and the hippocampus proper, the cornu ammonis (CA). The CA cell layer contains
mainly glutamatergic pyramidal neurons and based on their different properties the CA
can be divided into the CA1l, CA2, and CA3 regions, as seen in Figure 1.'2 These
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pyramidal cells together with the glutamatergic granule cells of the DG constitute

around 90 % of the hippocampal neurons, with the remaining 10 % being mainly y-
113

aminobutyric acid (GABA) producing interneurons.

Figure 1 | The mouse hippocampus. Coronal section of the hippocampus in an adult mouse. The
dentate gyrus (DG) contains the granule cell layer (GCL), the polymorphic layer (PL) or the hilus, and the
molecular layer (ML). The hippocampus proper, the cornu ammonis (CA) is divided into different areas
depending on their pyramidal neuron properties. Calbindin positive cells are seen in red and calretinin
positive cells in green. DAPI was used as a nuclear counter stain. Photo: A Persson.

The HC is one of the most connected areas in the brain, receiving its major input from
the entorhinal cortex through the perforant pathway. The entorhinal cortex serves as the
major connector between the hippocampus and several different cortical areas including
the auditory and olfactory cortices, but also the amygdala.''! Despite intensive research
on the function of the hippocampus there is still some controversy about the basic
functions of this structure. However, its important role in the formation of episodic and
spatial memory is widely known and generally accepted.''>''* Furthermore, pattern
separation is thought to be essential for creating a specific memory when exposed to
similar sensory inputs or experiences. It is believed that the DG is responsible for the
process of separating memories that are formed in the hippocampus.'"

As described above, involvement of the hippocampus in psychiatric disorders implicate
that there are other possible functions of the hippocampus not involving memory. Even
though traditionally considered a memory structure the hippocampal formation seems
critically important in regulation of emotions as well.''® It furthermore seems important
in regulating the stress response, a major risk factor for psychiatric disease.''*'"’
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Functions along the dorso-ventral axis

The hippocampus is involved in many different tasks including both cognitive and
emotional processes. So how are all of these functions connected and regulated within
the hippocampus? The hippocampal formation seems to exhibit significant differences
in these functions along its dorso-ventral axis.''®'"*!"” Gene expression and differential
projection patterns, mostly studied in rodents, suggest that the hippocampus can be
divided into two separate structures; the rostral/dorsal part (posterior in primates),
mostly involved in cognition and memory formation and the caudal/ventral part
(anterior in primates), more implicated in emotion and stress regulation. The dorsal part
of the hippocampus projects mostly to associational cortical areas whereas the
caudal/ventral hippocampus on the other hand connects with the pre-frontal cortex,
amygdala, and the hypothalamus. This theory is supported by the fact that ventral but
not dorsal inactivation/lesions of the rodent hippocampus leads to anxiolytic behavior
but does not seem to affect memory task performances.''®'"®'%* Also human studies
indicate that that the anterior part of the hippocampus is more activated when exposed

. . . 12 1
to an emotional stimuli or face.

Hippocampal size

The hippocampal formation has mostly been associated to psychiatric disorders by
observations using magnetic resonance imaging (MRI). Many studies have
demonstrated a small reduction of hippocampal volumes, between 4-10 %, in patients
suffering from MDD.'**'* The reduction in hippocampal volume is furthermore
suggested to correlate with severeness and duration of the disorder.'*>'*® Although it
has been questioned whether reduced hippocampal volume is merely a symptom,
volume reductions have also been observed in for example first episode depression,'?’
and in subjects with familiar high risk for MDD'® thus suggesting that reduced
hippocampal size might also be predisposing for the disorder. Besides the effects seen
on the hippocampal formation in MDD, reduced hippocampal volumes have also been
associated with several anxiety disorders.'” Reduced hippocampal volumes are found
in adult patients with chronic PTSD, when compared to healthy or trauma-exposed
controls using MRL"**"*! Also patients with social anxiety disorder display reduced
hippocampal volumes."** In the same way as for MDD, reduced hippocampal volumes
could potentially also be a risk factor for PTSD."** The causality for the morphological
changes seen in the hippocampus is still not known. One hypothesis suggests that the
elevated glucocorticoid levels commonly observed in MDD patients can cause e.g.
retraction of dendrites, decreased neurogenesis in the dentate gyrus, and loss of glial

cells, all of which potentially could cause a smaller hippocampus.'**

Cognitive impairment

Also neuropsychological studies support the involvement of the hippocampus in the
pathophysiology of MDD, with changes in hippocampal-related tasks being connected
to cognitive impairment in patients.'>* Spatial navigation depends on hippocampal
function and is severely impaired after hippocampal damage. In virtual reality tasks,
patients with MDD display impaired spatial memory. These impairments have also been
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functionally connected to abnormal activity in the hippocampus and the
parahippocampal cortices."** Also recollection memory is highly dependent on
hippocampal integrity and MDD patients display impairments in recollection memory
tasks.'>

Stress and the hypothalamic-pituitary-adrenal axis

Dys-regulation of the hypothalamic-pituitary-adrenal (HPA) axis probably plays a
central role in MDD since patients display increased cortisol levels and reduced
negative feedback of the HPA-axis.'”> The hippocampus is highly responsive to
glucocorticoids and plays an important part in the regulation of the stress response
through a relatively high expression of glucocorticoid receptors.''®"** Chronic stress
and sustained levels of glucocorticoids have negative effects on learning and on the
survival of hippocampal neurons.'*'**

The hippocampus is of course not by itself creating the symptoms of depression and
other related disorders. However, the plasticity of the structure, including the stress-
sensitivity reported, this formation is most certainly playing an essential role in the
pathobiology of several psychiatric disorders.

1.8.2 | Hippocampal plasticity

Adult neurogenesis is today generally accepted to occur in two discrete regions of the
adult brain, the subventricular zone (SVZ) of the lateral ventricles and in the DG of the
hippocampal formation."**"*” These areas are referred to as neurogenic niches and
neurogenesis continues throughout life for many species,'”® including humans.'*"'*°
Neurogenesis in the DG is restricted to the subgranular zone (SGZ) and new neurons
are integrated in the granular cell layer (GCL) as mature granule cells. The stem cells of
the SGZ are suggested to be radial glia-like stem cells,"*® also referred to as type 1 cells.
As seen in figure X, these cells furthermore express glial fibrillary acidic protein
(GFAP). Type 1 cells are characterized by an apical process that reaches into the
molecular layer of the DG, suggested to be in contact with blood vessels."*! The
maturation process of new neurons is suggested to be relatively linear with type 1 cells
giving rise to fast-proliferating intermediate progenitor cells, type 2 cells. This cell
population is characterized by a small soma and an irregularly shaped nucleus and is
responsible for the large expansion of new cells seen in the DG, i.e. the expansion
phase.

Early type 2 cells, type 2a, express the stem cell marker and transcription factor Sox2.
At this stage cell fate is determined and newborn progenitor cells either become
apoptotic or start to differentiate into type 2b cells, expressing the immature neuronal
marker double-cortin (DCX).'*""'** The expression of DCX in these cells is linked to
specific properties such as structural plasticity, cell migration, axonal guidance, and
dendrite sprouting."*® DCX positive cells are frequently used as a substitute marker of
neurogenesis, however the function of these cells during neurogenesis is still not

known.'*®  DCX positive cells do however have distinctive electrophysiological
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properties, being highly excitable, and have been suggested important roles in
hippocampal signal processing. Furthermore they display greater synaptic plasticity
than mature neurons and long-term potentiation is more easily induced in DCX positive
cells compared to more mature neurons in the DG. The pool of DCX cells in the
hippocampus is highly dependent on proliferation rates but also the degree of apoptosis

in the maturation process.'**'**

Expansion phase Differentiation phase Integration phase
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Figure 2 | Overview of adult hippocampal neurogenesis in the dentate gyrus.

The neurogenesis process in the adult hippocampus is thought to be rather linear with an overall time
frame of approximately 4-6 weeks from neural progenitor to mature granule cell. The radial glia-like stem
cells resides in the subgranular zone (SGZ) of the granular cell layer (GCL) and give rise to fast-
proliferating progenitor cells, thus referred to as the expansion phase. The neurogenesis process seems
critical for hippocampal function and is suggested to be involved in the pathobiology of psychiatric
disorders. The process can be divided into different stages and by utilizing the different cell properties
and specific markers expressed in the different phases the process can be studied in great detail revealing
potential factors involved in its regulation. Adapted from: Schouten et al., 2012, with permission from the

publisher.'*

The majority of newborn cells undergo apoptosis during the first 1-4 days of the
differentiation process.'*’ During the differentiation phase cells are usually referred to
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as type 3 cells. For the duration of this phase cells differentiate into immature neurons
and migrate into the granule cell layer. At the end of the differentiation process cells
develop and elongate their dendritic trees toward the molecular layer of the DG and
their axons towards the CA3 area.''*'*! The whole process from stem cells to mature
granule cells takes approximately 4-6 weeks during normal conditions.'** The
neurogenesis process is usually divided into different phases, with several specific cell
markers for each phase, as visualized in Figure 2. This gives the opportunity for a more
in detail study of the different cells involved and factors that affect hippocampal
neurogenesis.'*! Numerous studies have investigated the effects of e.g. antidepressants,
stress, and exercise on neurogenesis in the DG and the neurogenesis process is shown to
be extremely dynamic in rodents, #4148

BrdU and Ki-67

The lack of knowledge regarding neuronal stem cells has made it difficult to detect and
study this specific cell population. However, the discovery of the exogenous thymidine
analog 5-bromo-2’-deoxyuridine (BrdU) made it easier to study proliferating cells and
their survival rates in the neurogenic niches of the brain. BrdU is injected in the rodents
and is incorporated in the DNA during the S-phase of the cell cycle.'* BrdU is however
toxic and Ki-67, another proliferation marker, has gained increased popularity for
studying proliferation rates. Ki-67 is endogenously expressed during the whole mitotic
period and requires less preparation compared to BrdU, both with regards to
pretreatment of the animals but also the tissue, since the immuno-labeling requires
denatured DNA for proper visualization of BrdU."° However, one of the major
advantages of BrdU compared to Ki-67 is that after BrdU incorporation it can be
visualized for a long time thus enabling studies of cell survival and cell fate in the
neurogenesis process.'* BrdU and Ki-67 labeled cells usually display rather similar
numbers when examined acutely after BrdU injection.'*

Adult neurogenesis and disease

Adult neurogenesis is important for hippocampal function with a critical role in
hippocampal-dependent learning and memory formation.''*!*! The large pool of DCX
positive cells in the DG is thought to be available for encoding new experiences and
DCX cell numbers have been shown to adapt in rodents depending on how often the
hippocampus is challenged with novel stimuli.'**'>* Furthermore, recent studies suggest
that hippocampal neurogenesis is not only regulated by stress but can in fact also buffer
or regulate the stress response.''®'"” Another important and interesting aspect is if
hippocampal neurogenesis can affect other hippocampal-related behaviors such as
depressive mood. The neurogenesis hypothesis postulated for both affective and anxiety
disorders is based on the hypothesis that reduced neurogenesis in the DG is causative
for the psychopathology seen and that treatments available are dependent on restored
neurogenesis levels for a successful response.'* It has furthermore been suggested that
the volumetric changes in HC volume seen in MDD and anxiety disorders are due to
reduced neurogenesis in the DG. These hypotheses have been the topic for many
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studies, mostly in rodents, but there are still no conclusive data supporting these theories
and the subject is still under intense discussion and investigation.'**

1.9 | Modeling human psychiatric disorders in mice

For investigating gene function and for modeling human psychiatric disorders
transgenic expression and genetic manipulation of target genes in animals is an
important and valuable tool."**'>> These techniques are mostly developed in mice and
due to these advantages the mouse is still the most commonly used species for
transgenic expression and gene manipulation.'> However, new transgenic rat models
are developed and this would provide a better model in neuroscience and behavioral

pharmacology where the rat in many aspects is the preferred animal model.'*

The usefulness and validity of animals as human disease models must be evaluated
carefully and three aspects are generally considered. Construct validity referrers to the
etiology of the disease, i.e. the effect of a human gene causes similar conditions in the
animal model. Face validity incorporates the symptoms of the disease into the validation
of the model, i.e. the behavioral symptoms display common features. Many psychiatric
disorders are rather complex and therefore also endophenotypes including
neuroanatomical pathology and neurophysiological responses can be regarded as face
validity. Predictive validity on the other hand takes in to account the treatment aspect of
the modeled disease. Classes of drugs that reverse the human symptoms must similarly

be effective in the model.'>’

It is rather obvious that mice are not ideal models of human psychiatric disorders,
mainly due to the great differences in brain anatomy, and we can never truly know
whether a mouse is anxious or feeling depressed. However, the validity aspects
described above are based on similarities in etiology, symptomatology, and treatment
aspects and makes it possible to objectively investigate genetic variants or new
treatments strategies for anxiety and depression in mouse but also rat models.

1.9.1 | Rodent models of mood disorders

The pathophysiology of mood disorders is still largely unknown and this is partly due to
the lack of valid animal models. The main reason for the difficulties in finding good
models for elucidating the pathophysiology is probably due to the fact that e.g. MDD
and other mood disorders are so heterogeneous. Furthermore, many of the core
symptoms of human depression are not possible to study in animals. These include e.g.
depressed mood and suicidality. Due to these major issues most animal models of
depression today are based on two major principles: predicting antidepressant effects or
response to stressors.' >

Two of the most commonly used behavioral tests for assessing antidepressants are the
forced-swim test (FST or Porsolt’s test) and the tail-suspension test (TST)."**'®” Both
tests present inescapable environments that initially engage in intensive escape-oriented
movements that eventually proceed into immobility or despair behavior.
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Antidepressants give an acute increase in escape-oriented behavior and these tests are
widely used as rapid screening tests for novel antidepressants due to their predictive
validity. This does however raise some concerns regarding which systems that are
involved since the FST and TST are sensitive to acute administration of antidepressants
whereas a more chronic treatment is required for clinical efficacy in humans. These
tests are also frequently used as phenotypic screens of rodent models to assess
depressive-like behaviors. Increased basal immobility can in this respect be interpreted
as increased depressive-like behavior and decreased immobility as a sign of an
antidepressive phenotype.'®" However, since the basis of the behavior in these tests is
rather unknown it is also likely that the response seen, without pharmacological
manipulation, might have more to do with stress coping than anything else.'®

The learned-helplessness model is another test that can be used to study active versus
passive stress coping strategies in rodents. Rodents frequently exposed to inescapable
foot shocks are subsequently incapable of fleeing even when offered a possibility. Not
all rodents develop helplessness and it is by no means a chronic state since it usually
only persists for 2-3 days, but antidepressants do however reverse this despair behavior

giving predictive validity to this behavioral model.'*®

Inability to cope with stressors is one of the major known risk factors of mood disorders
as described above and the previously described models have stress coping as an
important aspect of the behavioral response. However, the most commonly used stress-
related rodent models are chronic mild stress and early life stress paradigms such as
maternal separation.'®’ Chronic mild stress paradigms include a variety of mild
unpredictable stressors, are more validated than early life stress models, and do in many
cases display construct, predictive, and face wvalidity of specific depression
endophenotypes.'® Anhedonia is defined as a reduced interest in normally pleasurable
things. It is a core symptom of human depression and an endophenotype that can be
modeled in rodents and is usually an acquired phenotype after chronic mild stress.
Anhedonia in rodent models is usually assessed by investigating the preference for a
highly palatable solution, e.g. sucrose over water.'®’

There are a few validated genetic rodent models of human depression with one example
being the Flinders sensitive line (FSL) rat. This strain was initially developed through
selective breeding for increased cholinergic sensitivity but was shown to display several
important features of human depression.164 One interesting and important aspect is that
the FSL rat displays antidepressant effects after chronic treatment with a wide variety of
antidepressants, thus displaying high construct validity.'®

1.9.2 | Rodent models of anxiety disorders

Anxiety is usually defined as a pathological response to fear, with the fear response
being stronger than the situation requires and usually persisting for longer periods of
time. Animal models of anxiety were initially based on the anxiolytic effects of
benzodiazepines. The models are therefore not always so suitable for assessing new
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anxiolytic agents. Animal models of anxiety can be classified into conditioned and
unconditioned tests. Both groups of assessments measure the response to stressful
stimuli but conditioned models often include painful events e.g. electric foot shocks. In
this thesis only unconditioned models will be addressed since the other models usually
involves memory and nociception influences and unconditioned responses are
furthermore the most commonly used anxiety models for mice.'°*'” However, none of
the tests described here are thought to display pathological anxiety-related behaviors but
are most commonly referred to as models of state anxiety. State anxiety refers to the
response to the level, or type of stress, at a specific moment whereas trait anxiety does
not vary from moment to moment but is a persistent feature of animal behavior. Trait
anxiety models are most commonly specific strains displaying high anxiety behavior or
knock-out mice,167'168

knock-out mouse mode

with one example being the 5-hydroxytryptamine;n receptor
,169.170

Most unconditioned tests are based on the fact that small rodents have an innate
aversion for open and brightly lit spaces and the conflicting nature of being exploratory
animals.'®"'% These test include e.g. the open-field, elevated plus maze, elevated zero
maze, light-dark box etc. Avoidance of the aversive environment in these tests displays
some face validity since avoidance of fearful situations or objects is a common feature
of human anxiety disorders. However, it is important to remember like for most
depression models, anxiety tests mostly display predictive validity, i.e. the aversive
behaviors seen in the tests are reduced by anxiolytic treatment.'® However, since the
aversive behavior also can be augmented with drugs that induces anxiety in humans
these tests are also utilized for evaluating anxiety-like behavior in mutant mice.'®" Also
stress-induced hyperthermia displays predictive validity for anxiolytic drugs, with
treatment reducing the increase in body temperature normally observed after exposure
to a stressor.”!
1.9.3 | CYP2C18/CYP2C19 transgenic mice

Mice transgenic for the whole human CYP2CI8 and CYP2CI9 gene locus were
produced at the Astra Zeneca Transgenic Centre in Molndal, Sweden. The mouse model
was created by pronuclear injection in C57Bl/6 eggs with a bacterial artificial
chromosome (BAC RP11-466J14), containing the whole human CYP2CI8 and
CYP2C19 gene locus. The 5’ end of the inserted gene fragment is located at position -
5828 base pairs (bp) from the start codon of the CYP2C18 gene and the 3’ of the insert
at +30,869 bp from the end of exon nine of the CYP2CI9 gene, thus also containing
potential cis-regulatory regions. This created a total gene fragment of 196 kb,
incorporated into the mouse genome. The number of copies incorporated was estimated
to approximately 12 using real-time polymerase chain reaction (RT-PCR) and human
genomic DNA as a reference. The incorporated gene fragments were furthermore
analyzed using fluorescent in situ hybridization (FISH) to determine chromosomal
location. A single insertion site was found at region C1 on mouse chromosome 2. For
further details see Lofgren et al. (2008).'?

18



Introduction

In previous publications CYP2C18/19 transgenic mice are named tg-CYP2C18 & 19.
However, in the most recent paper,173 included in this thesis, these mice are referred to
as CYP2C19Tg mice due to the improbability of any CYP2C18 contribution to the
observed phenotype. CYP2C18 displayed high mRNA levels in both male and female
transgenic mice (26-31 weeks of age), comparable to CYP2CI19 levels, with high
expression in liver, kidney and small intestine. However, no CYP2C18 protein was
detected in any of the tissues investigated. This confirms previous studies since the
human CYP2C18 protein has never been detected in human tissues despite high mRNA

174
levels.>®!7

Even though hemizygous CYP2C19Tg (CYP2C19Tg-Hem) mice exhibit around 12
copies of the human genes Western blot (WB) analysis only found an approximately 40
% increase in CYP2C/Cyp2c (human/mouse) protein levels, something that was also
confirmed by activity assays in liver microsomes. This is most probably due to
background levels from the relatively large mouse Cyp2c family (see 1.9.3).
CYP2C19Tg-Hem mice do not display any macroscopic or histologic pathology but do
however exhibit some differences in organ weight and clinical pathology with e.g.
lower brain weights in both male (4.3 % lower) and female mice (5.9 % lower). The

CYP2C19Tg-Hem mice are nevertheless considered viable and healthy.'”

As an attempt to confirm data produced within this thesis two other transgenic founders
were also evaluated. The BAC used in the generation of the mice described above was
modified by deleting exon 7-9 in the CYP2CI8 gene. This was done in collaboration
with Polygene Inc. to further ensure that the phenotype seen was due to CYP2C19 and
not CYP2C18 enzymatic activity. The two transgenic founders were produced by Duke
University but did unfortunately display low copy number of the genetic insert (3 and 5
copies, respectively) and brain expression could not be detected, indicating that the
deleted region could be important for expressional regulation of the CYP2C19 gene.

1.9.4 | Mouse Cyp2c family

Compared to the human CYP2C-family with only four genes (CYP2CS8, CYP2CY,
CYP2C18, and CYP2C19) the mouse family has expanded to one of the most complex
CYP families with 15 functional genes located on chromosome 19."7%!77 It is difficult to
compare CYP2C genes between humans and mice due to the difference in number and
sequence variation. However, the human CYP2CI9 gene is relatively homologous to
three genes in the mouse 2c-cluster namely Cyp2c37, Cyp2¢50, and Cyp2c54 (DNA
identity: 77.9-78.5 %).'”® The mouse Cyp2c¢ family is not so well characterized but do
however display great variety in tissue distribution and metabolic activity, being mainly
involved in endogenous functions like e.g. AA and linoleic acid metabolism.'”'*

Recently a mouse Cyp2c knock-out (KO) was created and characterized with 14 out of
the 15 Cyp2c genes deleted from the mouse genome. This model can be used as a basis
for more humanized mouse models to investigate effects of a single human CYP2C
gene insert without the possible background effects of the numerous endogenous
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enzymes. The Cyp2c KO has been a basis for a CYP2C9 humanized mouse model
intended for investigations of CYP2C9 drug metabolism and drug-drug interactions.'”’
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2 | Aims

The general aim of this thesis was to study CYP2C19 with regards to a possible
endogenous function of this enzyme. The aim was furthermore to investigate the effects
of estrogens on CYP2C19 gene regulation and metabolic activity.

The specific aims were:

L. Develop a cell system stably expressing CYP2C19 that can be used as a
screening tool for potential substrates and inhibitors.

II. Investigate if estradiol and 17a-ethinylestradiol have any direct effects on
CYP2C19 enzyme activity in vitro. Furthermore elucidate if and how
CYP2C19 gene expression is regulated by these estrogens.

II1. Investigate endogenous functions of CYP2C19 by characterizing a
CYP2C19 transgenic mouse model with regard to brain development and
morphology and behavior.
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3 | Methodological considerations

The work included in this thesis spans over many aspects of CYP2C19 gene regulation
and function, from in vitro cell experiments to in vivo studies in transgenic mice. In this
section methodological considerations are raised for further understanding regarding
methods used and validation of animal experiments.

3.1 | Paper I — Regulation of CYP2C19 expression by estrogen receptor a:
implications for estrogen-dependent inhibition of drug metabolism

The main aim of stably transfecting HEK293 cells with CYP2CI9 cDNA was to
develop an in vitro system that could be used as a screening tool for potential
endogenous CYP2C19 substrates. Several candidates from more high-throughput
screenings have been tested in this cell system with results not yet published. In the first
paper the HEK293 cell line stably expressing CYP2C19 was produced and used to
study the direct effects of 17a-ethinylestradiol (ETE) and estradiol (EE) on CYP2C19
enzyme activity. Estrogens were also investigated with regards to their effect on
CYP2C19 gene regulation, something that is described in further detail in paper 1.

3.1.1 | CYP2C19 stable cell line

Establishing a cell line expressing CYP2C19 was achieved by using the Flp-In™
system from Invitrogen and their modified HEK293 cell line, Flp-In™-293, containing
a single integrated Flp recombination target (FRT) site ensuring a single integration site
of the CYP2C19 gene.

CYP2CI19 cDNA was subcloned into the pcDNAS/FRT expression vector and
homologous recombination between the FRT sites in the cells and vectors was
performed using the Flp recombinase, pOG44. Mock transfected cells were prepared in
the same way with the pcDNAS/FRT vector and were used as controls in all
experiments. After transfections cells acquired Hygromycin B resistance and resistant
clones were sub-cultured and further analyzed. CYP2CI19 expression and enzymatic
function in the stable cell line was validated by RNA and protein expression by
performing real-time polymerase chain reaction (RT-PCR), immunocytochemistry
(ICC) and western blotting (WB), and by studying enzyme activity in intact cells.

3.1.2 | Enzyme activity assay

When studying CYP enzyme activity many different systems and assays can be used.
The P450 Glo assay from Promega contains the CYP2C19 specific substrate Luciferin-
H EGE and was used for measuring the effects of 17a-ethinylestradiol (ETE) and
estradiol (EE) on CYP2C19 enzyme activity. Flp-In™-293/CYP2C19 cells were seeded
in 96-well plates and incubated with the CYP2C19 substrate. Estrogens were added 5
minutes prior to substrate incubations and the luminescence produced was proportional
to CYP2C19 activity.
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3.2 | Paper II - Decreased hippocampal volume and increased anxiety
in a transgenic mouse model expressing the human CYP2C19 gene

3.21 | Transgenic mice

All mice included in this study were of C57BL/6 background and transgenic for the
human CYP2C18 and CYP2C19 genes or wildtype (Wt) controls. The mouse model
investigated, transgenic for the whole human CYP2CI8 and CYP2CI9 locus were
originally developed and produced at Astra Zeneca Transgenic Centre in Molndal,
Sweden. CYP2C19 transgenic mice hemizygous (CYP2C19Tg-Hem) for the gene insert
express approximately 12 copies and have previously been characterized with regards to
gene regulation, expression and pathology.'”*'">!'®! For a more detailed description see
1.9.3.

CYP2C19 appears to have drastic effects on development at high expression levels
since pups homozygous (CYP2C19Tg-Hom) for the insert rarely survive past postnatal
day 3 (PND3). CYP2C19Tg-Hom mice were therefore only bred for in the
developmental part and for PNDO brain morphology assessments. For all experiments
male CYP2C19Tg-Hem mice were investigated and generated by crossing
CYP2C19Tg-Hem and wild-type (Wt) mice. For all experiments, except for the tail-
suspension test without stress, CYP2C19Tg-Hem females were used to avoid any
potential maternal environmental differences between the litters. For the same reason
Wt litter mates were always used as controls. Early in the characterization of the
CYP2C19Tg-Hem mice a specific motoric phenotype was observed, where one or both
hind paws were lifted higher, and sometimes stayed elevated for longer than in Wt mice.
This phenotype does not seem to affect the animals overall performance in the
behavioral tests as will be described in further details in the results and discussion part.
Male mice were used for all experiments apart from the developmental study were
genders were unknown. This choice was made to avoid additional variables such as
hormonal fluctuations. It has already been shown that CYP2C19 display a sexually
dimorphic expression pattern in the transgenic mice so differences in the phenotype
could be expected between genders. All mice were group-housed with a 12h light/dark
cycle and with ad libitum access to food and water. Every effort was made to minimize
animal suffering and number of individuals that had to be sacrificed during the work of
this thesis. All animal experiments were approved by the Stockholm Northern Ethics
Board of Animal Experimentation.

3.2.2 | Behavioral studies

When starting this thesis work little was known about the phenotype of the
CYP2C19Tg-Hem mice in regards of behavior and brain morphology and function. As
described above an association has however been discovered between CYP2CI9
genotype, more specifically low enzyme function, and less depressive symptoms.”> We
therefore decided to start with a behavioral investigation of male CYP2C19Tg-Hem
mice at 7 and 15 weeks of age as a first step in elucidating a possible endogenous
function for CYP2C19. A battery of behavioral tests was evaluated in the transgenic
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mice trying to cover important aspects such as motor function and activity, depressive-
and anxiety-like behavior, and stress sensitivity.

To avoid any unnecessary stress for the animals all mice were handled by the
experimenter the week before behavioral testing for at least one minute per day for four
consecutive days. On test days, all mice were acclimatized to the test room for one hour
before proceeding with behavioral tests. All assessments were performed at both ages
apart from the Morris water maze (MWM) that was only investigated in 15-week old
mice. The tail-suspension test (TST) was performed with and without prior exposure to
the MWM on separate groups of mice. All other behavioral tests were performed on the
same group of mice at both ages. Mice were left to rest for at least three days between
tests that were conducted in the following order: Open-field (OF), light-dark box
(LDB), and stress-induced hyperthermia (SIH).

3.2.2.1 | Tail-suspension test (TST)

For investigating and validating antidepressant drugs, the TST is one of the most
commonly used tests in drug development today. It is based on the behavioral despair
monitored in mice exposed to the short-term stressor of being suspended by the tail
above the ground.'®® The forced swim test is also widely used in the same way as the
TST but these tests are generally displaying similar outcomes and therefore only the
TST was used for the initial screening in this study.'® The main goal of this study was
not to investigate antidepressant drugs but to study any potential phenotype of the
CYP2C19Tg-Hem mice when exposed to this test.

All mice were exposed to the TST for 6 minutes and immobility time (>2s), frequency
and latency to first immobility were manually calculated for the whole session. The TST
was performed on 7-week old and 15-week old male mice (n=6-10/group). Three days
after being exposed to the MWM, separate groups of mice were subjected to the TST to
investigate if the stress of water maze exposure could potentially change the outcome of
this test (Wt: n=10; CYP2C19Tg-Hem: n=9). The test was performed and evaluated in
the same way as described above.

3.2.2.2 | Open-field (OF)

The open-field paradigm was used for the evaluation of locomotor activity since the
CYP2C19Tg-Hem mice display a walking phenotype, as described in 3.2.1. All mice
were placed in the same position in square opaque Plexiglas boxes (50 cm®) without
bedding (n=15/group). The OF is furthermore considered an unconditioned conflict test
for assessing anxiety-like behavior with the open illuminated arena being potentially
threatening for small rodents.'**'” To analyze anxiety-like behavior in the OF, the
arena was divided into peripheral, intermediary and central regions. Total distance
travelled and time spent in each area was calculated using recordings and the behavior
analysis software TopScan Lite from Clever Sys Inc.
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3.2.2.3 | Light-dark box (LDB)

The LDB evaluates mouse aversion to illuminated open areas and the desire of
exploring new environments'®? and is one of the most commonly used behavioral tests
for assessing anxiety-like behavior in mice.'"™ The light-dark box consisted of two
compartments: one dark, closed compartment (25 cm®) and one illuminated, open
compartment (25 cm®). All mice were placed in the light compartment facing away from
the opening and were allowed to freely explore for 5 minutes (n=15/group). Time spent
in and number of transitions between the different compartments was recorded.

3.2.2.3 | Stress-induced hyperthermia (SIH)

The SIH, mostly used for its predictive validity by using anxiolytic drugs, was
employed to further investigate the stress response in the transgenic mice.'”' Rectal
temperature was measured twice in each mouse: t=0 (T;) and t=+10 min (T,). After the
first measurement (T;), each mouse was placed individually in a novel cage for 10
minutes (n=15/group). The T; handling plus the 10-minute exposure to a novel cage
was considered stressors, the response to which was analyzed by temperature raise at
T,. The difference in temperature (AT= T, -T) is considered to reflect stress-induced
hyperthermia.'” This test was not included in paper II due to space limitations.

3.2.24 | Morris water maze (MWM)

Spatial navigation learning in the MWM is highly correlated to hippocampal function in
mice. This is best described by studying the effects that MWM training has on
neurogenesis and survival of GCs in the hippocampus. Several studies have shown that
learning in the MWM selectively adds and remove adult-born GCs depending on their
maturation stages and functional significance, thus suggesting that these cells and
hippocampal plasticity is highly involved in the learning process.'™'® Due to the
drastic changes in hippocampal size and neuron maturation in the transgenic mice the
MWM was employed to evaluate if these changes have any effects on spatial learning,
i.e. hippocampal function. This was assessed in 15-week old male mice in a water pool
measuring 120 cm in diameter. A transparent platform (10 cm) was placed in the north-
west quadrant with four visual cues placed around the pool. For a more detailed
description see Figure 9a. All mice were assessed for motivation and swim capacity in a
pre-training session, revealing no obvious problems. Three days after the pre-training
assessment all mice were trained in the water maze four times a day for five consecutive
days. During the training sessions the platform was hidden and all mice were placed in 4
different random positions per day: north, west, south, and east. To be considered a
successful response during the training sessions the mice had to stay on the platform for
three seconds. During the retention test, 1 day after the last training session, the mice
were placed in the south-east corner of the pool and left in the water for 60 seconds.
During the retention test the platform was removed and learning and memory evaluation
was accomplished by manually calculating time to first platform crossing, number of
platform crossings and total time spent in the platform quadrant.
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3.2.3 | Acute restraint stress and plasma corticosterone levels

To investigate stress reactivity of the mice, including hippocampal neuronal activation
and the function of the hypothalamic-pituitary-adrenal (HPA) axis, both 7- and 15-
week-old mice were exposed to acute restraint stress. This was achieved by placing the
mice in a 50 ml ventilated Falcon tube for 30 minutes. To collect whole blood mice
were either directly decapitated after the restraint stress or placed in their home cage for
another 30 minutes before decapitation. As a control, mice were immediately
decapitated without stress exposure. All animals in the same age group were decapitated
on the same day, between 08:00 and 11:00 a.m. Serum aliquots were analyzed for
corticosterone (CORT) content using an enzyme-linked immunosorbent assay specific
for mouse/rat corticosterone. To investigate hippocampal activation after stress
exposure all hippocampi were dissected and analyzed the expression of the immediate-
early gene c-fos.

3.2.4 | mRNA expression and RT-PCR

CYP2CI19 and CYP2CI8 expression levels were investigated in liver and brain tissue
during mouse development, embryonic day 11 (E11), E14, and E18, early post-natal
days, post-natal day 0 (PNDO), and PND?7, and at 7 weeks of age. In four additional E18
transgenic embryos, the hippocampus and cortex were dissected out to investigate
specific expression within the different areas. The hippocampi had to be pooled due to
their low weight. RT- PCR protocol and primers were obtained from Lofgren et al.
(2008).'"

3.2.4.1 | Human fetal samples

To validate the developmental findings in the CYP2C19 transgenic mice brain tissue
from three human fetuses was obtained from the NICHD Brain and Tissue Bank for
Developmental Disorders at the University of Maryland (Baltimore, MD). A total of 8
samples were therefore analyzed for CYP2C19 mRNA expression. Samples were from
3 different female Caucasian donors; gestational week 19, 24 and 39. Brain samples
were from different cortical areas with little or no overlap between donors. All samples
were processed and analyzed in the same way as described for human CYP2CI9
expression in the transgenic mice but with the human housekeeping gene:
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

3.2.5 | Brain morphology studies

3.2.5.1 | Newborn CYP2C19Tg-Hom mice

CYP2C19Tg-Hom mice displayed high neonatal lethality and in an attempt to
investigate any possible reasons for this extreme phenotype, brain morphology was
evaluated at postnatal day 0 (PNDO) in CYP2C19Tg-Hom (n=4), CYP2C19Tg-Hem
(n=5) and Wt (n=3) pups. To elucidate any differences in brain morphology cresyl
violet stained sections were blinded and visually assessed. After this initial assessment
sections from three CYP2C19Tg-Hom and three Wt mice were further analyzed and the
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cortex, hippocampus and central regions were manually outlined in all sections to get an
estimated over some main morphological findings.

3.2.5.2 | 7- and 15-week old CYP2C19Tg-Hem mice

One of the most severely affected structures in PNDO CYP2C19Tg-Hom mice was the
hippocampus and therefore hippocampal size was assessed in 7- and 15-week old
CYP2C19Tg-Hem mice and Wt controls. To cover the whole hippocampal formation
every 7™ coronal section, with a total number of 12 sections starting at Bregma -0.94
mm, was stained with cresyl violet and the hippocampi were manually outlined in all
sections, see Figure 3.

3.2.5.3 | Magnetic resonance imaging

In collaboration with Karolinska Experimental research and imaging center (KERIC) a
magnetic resonance imaging (MRI) study of 15-week-old CYP2C19Tg-Hem mice
brains and Wt controls was performed. This was done to confirm previous size
measurements in brain sections and was performed by using a horizontal 9.4 T Varian
magnet. The volumetric images were acquired using a 3D Inversion Recovery Fast
Spin-Echo Sequence and image analysis was made with the image analysis software
ITK-SNAP (www.itksnap.org)."® Hippocampi and whole brain volumes (including
cerebellum) were manually outlined with genotypes blind to the experimenter.

Figure 3 | Image of a whole mouse brain and one coronal section visualizing the hippocampal
formation. (a) Mouse brain with approximate lines representing the 40 um coronal sections made for
immunohistochemical assessments. The most rostral section was located approximately at Bregma -1.46
mm and every 7™ section, with a total of 8 sections was processed for different markers. Similar
sectioning was done for area measurements of the hippocampal formation but with a total of 12 sections
starting at Bregma -0.94 mm. Arrows indicate section seen in (b). (b) Coronal section of mouse brain
stained with cresyl violet. As clearly visualized in the section the hippocampal formation is present in
both hemispheres. The black box indicates one hippocampus. Brain in (a) adapted from:
http://www.nervenet.org. Photo: A. Persson.
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3.2.6 | Immunohistochemistry

For all brain immunohistochemical (IHC) stainings mice were perfused with 4 %
paraformaldehyde to acquire a quick preservation of the tissues and antigens and to
avoid any hemoglobin auto-fluorescence. Brains were coronally sectioned into 40 pm
thick sections as seen in Figure 3, to perform all stainings in free-floating. For all IHC
markers, total numbers were also corrected for total hippocampal volumes as measured
by MRI.

Cell proliferation and maturation of young neurons is important for hippocampal
function. It is furthermore suggested that the reduced hippocampal size can be caused
by reduced neurogenesis in the DG of the hippocampus.'* Therefore 7-week-old mice
were injected with bromodeoxyuridine (BrdU) to investigate cell proliferation and
survival. Ki-67, another proliferation marker was used as a control for 7-week-old mice
and for assessing proliferation rates in the DG in adult mice. In 15-week old mice the
number of immature, migrating neurons in the DG was assessed by staining for DCX
positive cells.

Additionally, number of parvalbumin (PA) positive cells was evaluated in the whole
hippocampal formation at 15 weeks of age. Number of cells for all markers was
manually assessed in the DG of the hippocampal formation. PA positive cells were also
assessed in the CAl1+2 and the CA3 regions of the mouse hippocampus.
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4 | Results and discussion

In the following section results from the two papers included in this thesis will be
discussed. For a more detailed description of the result, including statistics, see
respective paper.

4.1 | Paper I — Regulation of CYP2C19 expression by estrogen receptor a:
implications for estrogen-dependent inhibition of drug metabolism

The CYP2C19 enzyme is involved in the metabolism of many drugs on the market and
it is therefore important to identify all factors that affect enzyme expression.
Polymorphism in the CYP2C19 gene is well characterized and makes it possible to
divide the population into different metabolic phenotypes. However, other factors
besides genetic polymorphism also influence CYP activity, including drugs and other
substances that are known to either induce or inhibit CYP2C19 gene transcription and
enzyme activity. As described in the introduction, estrogens are shown to be
metabolized by CYP2C19 and furthermore to inhibit enzyme activity, however by
which mechanisms this is achieved and its clinical implications warrants a more in
detail investigation. Both transcriptional regulation and direct enzyme inhibition of
CYP2C19 could be envisioned and was further investigated in this paper.

41.1 | Validation of the CYP2C19 stable cell line

To investigate direct effects of the estrogens ETE and EE on CYP2C19 enzyme activity
a HEK?293 cell line stably expressing CYP2C19 was established by using the Flp-In™
system (Invitrogen). RT-PCR and WB confirmed CYP2C19 mRNA and protein
expression in the HEK293 cells. CYP2C19 protein expression was also confirmed by
ICC as visualized in Figure 4. The HEK293 cells originate from transformation of
human embryonic kidney (HEK) cells by exposure to sheared fragments of human
adenovirus type 5."" HEK293 cells are widely used for both transient and stable
expression of recombinant proteins due to their efficiency and consistency in
transfections and protein expression.'**'® This cell line has been further modified by
Invitrogen, referred to as Flp-InTM-293 cells, to ensure a single integration site of your
gene of interest, thus making the Flp-In system ideal for fast, predictable and stable
protein expression. I have furthermore used the HEK293 cell line, stably expressing the
CYP2C19 enzyme, for inhibitor screening and to investigate possible endogenous
substrates for CYP2C19, something that will be addressed in future publications.
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Figure 4 | CYP2C19 protein expression in the modified HEK293 cell line, Flp-In™-293
(Invitrogen). Flp-In™-293 cells were stably transfected with CYP2C19 ¢cDNA and protein expression
was confirmed by immunocytochemistry using the anti-CYP2C19 antibody produced in rabbit (Sigma-
Aldrich). (a) Mock transfected cells were used as controls in all experiments. (b) CYP2C19 transfected
Flp-In™-293 cells. Scale bar= 50 um. The inserted images are magnifications (63x) of one representative
cell. Scale bar= 5 pm. Photo: A. Persson

4.1.2 | Relatively high estrogen concentrations inhibit CYP2C19 enzyme
activity

The estrogens 17f-estradiol (EE) and 17a-ethinylestradiol (ETE) are the most
commonly used female steroid hormones in hormone replacement therapy and OCs.”
Drug interactions caused by these hormones are important to investigate in the
development of new drugs since these estrogens are widely prescribed and studies show
that female hormones can affect the activity of drug metabolizing enzymes, with some
enzymes being induced and others displaying substantial inhibition.®*’*"* As described
in the Introduction (section 1.3), in vivo data shows that the interaction of OCs and
CYP2C19 specific substrates seems to be substantial, displaying a marked reduction of
CYP2C19 specific metabolites.”>*’*7* In this paper we showed that both EE and ETE
have a direct inhibitory effect on CYP2CI19 enzyme function, thus confirming
previously published data. However, all in vitro data published hitherto, including this
study, have used rather high ETE concentrations in the micromolar range.”” Plasma
levels of ETE after using OCs is usually in the pico- to nanomolar range making the
published results rather questionable from a clinical perspective.”' Female sex steroids
do however display an extensive enterohepatic circulation which could lead to relatively
high hepatic concentrations, despite low plasma levels.”’ Thus, it is still rather
questionable if the high estrogen concentrations needed for significant enzyme
inhibition in the CYP2C19 expressing cells can explain or even contribute to the
marked effects OCs display on CYP2C19 metabolism in human studies.”””*"*"* It was
thus considered important to evaluate effects on the transcriptional level.
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4.1.3 | Estrogens affect CYP2C19 enzyme activity through transcriptional
regulation

The main focus of this study was therefore to investigate if ETE and EE could affect
transcriptional regulation of the CYP2C19 gene. In this paper, four potential estrogen
responsive element (ERE) half-sites were discovered in the promoter region of the
CYP2C19 gene by in silico analysis. However, only one site, in the promoter region;
position -151/-147, showed binding of estrogen receptor oo (ERa) by electrophoretic
mobility shift assay (EMSA) and chromatin immunoprecipitation (ChIP) analysis in
human hepatoma (Huh7) cells. It was confirmed that ERa is activated by ETE and EE
and inhibits CYP2CI9 transcription through the newly identified ERE binding half site
(-151/-147) in the proximal part of the CYP2CI9 5’ -flanking region. EE and ETE
displayed inhibition of CYP2C19 gene transcription in a dose-dependent manner with
the half-maximal inhibitory effect of 100 and 10 nM, respectively. This was displayed
both by luciferase gene reporter assay and by measuring mRNA levels in human
hepatocytes. A similar transcriptional regulation has also been suggested for the related
CYP2C9 gene indicating that this regulatory mechanism is rather conserved in the
human CYP2C family.190 However, disrupting the ERE half site in the promoter region
only partly restored the CYP2C19 transcription thus suggesting additional important
ERE sites or other regulatory mechanisms by the activated estrogen receptor. ERa is
known to affect other transcription factors by stabilizing their DNA binding but also by

recruiting other co-activators to the transcription complex.'®"

It was previously shown by Laine et al., that estradiol did not affect CYP2C19 enzyme
activity in vitro,”® which is not only contradictory to our results but also to the studies
suggesting that CYP2C19 metabolizes this specific estrogen.” Even though the effect
of EE on CYP2C19 activity needs to be confirmed in vivo, our data suggests that also
hormone replacement therapy could impact the metabolism of other CYP2C19
substrates. However, the transcriptional inhibition by ETE is observed at much lower
concentrations than EE thus suggesting that OCs are more likely than HRT to cause
important drug-interactions.

This is the first study showing an effect of estrogens on CYP2CI9 gene regulation and
the transcriptional inhibition by ETE and EE was seen at much lower and more
clinically relevant concentrations than for direct enzyme inhibition. We can conclude
that transcription factor-mediated regulation is probably the major mechanism by which
estrogens inhibit CYP2C19 activity.
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4.2 | Paper II - Decreased hippocampal volume and increased anxiety in a
transgenic mouse model expressing the human CYP2C19 gene

The human CYP2CI19 gene displays high degree of polymorphism leading to absent,
decreased or increased enzyme activity. This polymorphism has a great impact on drugs
metabolized by CYP2C19 but has also been associated with depressive symptoms and
personality traits.*>**%* So far, no confirmed phenotype has been proposed for humans
with regards to CYP2C19 enzyme activity besides the metabolic phenotypes described
in the introduction. To elucidate the possible effects of high CYP2C19 expression, a
transgenic mouse model expressing the human enzyme was investigated. The study
was performed with emphasis on brain development, behavior and characterization of
the hippocampal formation.

421 | CYP2C19 and brain development
4.2.1.1 | Brain morphology at PNDO

The hippocampus

Homozygous mice for the human CYP2CI18/CYP2C19 locus displayed high neonatal
lethality, thus suggesting that CYP2C19 might affect development. As a part of
elucidating possible developmental effects of the genetic insert, brain morphology in
CYP2C19Tg-Hom (n=4), CYP2C19Tg-Hem (n=5) and Wt (n=3) mice at PNDO was
investigated. Upon visual assessment of brain morphology some rather striking
abnormalities could be observed in the CYP2C19Tg-Hom brains. The hippocampal
formation displayed an overall smaller appearance (about 60 %, Supplementary Figure
2, paper II) with the different areas and layers appearing less developed as seen in
Figure 5b-c (Figure 1, paper II). When comparing with a mouse brain developmental
atlas, CYP2C19Tg-Hom hippocampi much resembles developmental stages E17-18.'"
This implicates that the hippocampal development is either terminated at this time-point
or, perhaps more likely, that the development of the hippocampal formation is delayed
in the transgenic mice. This was however not seen in hemizygous mice thus suggesting
a gene-dose effect.

Commissural agenesis

The development of white matter structures are severely affected in CYP2C19Tg-Hom
pups. Homozygous pups display total commissural agenesis, as seen in Figure 5a-b
(Figure 1, paper II), involving the corpus callosum (CC), hippocampal commissure
(HCC) and the anterior commissure (AC). These trajectories are the major connections
between the cerebral hemispheres and the defects seen indicate a global defect in the
midline crossing of commissural fibers.'”*'** Such a delayed hippocampal development
and total commissural agenesis do however not explain the premature death of these
pups. However, induction of callosal agenesis in animal models often triggers agenesis
in other major callosal tracts as well and this might also include deficits of the internal
capsule that in many cases leads to perinatal death."”® The internal capsule has not been
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investigated in the CYP2C19Tg-Hom mice but malformation of this capsule could
however be the explanation for the early death of these mice. Callosal tract development
is not the scope of this study since callosal defects are not observed in our visual
assessment of the CYP2C19Tg-Hem brains at PNDO. We can however not exclude the
possibility of a callosal hypogenesis (partial agenesis) in the CYP2C19Tg-Hem mice
although preliminary studies do not indicate this to be the case. Investigating
commissural fiber thickness and density in adult CYP2C19Tg-Hem mice could be
important for further understanding of the displayed adult phenotype. Complete or
partial agenesis of the major commissures is one of the most commonly observed
congenital malformations of the human brain,'”* with agenesis of the CC occurring in
approximately 1:4,000 live births.'”® Commissural agenesis or reduced size and density
have been associated to many syndromes and disorders,'”* however mostly studied in
autism spectrum disorders (ASD),'**"*!*7  MDD,'®2® and attention-deficit
hyperactivity disorder (ADHD).'***!

Figure 5 | Brain morphology at PNDO in CYP2C19Tg-Hom pups and Wt controls. Images are
cresyl violet stainings of Wt (n=3) and CYP2C19Tg-Hom (n=4) pups at PDNO. (a-c) The representative
images display coronal sections from 3 rostral to caudal positions. (a-b) CYP2C19Tg-Hom mice display
a distinct morphological phenotype with complete commissural agenesis. As pointed out by arrows on
each image, the corpus callosum (top arrow a, and b), the hippocampal commissure (b) and the anterior
commissure (bottom arrow a), are all essentially lacking axons crossing over the midline of the
hemispheres. (b-¢) The hippocampal formation in CYP2C19Tg-Hom pups much resembles
developmental stages E17-18 thus suggesting a stalled or delayed development of this structure. Brain
sections from CYP2C19Tg-Hem mice were indistinguishable from those of Wt litter mates. Figure from
paper II.

Since CYP2C19Tg-Hom pups only survive for a few days after birth, all adolescent and
adult studies were performed on hemizygous mice. None of the above mentioned
morphological changes were apparently seen in CYP2C19Tg-Hem pups; however a
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more in depth evaluation of hippocampal size and commissural integrity at PNDO has
not been performed.

4.2.1.2 | CYP2C19 is expressed during brain development in CYP2C19Tg-Hem
mice

As described above, severe morphological changes were found in the brains of PNDO
CYP2C19Tg-Hom pups. Further investigations on developmental effects were focused
on CYP2C19Tg-Hem mice and expression of CYP2C18 and CYP2C19 was investigated
during embryonic development, early postnatal days (gender unknown) and in 7-week-
old male mice.
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Figure 6 | Expression of CYP2C19 and CYP2CI18 mRNA in brain and liver tissue during
embryonic development and early postnatal days. CYP2CI8 and CYP2C19 mRNA expression pattern
was investigated in liver and brain tissue during embryonic development (embryonic day 11 (E11), E14,
and E18) and early postnatal days (postnatal day 0 (PNDO) and PND7). The graph displays relative
CYP2C18 and relative CYP2C19 mRNA expression levels in fetuses and pups of unknown gender. As
evident from the graph, there is a brain specific expression of CYP2C19 mRNA that peaks at E18, with a
6-fold higher brain expression compared to liver. The expression of the CYP2CI8 gene was consistently
low in both tissues and no expression of CYP2CI18 or CYP2C19 mRNA was detected in Wt mice. Four to
five mice were analyzed for each time-point and data are presented as mean with S.E.M. Figure from
paper II.

Little is known regarding the ontogeny of CYP2CI8 in humans®”? and CYP2C18
protein has furthermore never been detected in either adult (26-31 weeks)
CYP2C18/CYP2C19 transgenic mice'’* or in adult human liver.***” CYP2C18 mRNA
expression was however investigated during mouse development since the gene might
display a specific developmental expression, like e.g. CYP3A7 in humans.***”
CYP2CI18 mRNA levels were however found consistently low throughout the
development in both liver and brain tissue, Figure 1, paper II. Expression analysis of
CYP2C19 however, revealed relatively high mRNA levels in the brain at E14, E18 and
PNDO, with a peak value of more than 6-fold (E18) of that seen in liver as seen in
Figure 6. It is rather difficult to compare mouse and human brain development.
However, the E18 expression peak in mouse brain can roughly be translated to
gestational week 15 in human brain development.’®® Since the hippocampal formation
seemed to be one of the most effected structures in the CYP2C19Tg-Hom pup, specific
hippocampal CYP2C19 expression was investigated in four E18 CYP2C19Tg-Hem
embryos. No significant differences were seen in expression between the four pooled
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hippocampal samples and the cortex or the rest of the cerebrum indicating that the
expression pattern is rather uniform in the developing brain (Supplementary Figure 1,
paper II). Hepatic expression of CYP2C19 was constantly low during the embryonic,
fetal and postnatal time-points investigated as clearly visualized in Figure 6. At 7 weeks
of age a clear shift in hepatic and brain expression was observed, with silencing of the
expression in brain tissue and a clear induction of hepatic expression (Figure 1b, paper
ID). This is in line with previously published expression data from adult CYP2C19Tg-
Hem mice with relatively low brain expression and high hepatic levels of CYP2CI9
mRNA.'" Mice have a large Cyp2c¢ family of proteins, however no direct homologues
to CYP2C18 and CYP2C19," thus making the observed human CYP2CI9 expression
specific for the transgenic mice.

The ontogeny of CYP2C19 has been studied in human liver where expression is rather
constant, and relatively high, throughout gestation. CYP2C19 expression levels range
between 10-20 % of adult liver values.”*>*"’ It is hypothesized that CYP2C19, and other
CYPs with similar gestation expression patterns, might have important developmental
roles that could be different from their functions in adult liver.”** This is interesting in
correlation to our data even though the developmental expression pattern in liver is
rather different between the species.

4.2.1.2 | Human brain expression of CYP2C19

Expression of CYP2C19 during human brain development has never been investigated.
As described above, it is however one of the highest expressed CYPs in the liver during
human development thus suggesting that it might have important endogenous
functions.””>*"” In light of the embryonic expression pattern found in the transgenic
mice, cerebral cortical brain samples from three different human fetal donors were
investigated. CYP2C19 mRNA quantifications showed that CYP2C19 can be expressed
at a level representing approximately 0.5 % of that found in human adult liver. Two
different cerebral cortical samples of the donor from gestational week 24 displayed the
highest CYP2C19 expression, showing approximately 0.3 and 0.6 % of the levels in
adult human liver. This was found in two separate regions and is interesting since it
corresponds rather well to the expression peak at E18 in the transgenic mouse brain.*®
Samples were compared to adult liver expression were CYP2C19 is one of the most
abundant CYPs and probably expressed in about 50 % of all hepatocytes. Therefore,
CYP2C19 expression in the fetal samples could be rather significant especially since the
expression most likely is localized to a specific region and even a specific cell type.

It is of course important to remember that this is a pilot study with an exceptionally
limited number of samples. However, studying human fetal samples are difficult since
samples are extremely rare and therefore the results presented are important for future
investigations of CYP2C19s possible endogenous role in human brain development.
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4.2.2 | CYP2C19s effects on behavior in the CYP2C19Tg-Hem mice
4.2.2.1 | Hyperactivity and stress sensitivity

The open-field assessment and the tail-suspension test

One major phenotypic characteristic observed in the CYP2C19Tg-Hem mice is that
they display increased handling stress, i.e. they are more difficult to move between
cages and do not seem to respond as well to the handling before behavioral testing. As
an initial step in the behavioral investigation of the CYP2C19 transgenic mouse model,
transgenic mice and Wt controls were exposed to the open-field (OF) test. Many
different aspects of behavior can be assessed in the OF and here we studied motor
activity and anxiety-related behavior.'*'®” Mice were exposed to the OF for 30 minutes
where CYP2C19Tg-Hem mice displayed an increased locomotor activity, with an
overall longer distance travelled during the session, compared to Wt litter mates at both
ages investigated as seen in Figure 7a-b (Figure Sa-b, paper II). This suggests that the
observed walking phenotype with extended elevation of hind paws, described in section
3.2.1, does not affect their walking abilities. The hyperactive behavior was seen already
at 7 weeks of age thus indicating that this phenotype is established early in life.
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Figure 7 | CYP2C19Tg-Hem mice displayed increased reactivity to the open-field at both 7 and 15

weeks of age. CYP2C19 transgenic mice and Wt controls were assessed in the open-field arena for 30
minutes to investigate motor function. (a-b) CYP2C19Tg-Hem mice displayed increased motor activity
during the first 15 minutes of the test when investigating distance travelled over time. This was true for
both 7- and 15-week-old transgenic mice when compared to Wt controls. Data is presented as distance
travelled over time in 5 minute bouts presented with mean + S.E.M. The Student’s t-test was performed
on each bout. * p<0.05 ** p<0.01 Figure adapted from paper II.

For all rodents the open, highly illuminated arena is a potential threat and therefore
stressful."**'>  Transgenic mice displayed an increased reactivity to the novel
environment compared to Wt mice as seen in Figure 7a-b (Figure S5a-b, paper II).
However, CYP2C19Tg-Hem mice were not hyperactive for the whole session period.
They were habituating to the same activity levels as Wt mice after approximately 20
minutes, which most likely corresponds to when the novelty stress decreases. Similar

novelty-induced hyperactivity has been observed in for example bulbectomized rats.*”®

36



Results and discussion

This hyperactive response differs from animal models of for example ADHD, where the
hyperactivity usually starts when the environment gets familiar,™® and normally does
not adapt to Wt values.'*!" The CYP2C19Tg-Hem mice display a low but significant
hyperactive response in the OF and adapt to Wt values after approximately 20 minutes
in the open-field suggesting that the hyperactivity is caused by novelty stress rather than
by an ADHD phenotype. No difference in anxiety-like behavior was observed at any
age when calculating exploration time in different parts of the arena. This aspect is
further discussed in section 4.2.2.3.
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Figure 8 | Immobility time in the tail-suspension test before (-Stress) and after Morris water maze
training (+Stress). CYP2C19Tg-Hem mice and Wt controls were subjected to the TST and immobility
time was manually calculated during the 6-minute session period. 15-week-old CYP2C19Tg-Hem mice
(n=10) displayed 55 % less time immobility time compared to controls (n=6), here referred to as — Stress.
A separate group of mice were subjected to the TST after the MWM, here referred to as a stressor
(+Stress). Only Wt (n=10) mice were affected by this pre-exposure displaying reduced immobility,
comparable with transgenic mice both with (n=8) and without prior stress exposure. ** p<0.01 ***
p<0.001 Figure from paper II.

Transgenic and Wt mice were also exposed to the TST to investigate any potential
depression-like behavior. The TST is mostly used for its predictive validity of
antidepressants and is one of the most commonly used tests in rodents for assessing new
antidepressant drugs. Immobility time in the TST is generally considered as depression-
like behavior since most antidepressants reverse this phenotype.162 As seen in Figure 8
(Figure 5c, paper II), 15-week-old CYP2C19Tg-Hem mice exposed to the TST
displayed 55 % less immobility than Wt controls, thus not indicating a depressive
phenotype. This behavior was not present in younger mice where no differences in
immobility time could be observed. Reduced immobility time in the TST is most
commonly interpreted as an antidepressant-like behavior, however, when phenotyping
transgenic mice it is probably more appropriate to consider this response as increased

212-214

stress-sensitivity. This interpretation is in line with the results from the OF

suggesting an increased stress response in the CYP2C19 transgenic mice.
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Acute restraint stress and plasma levels of corticosterone

CYP2C19Tg-Hem mice display an increased reactivity to novelty and stressful
situations as showed by the OF and TST assessments. This together with the apparent
hippocampal phenotype we wanted to further investigate the stress sensitivity of the
CYP2C19Tg-Hem mice. Corticosterone (CORT) is the major stress hormone in
rodents’”® and depletion or sustained high levels of CORT is known to affect
morphology and survival of hippocampal neurons (reviewed by Hansson and Fuxe,
2008).2'® Even though the CYP2C19 transgenic mice displayed a more stress sensitive
behavior in these tests including increased handling stress, when exposed to restraint
stress, no differences were seen in CORT levels. CORT levels were almost identical in
CYP2C19Tg-Hem mice and Wt littermates at both 7 and 15 weeks of age when
assessed without stress, after 30 minutes of restraint stress, and after 30 minutes of
stress plus a 30 minute recovery period, see Supplementary Figure 7, paper II. It could
be hypothesized that these mice have the capacity to sustain a normal hormonal
response to stressors when not exposed for a longer period of time, i.e. during the acute
restraint stress. In the MWM CYP2C19Tg-Hem mice acquire a behavior similar to the
floating/despair-behavior observed in the forced-swim test (FST).*'"?'® In the FST test,
increased floating behavior is considered depressive-like, in the same way as
immobility in the TST. Therefore it would be interesting to challenge the transgenic
mice with a more chronic stress paradigm such as chronic mild stress, including cage
tilt, over-night illumination etc. over a period of weeks or months.'® It could be
hypothesized that CYP2C19 transgenic mice have difficulties coping with a more
chronic stressor thus more easily developing a depressive phenotype. It would also be of
value to further evaluate HPA-axis function and adaptation during chronic stress
treatment.

The initial objective of this study was to evaluate if the CYP2C19 transgenic mice
displayed any depression-like behavior. Due to the early behavioral findings in the mice
the project turned on a different track and focused more on trying to evaluate the
displayed stress sensitivity and hippocampal phenotype. In retrospect it would have
been interesting to evaluate a potential depressive phenotype in more detail. There are
many tests that could have been performed and that might add important knowledge and
insight into the phenotype observed in these mice. For example the sucrose-preference
test investigates any anhedonia related phenotypes correlating to another
endophenotypes of human depression.'*?

4.2.2.2 | Spatial learning and despair behavior in the CYP2C19Tg-Hem mice

As an attempt to evaluate spatial learning abilities and hippocampal function adult
CYP2C19Tg-Hem mice and Wt litter mates were trained and assessed in the Morris
water maze (MWM), see Figure 9. Unexpectedly, CYP2C19Tg-Hem mice developed a
rather distinct behavior over the 5 day training week. They displayed a gradually
increasing floating or despair behavior that was not seen in the beginning of the training
week, something that was furthermore not seen in the Wt controls at any day, see Figure
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9b. However, three out of ten transgenic mice did not acquire this despair behavior and
displayed similar or perhaps even better spatial memory during the retention test as
clearly visualized in Figure 9c-d. However, since the number of individuals in the
transgenic group for evaluation of the test got rather small it is difficult to draw any
conclusions from the results, but they do however suggest that the CYP2C19Tg-Hem
mice have normal learning abilities in the MWM.
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Figure 9 | Spatial learning and hippocampal function was evaluated in the Morris water maze
(MWM). (a) Experimental set-up of the MWM. 15-week old male mice were placed in a water pool
divided into 4 quadrants named; northwest (NW), northeast (NE), southeast (SE), and southwest (SW). A
transparent platform (10 cm) was placed in the NW quadrant with four visual cues placed around the
pool, here represented by the star, moon, circle, and rectangle. MWM training sessions were performed
with a hidden platform that was removed during the retention test. (b) Over the 5 day training period
CYP2C19Tg-Hem mice gradually developed a floating or despair behavior in the water maze. (c-d)
During the retention test learning and memory evaluation was performed by manually calculating number
of platform crossings and total time spent in the platform quadrant (PFQ), during 60 s. All mice
displaying more than 10 s of floating behavior were excluded. CYP2C19Tg-Hem mice do not differ in
their ability to learn and navigate in the water maze as displayed by the number of platform crossings and
time spent in the PFQ during the retention test. Data are presented as mean with S.E.M. * p<0.05

Spatial navigation learning in the MWM is highly correlated to hippocampal
neurogenesis in mice.'**'* Even though a drastic reduction of DCX positive cells can
be seen in the DG of CYP2C19 transgenic mice (Figure 14) it does not seem to affect
the learning abilities in the MWM. However, in correlation to the reduced hippocampal
size, these behavioral data support our postulated hypothesis that the CYP2C19Tg-Hem
mice display a specific size reduction of the caudal/ventral part of the hippocampus.
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This part is thought to be more involved in the regulation of anxiety-like behavior but is
not as related to learning abilities and memory function.''>!!>!16

Rodents react differently to short- and long-term stress and when repeatedly exposed to
a stressor the response can either stay the same, habituate (decrease), or increase.”'**%
The CYP2C19 transgenic mice display hyperactivity in the TST, an intense short term
stressor and develop a despair behavior during MWM training, a relatively mild but
long-lasting or repeated stressor. The reasons for these different responses remain to be
elucidated but it could be hypothesized that the transgenic mice have difficulties in
chronic stress coping. Another TST was performed on the MWM mice three days after
the retention test to evaluate if this long term stress exposure also would affect their
performance in this test. Interestingly, no effect was seen on the CYP2C19Tg-Hem
mice that displayed a similar immobility time as seen previously, without the MWM
stress; see paper 1L, Figure 5c. However, acquired despair behavior normally only stays
for around 2-3 days, and thus could have vanished by the time they were tested in the
TST. Wt mice however, significantly reduced their immobility time down to
CYP2C19Tg-Hem levels. My interpretation of these differences in behavior is that the
long term mild stressor, i.e. the MWM induced despair behavior in the transgenic mice,
which either disappeared over three days resting or is not transferrable between tests.
Wt mice on the other hand acquired an increased stress-sensitivity, comparable to
transgenic behavior prior stress exposure.

It might be of value to perform a more extensive evaluation of memory and learning
ability in the CYP2C19Tg-Hem mice using other hippocampus-related tasks in addition
to the MWM. Such a study could for example include Olton’s radial arm maze, which is
furthermore also considered less stressful than the MWM.?' Although the MWM test
did not address memory due to the unexpected behavior of the CYP2C19 transgenic
mice, this response instead supports a disturbed affective phenotype.

4.2.2.3 | Anxiety-related behavior

The LDB measures the conflict between rodent curiosity in exploring new environments
and their fear of open, highly illuminated places. Spending less time in the light box is
considered as increased anxiety-like behavior, mainly since anxiolytic drugs make
rodents more prone to investigate the light environment.'***** Fifteen-week-old
CYP2C19Tg-Hem mice spent significantly less time in the light compartment thus
suggesting a more anxious phenotype. In adult mice this behavior is significant with a
reduction of time spent in the light compartment of 42 %, a similar trend was observed
in 7-week-old mice as seen in Figure 10 (Figure 5d, paper II).

Interestingly, the CYP2C19Tg-Hem mice do not display any anxiety-related behavior in
the OF, where spending less time in the central part of the arena is interpreted as an
anxious phenotype.'®” However, results from the OF and LDB do not always overlap
even though they are considered similar in their unconditioned avoidance of a potential
threat. The differences seen are most probably due to the fact that there seems to be
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some construct differences between these tests, i.e. that they are measuring different
aspects of anxiety.”*

Other tests exploring similar aspects of anxiety-like behavior in rodents are available,
such as the elevated-plus maze. Many anxiety-related animal models do display
anxiety-related behaviors in at least two of these tests. It would therefore be interesting
to investigate the CYP2C19Tg-Hem mice in the EPM for a more in depth evaluation of
anxiety-related behavior in our model.

Figure 10 | CYP2C19Tg-Hem displayed
anxiety-like behavior in the light-dark

I box at 15 weeks of age. During 5 minutes
- CYP2C19Tg-Hem and Wt mice were
investigated in the light-dark box test. The
time spent in the light and dark
1 compartments was recorded and 15-week-
old CYP2C19Tg-Hem mice displayed
significantly less time in the light
compartment compared to Wt mice (n=15
mice/group), thus indicating an anxiety-
like phenotype. At 7 weeks of age a similar
trend was observed. ** p<0.01 Figure from
2C19Tg paper II.
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All mice were also exposed to the SIH, mostly used for evaluating anxiolytic drugs.
Anxiolytic drugs reduce the increase in body temperature seen after stress exposure,'”"
very similar to the way the TST is used for evaluating antidepressant effects of drugs.
However, no differences were seen in the increase in body temperature after stress.
When subjected to the SIH test, both age groups and both genotypes responded with a
similar stress-induced hyperthermia something that was not presented in paper II due to
space limitations. As seen in Figure 11, a higher basal body temperature was however
observed in CYP2C19Tg-Hem compared to Wt mice at both 7 and 15 weeks of age.
This could be caused by different factors, including dysfunctional hypothalamic
regulation.”?* Whether the higher body temperature observed in CYP2C19Tg-Hem mice
is caused by an increased psychological stress remains to be further investigated but it is
an intriguing possibility in combination with the observed behavioral phenotype.
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O 40 7 Wieks 15 erks Figure 11 | Basal body
3— temperatures of CYP2C19Tg-Hem
% 384 | I mice and Wt controls. Rectal
o ‘ temperatures were measured and a
g‘ 364 significant increase in basal body
9 temperatures was found between
234 CYP2C19Tg-Hem mice and Wt
_g controls at both 7 and 15 weeks of
= 321 age. Data are presented as mean with
% S.E.M. *p<0.05 Figure from
m 30

V\ll t 2C19Tg V\; ¢ 2C19Tg Supplementary Information, paper I1.

We have not investigated the effects of anxiolytic drugs on the behavior observed in the
OF, LDB, and the SIH. However, we are planning to evaluate the anxiety-like behavior
seen in the LDB by administrating anxiolytic drugs. This is an important aspect since a
positive response of the anxiolytic drugs in the LDB would add predictive validity to
our potential anxiety model.'®® Regarding all three behavioral tests, LDB, OF, and TST,
we observed that the behavioral phenotype in the CYP2C19Tg-Hem mice was more
pronounced in young adult, 15-week old compared to adolescent, 7-week-old mice. So
despite the plausible effect of CYP2C19 on brain development, the behavioral effects
do not manifest until young adulthood, very much like MDD and other neuropsychiatric
disorders in humans were the manifestation normally occurs at this age.”***

4.2.3 | The hippocampal formation in CYP2C19Tg-Hem mice

Due to the behavioral findings and the drastic developmental effects on hippocampal
morphology much focus was spent on this important limbic structure throughout paper
II. The hippocampus is mostly known for its important functions in learning and
memory formation, stress regulation and emotional processing, *¢ 10226134

4.2.3.1 | Hippocampal size

To investigate hippocampal volume or size in CYP2C19Tg-Hem mice two methods
were used: area measurements of sections and MRI. Sections from both 7- and 15-week
old mice were measured using cresyl violet stainings of 12 sections per mouse covering
the whole hippocampal formation. A reduction in hippocampal size was seen in
CYP2C19Tg-Hem mice at both 7 (12% reduction) and 15 weeks of age (11%
reduction). Interestingly, the systematic sectioning revealed that this size reduction was
not uniform throughout the structure but rather specific for the caudal-ventral part of the
hippocampus as seen in Figure 12c-d (Figure 2b-c, paper II). Fifteen-week-old mice
were furthermore also examined using a using a 9.4 T Varian MRI system to confirm
the results from the measured sections. As clearly visualized in Figure 12 a-b these
volumetric analyses revealed smaller whole brain (3.1 %) and hippocampal volumes
(7.1 %) in CYP2C19Tg-Hem compared to Wt mice. Probably due to the low number of
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animals investigated, no correlation was found between whole brain and hippocampal
volumes. Hippocampal volumes were therefore not normalized against whole brain
volumes. However, it is quite clear that the smaller hippocampal volume is due to a
specific reduction of the caudal-ventral part as shown by sectioning analyses and does
not affect the whole structure, see Figure 12¢-d (Figure 2b-c, paper II). Many studies
suggest that the hippocampal formation has distinct functions along its dorso-ventral
axis, with the caudal-ventral part of the hippocampus being mostly involved in the
regulation of stress response and emotional processing, in particular regulation of
anxiety-related behavior in mice.""®'"® This fits well with the behavioral phenotype
observed in the CYP2C19 transgenic mice. That the hippocampus is found to be smaller
already in young adolescent mice suggests that this might be a congenital effect,
something that is further proven by the drastic changes seen in CYP2C19Tg-Hom mice
at PNDO.
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Figure 12 | Smaller brain and hippocampal volumes in CYP2C19Tg-Hem mice. (a-b) Whole brain
and hippocampal volumes were investigated in 15-week-old CYP2C19Tg-Hem mice and Wt controls
(n=7/group) using a 9.4 T Varian magnetic resonance imaging system. Manual outlining using the
software ITK-SNAP revealed smaller brain (3.1 %) and hippocampal volumes (7.1 %) in CYP2C19Tg-
Hem mice. (c-d) Hippocampal volumes were also estimated by systematic sectioning measuring the
hippocampus in 12 coronal sections, covering most of the hippocampal formation. This clearly visualizes
the specific reduction of the caudal-ventral part of the hippocampus in both 7- (c) and 15-week-old mice
(d). Data are presented as mean with S.E.M. *p<0.05. HC, hippocampal. Figure from paper II.

43



Anna Persson

4.2.3.1 | The hippocampal formation, neurogenesis and stress coping

Proliferation and DCX positive cells in the dentate gyrus

In the DG of the hippocampal formation in mice, the neurogenesis process has been
found to be critical for hippocampal function®* %> 2°"2% and reduced neurogenesis has
been suggested as a possible explanation for reduced hippocampal volumes in
depression and other psychiatric disorders. However, CYP2C19Tg-Hem mice do not
display any differences in the classical proliferation markers, BrdU and Ki-67. Thus, no
differences in proliferation rates were detected at either 7 or 15 weeks of age in the DG
of transgenic mice.'*”"** Furthermore, no differences in survival of BrdU positive cells
in the DG where seen four weeks after BrdU injections in young mice as seen in Figure
13. Total numbers were also corrected for hippocampal size (from MRI study) not
changing the results, see Supplementary Figure 5, paper II.
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Figure 13 | Investigation of proliferation rates and survival of newborn cells in the dentate gyrus
of CYP2C19Tg-hem mice and Wt controls. (a) Number of proliferating cells in the dentate gyrus as
measured by BrdU incorporation and Ki-67 expression at 7 weeks of age and Ki-67 at 15 weeks of age.
No differences were detected between the genotypes. (b) CYP2C19Tg-Hem mice and controls were
injected with BrdU and sacrificed 4 weeks later to investigate survival rates of newborn cells. No
differences were seen in number of BrdU positive cells at this time point. (¢) Representative images of
proliferating cells in the dentate gyrus of Wt and CYP2C19Tg-Hem mice. Figure adapted from
Supplementary Figure 4, paper 11. Photo: A. Persson

The neurogenesis process has been intensively studied in mice and displays a complex
pattern with many different cell types and specific markers. As a part of the maturation
process of new neurons in the DG, cells migrate in to the granule cell layer and are
incorporated in the hippocampal circuits. This specific cell type is referred to as
migrating immature neurons and can be visualized by the cytoskeleton marker DCX. As
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seen in Figure 14 (Figure 4, paper II) adult CYP2C19Tg-Hem mice display a drastic
decrease of the DCX expressing cell population in the DG, with a mean reduction of 42
% compared to Wt controls. DCX is sometimes used as a proliferation marker but in the
CYP2CI19 mice a specific reduction of this marker is seen without any effects on
proliferation. Knocked-out neurogenesis, leading to few DCX positive cells in the
rodent DG, can lead to impaired negative feed-back on the HPA-axis.''" If this response
is dependent on DCX cells is still not known but these cells do have specific properties,
displaying increased excitability and are suggested to be important in hippocampal
structural plasticity including axonal guidance and dendrite sprouting.''*  As
mentioned, we did not see any differences in corticosterone levels when exposing the
transgenic mice to acute stress.
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Figure 14 | DCX positive cells are drastically reduced in the dentate gyrus of CYP2C19Tg-Hem
mice compared to Wt controls. (a-b) Using immunohistochemistry immature neurons expressing DCX
were visualized in the dentate gyrus of Wt and CYP2C19Tg-Hem (2C19Tg) mice. CYP2C19Tg-Hem
mice displayed a drastic reduction of immature neurons in the dentate gyrus of the hippocampal
formation. (¢) Number of immature neurons is significantly reduced (42 %) in the hippocampal dentate
gyrus of CYP2C19Tg-Hem mice. ***p<0.001 Figure from paper II.
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If DCX cells are regulating the release of corticosterone, remaining cells are probably
sufficient to respond and regulate the acute stress response. It would however be
interesting to investigate how the response might be to a more chronic stressor. DCX
positive cells are rather abundant in the DG, as seen in Figure 14 and hippocampal
neurogenesis and DCX positive cells are most probably crucial for hippocampal
mediated learning.''*'>" However, despite the drastic reduction of DCX positive cells in
the hippocampus of the CYP2C19 transgenic mice, spatial learning does not appear to
be deficient in these mice. It could be possible that they have “enough” cells or that the
cell population is in fact still inducible in the CYP2C19Tg-Hem mice when exposed to
a learning task.

It is difficult to draw any conclusions regarding behavior and the reduction of immature
neurons seen in the hippocampi of CYP2C19 transgenic mice. It is however an
intriguing discovery and this animal model could be used for further studies and
understanding of this specific cell population. Nonetheless, it is rather clear that such a
large reduction of this specific cell population would cause changes in hippocampal
signal processing and overall function. Since the proliferation rate and the survival of
proliferating cells are not affected in the transgenic mice it appears to be a specific
reduction of immature neurons or possibly a defect in the neuronal maturation process
in the DG.

Inhibitory circuits in the hippocampus

GABAergic interneurons are highly integrated in the hippocampal circuits and are
important for overall signal processing in the DG. PA positive cells, one type of
GABAergic interneurons, are abundant and critical for inhibitory signaling in the
hippocampus.”?’ In the DG of 15-week-old CYP2C19Tg-Hem mice, a 22 % reduction
was seen of PA positive cells compared to Wt mice as seen in Figure 4, paper II.
However, no other difference in this cell population was detected within the CA regions
of the hippocampus. The interneurons of the DG are highly integrated in the
hippocampal circuits and it is still rather debatable whether all these cells are of
developmental origin or if there is a possibility of adult-generated GABAergic
interneurons in the hippocampus.””® This makes it difficult to speculate if the changes
we observe in PA cell numbers are developmentally based or modulated in postnatal
life. GABAergic interneurons are believed to aid the maturation process of new neurons
both during development and in the adult hippocampus so reduced GABAergic input to
progenitors within the DG might cause the lower numbers of DCX-cells.”*® The reduced
number of PA-positive cells in the DG could also influence overall hippocampal
activity due to a reduced inhibition, and hyperactivity of the hippocampus has
previously been associated with reduced GABAergic transmission.””’

One issue in counting cells in a structure that is smaller in the transgenic mice is that
there might be a bias towards reduced number of cells due to the smaller volume. The
differences in cell numbers were however seen in the DG, a part of the hippocampal
structure that does not appear smaller. However, as a control for the smaller
hippocampal size, corrections for hippocampal volume as measured by MRI was used
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with no major changes for any of the IHC markers apart from PA positive cells in the
DG that showed border-line significance after size correction (Supplementary Figure 5,
paper II).

Stress reactivity in the hippocampal formation of CYP2C19Tg-Hem mice

Another aspect regarding the hippocampus in the CYP2CI19 transgenic mice is the
hippocampal response to stress. DCX and PA positive cells are involved in the
hippocampal stress response in rodents and reduced levels of these cell populations
have been implicated in increased stress sensitivity and hyperactivity of this particular
brain structure.''*** All mice were exposed to acute restraint stress and even though no
differences could be seen in plasma levels of corticosterone between the genotypes, c-
fos mRNA levels were significantly higher after 60 minutes (30 min restraint stress + 30
min recovery) in CYP2C19Tg-Hem mice. This pattern was seen at both 7 and 15 weeks
of age (51 % and 46 %, respectively) as displayed in Figure Se-f, paper 1I. There was
however no differences in basal c-fos levels, but a steeper increase in levels can be seen
already after 30 minutes of restraint stress. As mentioned previously, c-fos is
extensively used as markers for neuronal activity”**' and is induced by
glucocorticoids through the glucocorticoid and mineralcorticoid receptors highly
expressed in nearly all hippocampal neurons. The expression of c-fos is induced by
different stressors, leading to increased mRNA and protein levels of c-Fos in the brain.
The c-Fos protein dimerizes with members of the Jun family and forms the activator
protein-1 (AP-1) complex, affecting the transcription of a wide variety of downstream
genes.”'® Thus, it is impossible to speculate what effects the observed increase in c-fos
expression in the hippocampus would have on hippocampal function but we can
conclude that in response to acute restraint stress CYP2C19Tg-Hem mice display
increased neuronal activation in the hippocampus that is not directly correlating to
corticosterone levels. Studies in adrenalectomized rats have previously shown that c-fos
induction is not always dependent on corticosterone but the mechanism behind this
response is still not clear.”*? Since our study only measures c-fos mRNA levels in the
hippocampus at three time points, with the latest measurement 60 minutes after
initiation of the stressor, it is difficult to speculate if the increased mRNA expression is
persistent for a longer period of time but could be interesting to investigate further.

4.2.4 | CYP2C19s endogenous function

It is well known that CYP2C19 is an important enzyme in drug metabolism and the
displayed genetic polymorphism is important to investigate due to its effects on drug
plasma levels and treatment outcome. The main hypothesis behind this thesis is that the
phenotype observed in the transgenic model is caused by the CYP2C19 dependent
metabolism of endogenous substrates during brain development. Before starting this
thesis work some studies were suggesting that CYP2C19 genetic polymorphism affect
personality traits and depressive mood in humans.®**** The study previously
performed in our laboratory showed that loss of CYP2C19 activity was associated with

. 92
less depressive symptoms.
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CYP2C19 is mainly a hepatic enzyme but here found in the developing fetal brain.
Expression of CYP2C19 has to our knowledge never been investigated in human fetal
brain and our preliminary human study indicates that this is the case. Thus, a role of
CYP2C19 in the metabolism of endogenous substances during brain development
seems to be a likely explanation for the phenotypes observed. The nature of the
proposed endogenous substrates for CYP2C19 thus constitutes a critical point. Due to
the broad substrate specificity of CYP2C19 it is almost impossible to predict substrates
from merely studying their structure. Using recombinant CYP2C19 and the HEK293
cell system described in this thesis we are however screening for potential endogenous
substrates.

CYP2C109 is suggested to be involved in the metabolism of several different
polyunsaturated fatty acids including arachidonic and eicosapentaenoic acid.>®' If
developmental brain expression is confirmed in humans it is possible that a local
metabolism of these fatty acids could affect brain development and maturation.”****
Most published data suggest that CYP2C19 is involved in the metabolism of steroid
hormones including estrogens, progesterone, and testosterone.”>®”® These steroids are
known to be neuro-active and important both during brain development but also for
postnatal brain maturation and plasticity.>*>>*" It is therefore possible that CYP2C19
could be involved in the metabolism of such steroid hormones and that high or low
expression of CYP2C19 causes changes in hormone levels that effect brain
development and the susceptibility to develop anxiety disorders.
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5 | Conclusions
This thesis can be concluded as follows:

e The established HEK293 cell system, stably expressing the CYP2C19 enzyme,
can be utilized for the effective and systematic investigation of CYP2C19-
specific endogenous substrates and inhibitors

e [7B-estradiol and 17a-ethinylestradiol display direct inhibitory effects on
CYP2C19 enzymatic activity as shown by the above mentioned in vitro-system

e Estrogens cause inhibition of CYP2CI19 activity through transcriptional
regulation at lower and more clinically relevant concentrations than required for
direct enzyme inhibition suggesting transcriptional inhibition as the major
mechanism of action of oral contraceptives on CYP2C19.

e A novel estrogen-responsive element was discovered in the CYP2C19 promoter
region. ER-a binds to this site and mediates transcriptional inhibition of the
CYP2C19 gene.

e CYP2CI19 is expressed in the brain during embryonic development in the
CYP2C19 transgenic mouse model. Our preliminary data suggests that this is
also true for human brain development.

e CYP2C19Tg-Hom mice display high neonatal lethality and severe brain
malformations with complete commissural agenesis and delayed hippocampal
development at post-natal day 0, further suggesting a developmental role for
CYP2CI19.

e CYP2C19Tg-Hem mice lack an obvious neonatal phenotype but display
increased stress sensitivity and anxiety-like behavior with the behavioral
changes being more pronounced in adult compared to adolescent mice.

e CYP2C19Tg-Hem adolescent and adult mice furthermore display a hippocampal
phenotype, with reduced size, a drastic reduction of immature neurons, and fever
GABAergic interneurons in the dentate gyrus of the hippocampus. Our data also
suggests that the hippocampal formation is more stress-sensitive in
CYP2C19Tg-Hem mice with neuronal hyperactivation, as measured by c-fos
expression, after acute stress.
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6 | General summary and future perspectives

Studies regarding CYP2C19 genetic polymorphism and related phenotypes have mostly
been done with respect to its important function in drug metabolism. Besides displaying
differential enzymatic activity with regards to this polymorphism, also drugs and other
substances have shown to affect CYP2C19 activity. It is important to investigate factors
that influence CYP2C19 function since this enzyme is involved it the metabolism of
around 10 % of the drugs on the market today, and changes in enzymatic activity can
lead to both lack of efficacy of drugs but also to serious side effects. Here we present
evidence for a new transcription binding site in the CYP2C19 promoter responsive to
estrogen receptor a. Through this new binding site estrogens used in oral contraceptives
mostly 17a-ethinylestradiol, and hormone replacement therapy, mostly estradiol, inhibit
transcription of the CYP2C19 gene thus causing a reduction in enzyme activity. Also a
direct effect was seen by these estrogens on enzyme function but the transcriptional
regulation was seen at much lower and more clinically relevant levels, thus suggesting
that this is the most likely mechanism by which estrogens inhibit CYP2C19-mediated
activity. This is important since oral contraceptives are one of the most commonly
prescribed drugs for women and several in vivo studies have previously shown that 17a-
ethinylestradiol mediates an inhibition of CYP2C19 activity. Less is known regarding
the in vivo effects of estradiol but our study suggests that it could be important to also
investigate the effects of this estrogen of CYP2C19-mediated metabolism.

The major part of this thesis has been dedicated to elucidate a possible CNS related
endogenous function of the CYP2C19 enzyme. Human studies have suggested that
CYP2C19 genetic polymorphism can predict personality traits and depressive mood.
The characterized transgenic mouse model suggests that CYP2C19 might be involved in
the metabolism of endogenous substrates involved in important developmental
processes that affect brain development, leading to increased stress sensitivity and
anxiety-like behavior later in life. It is still too early to suggest a potential substrate but
by using recombinant CYP2C19 and the cell system described in this thesis, we are
screening for endogenous substrates and are also investigating nirvanol-like structures
as specific inhibitors of CYP2C19 activity. These inhibitors will soon be tested in vivo
to explore if the phenotypic changes observed in the CYP2C19 transgenic mice can be
reversed by these compounds.

CYP2C19Tg-Hem mice display increased handling stress and display increased
reactivity when exposed to novelty stress (OF) and a short term stressor (TST). Since
the hippocampal formation is highly involved in stress reactivity and negative feed-back
on the HPA-axis it is rather intriguing that we find this limbic structure so different in
the CYP2C19 transgenic mice. CORT levels during and after acute stress does however
implicate that HPA-axis regulation is functioning normally in the transgenic mice. Our
hypothesis is that this might not be the case if the mice would be exposed to chronic
stress paradigm or perhaps early-life stress, like maternal separation. We are planning to
expose CYP2C19Tg-Hem mice to unpredictable chronic mild stress and investigate
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HPA-axis reactivity and adaptation but also study the effects this might have on the
behavior in e.g. the TST and LDB.

Before studying the CYP2CI9 mouse model any further it would be interesting to
investigate CYP2C19 genetic polymorphism and distribution in different psychiatric
cohorts to elucidate and confirm any associations. It would be interesting to look into
MDD, anxiety disorders, and possibly also in combination with different stressful life
events since increased stress reactivity is one of the major phenotypes seen in the
transgenic mice. Mood and anxiety disorders are a major burden to the society today but
still the pathophysiology behind these disorders is largely unknown and the
pharmacotherapy available today is far from sufficient, with relatively low remission
rates. Confirming associations between anxiety and other stress-related disorders and
CYP2CI19 genetic polymorphism could lead to increased understanding of the
pathogenesis and pathophysiology of these disorders. Use of the transgenic model in
drug screening programs could potentially lead to new therapeutic agents.

Animal models in psychiatric disorder have become valuable tools, mostly in the
development and evaluation of new pharmacotherapies but also for investigating the
pathogenesis and pathophysiology of these disorders. It is important to point out that the
data presented in this thesis regarding this transgenic model has only been initially
characterized phenotypically and for a stronger validity of this mouse model a link to a
human phenotype needs to be confirmed. This would give this model more solid
construct validity. Now the construct validity is based on the hypothesis that CYP2C19
genetic polymorphism is associated to depressive mood and personality traits.

It would be interesting to subject the animals to anxiolytic pharmacotherapy to
investigate its construct validity, i.e. if anxiolytic treatment could reverse the anxiety-
like phenotype displayed in the light-dark box. However, this mouse model does display
some face validity to endophenotypes displayed in both MDD and anxiety disorders.
This includes displayed stress sensitivity on a behavioral level and a smaller and
dysfunctional hippocampus. If the hippocampus is truly dysfunctional needs to be
confirmed but this hypothesis is based on the observed reduction of several cell
populations important for the plasticity and stress sensitivity of this limbic structure, and
the increased neuronal activation after acute stress. I believe that already now this
transgenic model can be used for studying processes affecting hippocampal plasticity
and volume, both with regards to possible developmental effects but also
pharmacotherapy. However, much more research needs to be done before this model
can be considered a true model for anxiety and other stress-related disorders.
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7 | Populirvetenskaplig sammanfattning

Béda artiklarna i denna avhandling handlar om CYP2C19. CYP2C19 ér ett protein som
ingér i en stor familj av proteiner som heter cytokrom P450, sé kallade CYP-proteiner.
Dessa proteiner, som till storsta delen finns i levern, har till uppgift att hjdlpa kroppen
att ta hand om frimmande d&mnen som vi far i oss via luftvigar och foda. De har t.ex. en
vildigt viktig roll i nedbrytning och utsdndring av ldkemedel. Vissa CYP-proteiner har
dven kroppsegna funktioner som till exempel att reglera nivaer av hormoner i kroppen.
Ett stort problem, vid t.ex. likemedelsutveckling, &r att nivderna i kroppen av dessa
proteiner skiljer sig véldigt mycket mellan olika méanniskor. Dessa skillnader ar till
storsta delen genetiska, d.v.s. de beror pa fordndringar i vara gener vilket ocksa gor dem
arftliga. For CYP2C19 kan individer ha allt frdn inget protein till normala nivier men
dven extra mycket protein vilket gor att de lakemedel och andra &mnen som bryts ner av
CYP2C19 kommer att variera i koncentration i kroppen beroende pa hur mycket
CYP2C19 man har. For vissa ldkemedel kan det dérfor vara viktigt att forst identifiera
vilken gen-variant man har av CYP2C19 innan man véljer hur mycket patienten ska fa
av lakemedlet. For personer med laga nivaer av CYP2C19 kan annars en normal dos ge
toxiska biverkningar och en person med hoga nivéer kanske inte far ndgon effekt alls.

CYP2C19 tar hand om mellan 6-10 % av alla ldkemedel som finns pd marknaden idag
och det &r darfor viktigt att veta vad som paverkar hur mycket protein vi har i kroppen.
For att ytterligare komplicera saken kan nivaerna av dessa CYP-proteiner dven paverkas
av andra dmnen och i synnerhet likemedel. I artikel I studeras effekten av tva olika
kvinnliga konshormoner. Dessa hormoner anvénds i stor utstriackning av kvinnor i form
av preventivmedel men dven i hormonbehandlingar efter klimakteriet. D4 dessa
behandlingar 4r s& vanliga dr det forstds viktigt att veta om de kan paverka nivaerna av
andra likemedel. Tidigare studier har visat att ndr likemedel som bryts ner av
CYP2C109 tas i kombination med dessa hormoner far vi hogre nivéer av lakemedelen &n
normalt i kroppen. Det dr dock fortfarande oklart hur den effekten uppkommer. Vi kan i
denna studie visa hur dessa hormoner, via specifika mottagar-proteiner i cellerna direkt
kan paverka genernas effektivitet. De hammar nybildandet av CYP2C19 vilket gor att vi
far lagre nivder dn normalt och ldkemedlen kan inte brytas ner utan blir kvar i kroppen
under en lidngre tid. Det dr fortfarande inte helt klart hur stor effekt detta har men i
framtiden kommer vi kanske behdva ta hansyn till preventivmedel vid dosbestimning
av vissa lakemedel.

CYP2C19 bryter bland annat ner &mnen som har effekter pa hjdrnan som exempelvis
antidepressiva lakemedel men @ven kroppsegna dmnen som hormoner. Dessa hormoner
har visat sig ha effekter pa hjarnan under fosterutvecklingen men dven i vuxen alder.
Nyligen hittade var forskargrupp att de personer som saknar CYP2C19 har ett mindre
deprimerat grundtillstand, jamfort med personer med normala nivaer. Det verkar alltsa
som att 14ga nivéer av proteinet skyddar mot depressiva symptom. Skulle det kunna vara
sé att hoga nivéer Okar risken for depression? Depression och angest &r till stor del
arftligt och forskare har ldnge letat efter genetiska orsaker som skulle kunna forklara de
stora skillnader som finns mellan individer nér det giller kinslighet for dessa psykiska
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sjukdomar. For att studera detta ndrmare har vi anvént oss av sa kallade transgena mdss
som fatt den ménskliga CYP2C19-genen infogad i sin arvsmassa. I artikel II har vi
studerat dessa mdss och hittat att CYP2C19 finns i mdssens hjérna under
fosterutvecklingen. Detta &dr besynnerligt d& CYP2C19 endast pavisats i lever hos
ménniska. Ingen har dock studerat om detta protein finns i hjdrnan under
fosterutvecklingen och vi har i denna studie visat att det faktiskt verkar finnas dir &ven
hos ménniska. Vi har dock endast studerat tre olika manskliga fosterhjarnor men dessa
resultat dr otroligt intressanta d& hjdrnan hos de transgena mossen visat sig utvecklas
helt annorlunda mot normala mdss. Detta tyder pa att beroende pa hur mycket
CYP2C19 en person har kanske hjdrnan utvecklas pa olika sitt ndgot som skulle kunna
paverka hjdrnans funktion i vuxen élder. I vuxna mdss har vi studerat beteende for att se
om CYP2C19 kan ha en effekt som liknar psykisk sjukdom hos ménniska. Vi sag att
dessa moss uppvisar en Okad stresskdnslighet samt ett angestliknande beteende.
Patienter med depression har ofta dngestinslag och 6kad stresskanslighet tros vara en av
de viktigaste riskfaktorerna for att utveckla depression. Dessa observationer stimmer
darfor mycket védl 6verens med de prelimindra studierna med minskade depressiva
symptom hos individer som saknar CYP2C19. Vi kunde &ven se att dessa moss hade en
mindre och mer stresskinslig hippocampus. Detta omrade i hjarnan dr ofta mindre hos
deprimerade patienter och &r starkt kopplat till stresskidnslighet men ocksé kontroll av
kénslor.

Vad vi hittat hos dessa mdss kan bidra till kunskap om genetiska faktorer for utveckling
av angest och depression och de transgena mossen kan forhoppningsvis anvindas for att
studera vilka mekanismer som kan orsaka uppkomsten av dessa sjukdomar. Mdssen
skulle dven kunna anvéndas for utveckling av nya angestdimpande ldkemedel. I nista
steg kommer vi nu studera CYP2C19 lite nirmare under fosterutvecklingen mossen och
i ménniska. Vi vill for forsoka ta reda vilket eller vilka &mnen det kan vara som bryts
ner av detta protein och som kan forma hjarnan till att bli mer kénslig for utveckling av
psykisk sjukdom i vuxen &lder. Dessa studier &r otroligt viktiga d& vi fortfarande vet
vildigt lite om orsakerna till psykisk ohdlsa hos ménniska och de likemedel som finns
tillgéngliga idag ar 1dngt ifran effektiva for alla som drabbas.

53



Anna Persson

8 | Acknowledgements

During my time as a PhD student I have had the opportunity to meet and work with a lot
of wonderful people. Many of which I now consider my closest friends. I am also very
lucky to have such an amazing family and many friends outside of work that support me
in everything I do. This work would not have been possible without you!

I would like to give a special thanks to:

First of all my main supervisor Professor Magnus Ingelman-Sundberg. I have been
growing so much as a person and as a scientist during my time as a PhD student in your
lab. This is mostly thanks to you since you have let me follow my ideas and explore so
many new things; it has been a true adventure! Few PhD students get this opportunity
and I am very grateful for this experience!

My co-supervisor Sarah Sim. Thank you for always being so supportive and listening
to my ideas. I consider myself very lucky to have had you as a supervisor but also as a
friend. Thank you for travelling with me and exploring new places, it has been so much
fun!

Sussi Virding, without you this thesis would not exist. Thank you for all the help and
support and for being such a great friend (and mom®). I would not have dared to take
on this project if it was not for you. We have learnt so much together and it has been an
amazing journey in to the exciting world of mice and neuroscience!

My co-supervisor Gunnar Schulte, for always being so enthusiastic about science and
for adding new perspectives and techniques to my projects.

All the past and present people of the MIS-lab: Louise Sivertsson for being such an
amazing friend and inspiration! Margareta Porsmyr-Palmertz and Asa Nordling for
all the fun morning fikas! Marina Kacevska, Mi-Young Lee, Echo (Jia Gou) and
Eva Choong, for being such awesome running buddies! Inger Johansson, Souren
Mrktchian, Etienne Neve, and Isa Neve, for sharing your knowledge and always
being so helpful! I would also like to thank Annika Vyss, Sandra Travica, Iren
Loryan, Patrina Gunness, Sabrina Moro, Isabel Barragan, Catherine Bell, Lisa
Fredriksson, Maxim Ivanov, Alvin Gomez, Ylva Baldwin, Maria Karlgren, Jana
Nekvindova, Angelica Butura, Kristina Stenstedt and Malin Darnell for being such
great colleagues and friends. Former CYP2C19 project members that prepared the path
for me: Susanne Lofgren, Mike Baldwin, Linn Nordin, Rasmus Pedersen and
Jessica Mwinyi. I would also like to thank Tommy B Andersson and Pedro Gil for
scientific input and interesting seminars.

Thanks to all my students that have helped me with hard work, new ideas and fun times:
Bjorn Ekstrom, Philipp Hanuschick, Elin Andersson, Brenda Fielder, Fiona Alings
and Alexander Svensson. A special thanks to Alexander Viktorin for long hours with
the transgenic mice and for contributing with many valuable ideas!

54



Acknowledgements

All the amazing FYFA people! Through the highs and lows of these five years you
have lightened up my days (and nights!) during lab work, teaching, lunches, gym
classes, fikas and parties! It has been a pleasure both to work and socialize with you:
Maria Holtze, Sara Olsson, Klas Linderholm, Markus Larsson, Gustaf Wigerblad,
Carolina Bengtsson-Gonzales, Lars Karlsson, Torun Malmléf, Aki Falk, Cecilia
Jéadert, Michael Hezel, Sara Borniquel, Carina Halleskog, Michaela Kilander,
Jacomijn Dijksterhuis, Julian Petersen, Elisa Arthofer, Tianle Gao, Devesh
Mishra, Katerina Smidova, Eva Lindgren, Amanda Steen, Olivia Franberg, Ebba
Gregory, Josh Gregory, Ellinor Kenne, Johanna Lanner, Eva-Karin Siillstedt, Joel
Rasmuson, Kristin Feltmann, and many, many more!

Bjorn Schilstrom and Asa Konradsson-Geuken. You are both so much fun and I
would also like to thank you for sharing your scientific knowledge and for your input in
teaching, journal clubs and other discussions. Your experience and feedback has helped
me enormously! Camilla Svensson and Sophie Erhardt for fun and inspiring
collaborations! To the head of the department Stefan Eriksson and to everyone in the
administration team. Thank you for creating such a good working atmosphere!

Thank you Micke Elm for helping me with big and small things! Especially for
“redecorating” the behavior room and designing and building equipment for my
experiments! All the staff in the animal house, what would I have done without you! A
special thanks to Josefin Lilja, Per-Arne Aberg, Emma Saxén, Jenny Ahlbom-
Lundgren, and Benny Gustavsson.

I would also like to especially thank: Magdalena Kegel, for always being there! 1
admire your courage and your skills in everything from fixing cars to science. I truly
wish you will consider staying in our lovely country, you are missed! Carl Bjorkholm,
for being such a great friend and for all the inspiring work and non-work talks over
coffee or beer and for all the great input to my projects. Thank you for all the fun times
and especially the trip to CA! Frank Nylén, for not talking science all the time and for
always cheering me up when I need it!

Since the scope of my thesis has mostly been outside the expertise of our laboratory I
would like to take this opportunity to thank everyone that has helped me both with
setting up new methods but also for answering questions regarding methods and other
issues. It has been amazing to be in an environment where everyone is so helpful!
Thanks to Barbara Canlon, Agneta Viberg and Inna Meltser. The Schulte group,
past and present members, for always being so helpful with confocal, IHC and other
things! Andrei Chagin for your enthusiasm and for always helping out when needed.
The staff at KERIC, especially Stefan Brené, Peter Damberg and Sahar Nikkhou for
all the help with the MRI study. To Sandra Ceccatelli and especially Natalia
Onishchenko, for the valuable help with the behavioral studies and the manuscript. For
your patience with my endless behavioral questions. And finally, last but far from least,

55



Anna Persson

a special thanks to Martin Egeland for helping me with both methods and materials.
Your expertise and patience has been very valuable to me!

To my Linkdping-Uni/Flamman friends! Katrin, Ida, Elna, Ina, Helena, Emilia, and
Susanna. Together we built the foundation of this thesis.© It is amazing to have friends
that you know always will be there!

To Ulrika, for being my support through this whole process and in life and for sharing
all troubles and joys!

My wonderful family for always supporting me and asking me again... and again
when you do not understand what I am working with or talking about.© Jag vill
speciellt tacka mamma och pappa. Tack for att ni alltid dr s& uppmuntrande och for ert
stod under hela min doktorandtid, vad skulle jag géra utan er! Ett stort tack till mina
underbara syskon Isabella och Henrik och min extrasyster Betty for att ni alltid finns
dér! Arnold! Och till resten av min familj: Emma, Olle, Elin och Markus, jag ar sé glad
att jag har er! Mormor och morfar, tack for att ert spa alltid ar 6ppet och for att allt alltid
ingér! Ni dr guld varda! Farmor, for att du alltid & med mig! Ett speciellt tack vill jag
ge till min fantastiska Joel. Tack for att du har hjélpt mig att fa perspektiv pé livet under
skrivprocessen!

Finally, I am very thankful for the financial help received from Karolinska Institutet,
Swedish Brain Foundation, Torsten och Ragnar Soderbergs Stiftelser, Vinnova,
Knut and Alice Wallenberg Foundation, and the Swedish Research Council.

56



References

9 | References

1.

10.

11.

12,

13.

14.

15.

16.

17.

Ingelman-Sundberg M, Sim SC, Gomez A, Rodriguez-Antona C. Influence of cytochrome
P450 polymorphisms on drug therapies: pharmacogenetic, pharmacoepigenetic and
clinical aspects. Pharmacology & therapeutics. Dec 2007;116(3):496-526.
Ingelman-Sundberg M. Human drug metabolising cytochrome P450 enzymes:
properties and polymorphisms. Naunyn-Schmiedeberg's archives of pharmacology. Jan
2004;369(1):89-104.

Fer M, Dreano Y, Lucas D, et al. Metabolism of eicosapentaenoic and docosahexaenoic
acids by recombinant human cytochromes P450. Archives of biochemistry and
biophysics. Mar 15 2008;471(2):116-125.

Testa B, Kramer SD. The biochemistry of drug metabolism--an introduction: Part 2.
Redox reactions and their enzymes. Chemistry & biodiversity. Mar 2007;4(3):257-405.
Ding X, Kaminsky LS. Human extrahepatic cytochromes P450: function in xenobiotic
metabolism and tissue-selective chemical toxicity in the respiratory and
gastrointestinal tracts. Annual review of pharmacology and toxicology. 2003;43:149-
173.

Sim SC, Ingelman-Sundberg M. Update on allele nomenclature for human cytochromes
P450 and the Human Cytochrome P450 Allele (CYP-allele) Nomenclature Database.
Methods Mol Biol. 2013;987:251-259.

Eichelobaum M, Ingelman-Sundberg M, Evans WE. Pharmacogenomics and
individualized drug therapy. Annual review of medicine. 2006;57:119-137.

Zanger UM, Schwab M. Cytochrome P450 enzymes in drug metabolism: regulation of
gene expression, enzyme activities, and impact of genetic variation. Pharmacology &
therapeutics. Apr 2013;138(1):103-141.

Sim SC, Kacevska M, Ingelman-Sundberg M. Pharmacogenomics of drug-metabolizing
enzymes: a recent update on clinical implications and endogenous effects. The
pharmacogenomics journal. Feb 2013;13(1):1-11.

Ingelman-Sundberg M. Pharmacogenetics of cytochrome P450 and its applications in
drug therapy: the past, present and future. Trends in pharmacological sciences. Apr
2004;25(4):193-200.

Sim SC, Risinger C, Dahl ML, et al. A common novel CYP2C19 gene variant causes
ultrarapid drug metabolism relevant for the drug response to proton pump inhibitors
and antidepressants. Clinical pharmacology and therapeutics. Jan 2006;79(1):103-113.
Johansson |, Lundqvist E, Bertilsson L, Dahl ML, Sjoqvist F, Ingelman-Sundberg M.
Inherited amplification of an active gene in the cytochrome P450 CYP2D locus as a
cause of ultrarapid metabolism of debrisoquine. Proceedings of the National Academy
of Sciences of the United States of America. Dec 15 1993;90(24):11825-11829.

Polasek TM, Patel F, Jensen BP, Sorich MJ, Wiese MD, Doogue MP. Predicted metabolic
drug clearance with increasing adult age. British journal of clinical pharmacology. Apr
2013;75(4):1019-1028.

Sotaniemi EA, Arranto AJ, Pelkonen O, Pasanen M. Age and cytochrome P450-linked
drug metabolism in humans: an analysis of 226 subjects with equal histopathologic
conditions. Clinical pharmacology and therapeutics. Mar 1997;61(3):331-339.

Scandlyn MJ, Stuart EC, Rosengren RJ. Sex-specific differences in CYP450 isoforms in
humans. Expert opinion on drug metabolism & toxicology. Apr 2008;4(4):413-424.
Porcelli S, Fabbri C, Spina E, Serretti A, De Ronchi D. Genetic polymorphisms of
cytochrome P450 enzymes and antidepressant metabolism. Expert opinion on drug
metabolism & toxicology. Sep 2011;7(9):1101-1115.

Stingl JC, Brockmoller J, Viviani R. Genetic variability of drug-metabolizing enzymes:
the dual impact on psychiatric therapy and regulation of brain function. Molecular
psychiatry. May 8 2012.

57



Anna Persson

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

58

Miksys S, Tyndale RF. Cytochrome P450-mediated drug metabolism in the brain.
Journal of psychiatry & neuroscience : JPN. May 2013;38(3):152-163.

Miksys SL, Tyndale RF. Drug-metabolizing cytochrome P450s in the brain. Journal of
psychiatry & neuroscience : JPN. Nov 2002;27(6):406-415.

Dorado P, Penas-Lledo EM, Llerena A. CYP2D6 polymorphism: implications for
antipsychotic drug response, schizophrenia and personality traits. Pharmacogenomics.
Nov 2007;8(11):1597-1608.

Kirchheiner J, Seeringer A, Godoy AL, et al. CYP2D6 in the brain: genotype effects on
resting brain perfusion. Molecular psychiatry. Mar 2011;16(3):237, 333-241.

Siegle I, Fritz P, Eckhardt K, Zanger UM, Eichelbaum M. Cellular localization and
regional distribution of CYP2D6 mRNA and protein expression in human brain.
Pharmacogenetics. Apr 2001;11(3):237-245.

Zhou K, Khokhar JY, Zhao B, Tyndale RF. First demonstration that brain CYP2D-
mediated opiate metabolic activation alters analgesia in vivo. Biochemical
pharmacology. Jun 15 2013;85(12):1848-1855.

Yu AM, Idle JR, Herraiz T, Kupfer A, Gonzalez FJ. Screening for endogenous substrates
reveals that CYP2D6 is a  5-methoxyindolethylamine  O-demethylase.
Pharmacogenetics. Jun 2003;13(6):307-319.

Hiroi T, Imaoka S, Funae Y. Dopamine formation from tyramine by CYP2D6.
Biochemical and biophysical research communications. Aug 28 1998;249(3):838-843.
Kishimoto W, Hiroi T, Shiraishi M, et al. Cytochrome P450 2D catalyze steroid 21-
hydroxylation in the brain. Endocrinology. Feb 2004;145(2):699-705.

Snider NT, Sikora MJ, Sridar C, Feuerstein TJ, Rae JM, Hollenberg PF. The
endocannabinoid anandamide is a substrate for the human polymorphic cytochrome
P450 2D6. The Journal of pharmacology and experimental therapeutics. Nov
2008;327(2):538-545.

Cheng J, Zhen Y, Miksys S, et al. Potential role of CYP2D6 in the central nervous system.
Xenobiotica; the fate of foreign compounds in biological systems. Apr 25 2013.
Gonzalez |, Penas-Lledo EM, Perez B, Dorado P, Alvarez M, A LL. Relation between
CYP2D6 phenotype and genotype and personality in healthy volunteers.
Pharmacogenomics. Jul 2008;9(7):833-840.

Kirchheiner J, Lang U, Stamm T, Sander T, Gallinat J. Association of CYP2D6 genotypes
and personality traits in healthy individuals. Journal of clinical psychopharmacology.
Aug 2006;26(4):440-442.

Zackrisson AL, Lindblom B, Ahlner J. High frequency of occurrence of CYP2D6 gene
duplication/multiduplication indicating ultrarapid metabolism among suicide cases.
Clinical pharmacology and therapeutics. Sep 2010;88(3):354-359.

Stingl JC, Viviani R. CYP2D6 in the brain: impact on suicidality. Clinical pharmacology
and therapeutics. Mar 2011;89(3):352-353.

Penas-Lledo EM, Dorado P, Aguera Z, et al. High risk of lifetime history of suicide
attempts among CYP2D6 ultrarapid metabolizers with eating disorders. Molecular
psychiatry. Jul 2011;16(7):691-692.

Zanger UM, Turpeinen M, Klein K, Schwab M. Functional pharmacogenetics/genomics
of human cytochromes P450 involved in drug biotransformation. Analytical and
bioanalytical chemistry. Nov 2008;392(6):1093-1108.

Klose TS, Blaisdell JA, Goldstein JA. Gene structure of CYP2C8 and extrahepatic
distribution of the human CYP2Cs. Journal of biochemical and molecular toxicology.
1999;13(6):289-295.

Lapple F, von Richter O, Fromm MF, et al. Differential expression and function of
CYP2C isoforms in human intestine and liver. Pharmacogenetics. Sep 2003;13(9):565-
575.



References

37.

38.

39.

40.

41.

42,

43,

44,

45,

46.

47.

48.

49,

50.

51.

52.

Wu M, Chen S, Wu X. Differences in cytochrome P450 2C19 (CYP2C19) expression in
adjacent normal and tumor tissues in Chinese cancer patients. Medical science monitor
international medical journal of experimental and clinical research. May
2006;12(5):BR174-178.
Abelo A, Andersson TB, Antonsson M, Naudot AK, Skanberg |, Weidolf L.
Stereoselective metabolism of omeprazole by human cytochrome P450 enzymes. Drug
metabolism and disposition: the biological fate of chemicals. Aug 2000;28(8):966-972.
Laine K, Tybring G, Bertilsson L. No sex-related differences but significant inhibition by
oral contraceptives of CYP2C19 activity as measured by the probe drugs mephenytoin
and omeprazole in healthy Swedish white subjects. Clinical pharmacology and
therapeutics. Aug 2000;68(2):151-159.
Schwab M, Klotz U, Hofmann U, et al. Esomeprazole-induced healing of
gastroesophageal reflux disease is unrelated to the genotype of CYP2C19: evidence
from clinical and pharmacokinetic data. Clinical pharmacology and therapeutics. Dec
2005;78(6):627-634.
Xu ZH, Wang W, Zhao XJ, et al. Evidence for involvement of polymorphic CYP2C19 and
2C9 in the N-demethylation of sertraline in human liver microsomes. British journal of
clinical pharmacology. Sep 1999;48(3):416-423.
Wang JH, Liu ZQ, Wang W, et al. Pharmacokinetics of sertraline in relation to genetic
polymorphism of CYP2C19. Clinical pharmacology and therapeutics. Jul 2001;70(1):42-
47.
Herrlin K, Yasui-Furukori N, Tybring G, Widen J, Gustafsson LL, Bertilsson L. Metabolism
of citalopram enantiomers in CYP2C19/CYP2D6 phenotyped panels of healthy Swedes.
British journal of clinical pharmacology. Oct 2003;56(4):415-421.
Yu BN, Chen GL, He N, et al. Pharmacokinetics of citalopram in relation to genetic
polymorphism of CYP2C19. Drug metabolism and disposition: the biological fate of
chemicals. Oct 2003;31(10):1255-1259.
Shimoda K, Someya T, Yokono A, et al. The impact of CYP2C19 and CYP2D6 genotypes
on metabolism of amitriptyline in Japanese psychiatric patients. Journal of clinical
psychopharmacology. Aug 2002;22(4):371-378.
Yokono A, Morita S, Someya T, Hirokane G, Okawa M, Shimoda K. The effect of
CYP2C19 and CYP2D6 genotypes on the metabolism of clomipramine in Japanese
psychiatric patients. Journal of clinical psychopharmacology. Dec 2001;21(6):549-555.
Yu KS, Yim DS, Cho JY, et al. Effect of omeprazole on the pharmacokinetics of
moclobemide according to the genetic polymorphism of CYP2C19. Clinical
pharmacology and therapeutics. Apr 2001;69(4):266-273.
Fukasawa T, Suzuki A, Otani K. Effects of genetic polymorphism of cytochrome P450
enzymes on the pharmacokinetics of benzodiazepines. Journal of clinical pharmacy
and therapeutics. Aug 2007;32(4):333-341.
Ibeanu GC, Blaisdell J, Ferguson RJ, et al. A novel transversion in the intron 5 donor
splice junction of CYP2C19 and a sequence polymorphism in exon 3 contribute to the
poor metabolizer phenotype for the anticonvulsant drug S-mephenytoin. The Journal
of pharmacology and experimental therapeutics. Aug 1999;290(2):635-640.
Tamminga WJ, Wemer J, Oosterhuis B, et al. Mephenytoin as a probe for CYP2C19
phenotyping:effect of sample storage, intra-individual reproducibility and occurrence
of adverse events. British journal of clinical pharmacology. May 2001;51(5):471-474.
Satyanarayana CR, Devendran A, Jayaraman M, et al. Influence of the genetic
polymorphisms in the 5' flanking and exonic regions of CYP2C19 on proguanil
oxidation. Drug metabolism and pharmacokinetics. 2009;24(6):537-548.
Drepper MD, Spahr L, Frossard JL. Clopidogrel and proton pump inhibitors--where do
we stand in 2012? World journal of gastroenterology : WJG. May 14 2012;18(18):2161-
2171.

59



Anna Persson

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

60

Desta Z, Zhao X, Shin JG, Flockhart DA. Clinical significance of the cytochrome P450
2C19 genetic polymorphism. Clinical pharmacokinetics. 2002;41(12):913-958.
Sugimoto K, Uno T, Yamazaki H, Tateishi T. Limited frequency of the CYP2C19*17 allele
and its minor role in a Japanese population. British journal of clinical pharmacology.
Mar 2008;65(3):437-439.

Kim KA, Song WK, Kim KR, Park JY. Assessment of CYP2C19 genetic polymorphisms in a
Korean population using a simultaneous multiplex pyrosequencing method to
simultaneously detect the CYP2C19*2, CYP2C19*3, and CYP2C19*17 alleles. Journal of
clinical pharmacy and therapeutics. Dec 2010;35(6):697-703.

Xie HG, Kim RB, Wood AJ, Stein CM. Molecular basis of ethnic differences in drug
disposition and response. Annual review of pharmacology and toxicology.
2001;41:815-850.

Ragia G, Arvanitidis KI, Tavridou A, Manolopoulos VG. Need for reassessment of
reported CYP2C19 allele frequencies in various populations in view of CYP2C19*17
discovery: the case of Greece. Pharmacogenomics. Jan 2009;10(1):43-49.

Kurzawski M, Gawronska-Szklarz B, Wrzesniewska J, Siuda A, Starzynska T, Drozdzik M.
Effect of CYP2C19*17 gene variant on Helicobacter pylori eradication in peptic ulcer
patients. European journal of clinical pharmacology. Oct 2006;62(10):877-880.
Rudberg I, Mohebi B, Hermann M, Refsum H, Molden E. Impact of the ultrarapid
CYP2C19*17 allele on serum concentration of escitalopram in psychiatric patients.
Clinical pharmacology and therapeutics. Feb 2008;83(2):322-327.

Huezo-Diaz P, Perroud N, Spencer EP, et al. CYP2C19 genotype predicts steady state
escitalopram concentration in GENDEP. J Psychopharmacol. Mar 2012;26(3):398-407.
Schenk PW, van Vliet M, Mathot RA, et al. The CYP2C19*17 genotype is associated
with lower imipramine plasma concentrations in a large group of depressed patients.
The pharmacogenomics journal. Jun 2010;10(3):219-225.

Mrazek DA, Biernacka JM, O'Kane DJ, et al. CYP2C19 variation and citalopram
response. Pharmacogenetics and genomics. Jan 2011;21(1):1-9.

Baldwin RM, Ohlsson S, Pedersen RS, et al. Increased omeprazole metabolism in
carriers of the CYP2C19*17 allele; a pharmacokinetic study in healthy volunteers.
British journal of clinical pharmacology. May 2008;65(5):767-774.

Helsby NA, Burns KE. Molecular mechanisms of genetic variation and transcriptional
regulation of CYP2C19. Frontiers in genetics. 2012;3:206.

Arefayene M, Skaar TC, Zhao X, et al. Sequence diversity and functional
characterization of the 5'-regulatory region of human CYP2C19. Pharmacogenetics. Apr
2003;13(4):199-206.

Chen Y, Ferguson SS, Negishi M, Goldstein JA. Identification of constitutive androstane
receptor and glucocorticoid receptor binding sites in the CYP2C19 promoter. Molecular
pharmacology. Aug 2003;64(2):316-324.

Bort R, Gomez-Lechon MJ, Castell JV, Jover R. Role of hepatocyte nuclear factor 3
gamma in the expression of human CYP2C genes. Archives of biochemistry and
biophysics. Jun 1 2004;426(1):63-72.

Mwinyi J, Hofmann Y, Pedersen RS, et al. The transcription factor GATA-4 regulates
cytochrome P4502C19 gene expression. Life sciences. May 8 2010;86(19-20):699-706.
Zhang H, Cui D, Wang B, et al. Pharmacokinetic drug interactions involving 17alpha-
ethinylestradiol: a new look at an old drug. Clinical pharmacokinetics. 2007;46(2):133-
157.

Laine K, Yasar U, Widen J, Tybring G. A screening study on the liability of eight different
female sex steroids to inhibit CYP2C9, 2C19 and 3A4 activities in human liver
microsomes. Pharmacology & toxicology. Aug 2003;93(2):77-81.



References

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Belle DJ, Callaghan JT, Gorski JC, et al. The effects of an oral contraceptive containing
ethinyloestradiol and norgestrel on CYP3A activity. British journal of clinical
pharmacology. Jan 2002;53(1):67-74.

Hagg S, Spigset O, Dahlqvist R. Influence of gender and oral contraceptives on CYP2D6
and CYP2C19 activity in healthy volunteers. British journal of clinical pharmacology.
Feb 2001;51(2):169-173.

Palovaara S, Tybring G, Laine K. The effect of ethinyloestradiol and levonorgestrel on
the CYP2C19-mediated metabolism of omeprazole in healthy female subjects. British
journal of clinical pharmacology. Aug 2003;56(2):232-237.

Pedersen RS, Noehr-Jensen L, Brosen K. The inhibitory effect of oral contraceptives on
CYP2C19 activity is not significant in carriers of the CYP2C19*17 allele. Clinical and
experimental pharmacology & physiology. Jul 11 2013.

Cheng ZN, Shu Y, Liu ZQ, Wang LS, Ou-Yang DS, Zhou HH. Role of cytochrome P450 in
estradiol metabolism in vitro. Acta pharmacologica Sinica. Feb 2001;22(2):148-154.
Cribb AE, Knight MJ, Dryer D, et al. Role of polymorphic human cytochrome P450
enzymes in estrone oxidation. Cancer epidemiology, biomarkers & prevention : a
publication of the American Association for Cancer Research, cosponsored by the
American Society of Preventive Oncology. Mar 2006;15(3):551-558.

Gruber CJ, Tschugguel W, Schneeberger C, Huber JC. Production and actions of
estrogens. The New England journal of medicine. Jan 31 2002;346(5):340-352.
Yamazaki H, Shimada T. Progesterone and testosterone hydroxylation by cytochromes
P450 2C19, 2C9, and 3A4 in human liver microsomes. Archives of biochemistry and
biophysics. Oct 1 1997;346(1):161-169.

Justenhoven C, Obazee O, Winter S, et al. The postmenopausal hormone replacement
therapy-related breast cancer risk is decreased in women carrying the CYP2C19*17
variant. Breast cancer research and treatment. Jan 2012;131(1):347-350.

Justenhoven C, Hamann U, Pierl CB, et al. CYP2C19*17 is associated with decreased
breast cancer risk. Breast cancer research and treatment. May 2009;115(2):391-396.
Yao HT, Chang YW, Lan SJ, Chen CT, Hsu JT, Yeh TK. The inhibitory effect of
polyunsaturated fatty acids on human CYP enzymes. Life sciences. Nov 25
2006;79(26):2432-2440.

Jiang R, Yamaori S, Takeda S, Yamamoto |, Watanabe K. Identification of cytochrome
P450 enzymes responsible for metabolism of cannabidiol by human liver microsomes.
Life sciences. Aug 1 2011;89(5-6):165-170.

Jiang R, Yamaori S, Okamoto Y, Yamamoto |, Watanabe K. Cannabidiol is a Potent
Inhibitor of the Catalytic Activity of Cytochrome P450 2C19. Drug metabolism and
pharmacokinetics. Jan 15 2013.

Evans WE, Relling MV. Pharmacogenomics: translating functional genomics into
rational therapeutics. Science. Oct 15 1999;286(5439):487-491.

Ishii G, Suzuki A, Oshino S, Shiraishi H, Otani K. CYP2C19 polymorphism affects
personality traits of Japanese females. Neuroscience letters. Jan 3 2007;411(1):77-80.
Yasui-Furukori N, Kaneda A, lwashima K, et al. Association between cytochrome P450
(CYP) 2C19 polymorphisms and harm avoidance in Japanese. American journal of
medical genetics. Part B, Neuropsychiatric genetics : the official publication of the
International Society of Psychiatric Genetics. Sep 5 2007;144B(6):724-727.

Cloninger CR, Svrakic DM, Przybeck TR. A psychobiological model of temperament and
character. Archives of general psychiatry. Dec 1993;50(12):975-990.

Farmer A, Mahmood A, Redman K, Harris T, Sadler S, McGuffin P. A sib-pair study of
the Temperament and Character Inventory scales in major depression. Archives of
general psychiatry. May 2003;60(5):490-496.

61



Anna Persson

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

62

Cloninger CR, Svrakic DM, Przybeck TR. Can personality assessment predict future
depression? A twelve-month follow-up of 631 subjects. Journal of affective disorders.
May 2006;92(1):35-44.

Farmer RF, Seeley JR. Temperament and character predictors of depressed mood over
a 4-year interval. Depression and anxiety. 2009;26(4):371-381.

Gatz M, Johansson B, Pedersen N, Berg S, Reynolds C. A cross-national self-report
measure of depressive symptomatology. International psychogeriatrics / IPA. Fall
1993;5(2):147-156.

Sim SC, Nordin L, Andersson TM, et al. Association between CYP2C19 polymorphism
and depressive symptoms. American journal of medical genetics. Part B,
Neuropsychiatric genetics : the official publication of the International Society of
Psychiatric Genetics. Sep 2010;153B(6):1160-1166.

Kessler RC, Berglund P, Demler O, Jin R, Merikangas KR, Walters EE. Lifetime
prevalence and age-of-onset distributions of DSM-IV disorders in the National
Comorbidity Survey Replication. Archives of general psychiatry. Jun 2005;62(6):593-
602.

Kupfer DJ, Frank E, Phillips ML. Major depressive disorder: new clinical,
neurobiological, and treatment perspectives. Lancet. Mar 17 2012;379(9820):1045-
1055.

Chopra K, Kumar B, Kuhad A. Pathobiological targets of depression. Expert opinion on
therapeutic targets. Apr 2011;15(4):379-400.

Lee RS, Hermens DF, Porter MA, Redoblado-Hodge MA. A meta-analysis of cognitive
deficits in first-episode Major Depressive Disorder. Journal of affective disorders. Oct
2012;140(2):113-124.

Lohoff FW. Overview of the genetics of major depressive disorder. Current psychiatry
reports. Dec 2010;12(6):539-546.

Post RM. Role of BDNF in bipolar and unipolar disorder: clinical and theoretical
implications. Journal of psychiatric research. Dec 2007;41(12):979-990.

Pietrek C, Elbert T, Weierstall R, Muller O, Rockstroh B. Childhood adversities in
relation to psychiatric disorders. Psychiatry research. Mar 30 2013;206(1):103-110.
Fisher HL, Cohen-Woods S, Hosang GM, et al. Stressful life events and the serotonin
transporter gene (5-HTT) in recurrent clinical depression. Journal of affective disorders.
Jan 2012;136(1-2):189-193.

Kulkarni SK, Dhir A. Current investigational drugs for major depression. Expert opinion
on investigational drugs. Jun 2009;18(6):767-788.

Rush AJ, Trivedi MH, Wisniewski SR, et al. Acute and longer-term outcomes in
depressed outpatients requiring one or several treatment steps: a STAR*D report. The
American journal of psychiatry. Nov 2006;163(11):1905-1917.

Hoge EA, Ivkovic A, Fricchione GL. Generalized anxiety disorder: diagnosis and
treatment. BMJ. 2012;345:e7500.

Hidalgo RB, Sheehan DV. Generalized anxiety disorder. Handbook of clinical neurology.
2012;106:343-362.

Kessler RC, Gruber M, Hettema JM, Hwang |, Sampson N, Yonkers KA. Co-morbid major
depression and generalized anxiety disorders in the National Comorbidity Survey
follow-up. Psychological medicine. Mar 2008;38(3):365-374.

Kendler KS, Gardner CO, Gatz M, Pedersen NL. The sources of co-morbidity between
major depression and generalized anxiety disorder in a Swedish national twin sample.
Psychological medicine. Mar 2007;37(3):453-462.

Holzschneider K, Mulert C. Neuroimaging in anxiety disorders. Dialogues in clinical
neuroscience. 2011;13(4):453-461.

Sehlmeyer C, Schoning S, Zwitserlood P, et al. Human fear conditioning and extinction
in neuroimaging: a systematic review. PloS one. 2009;4(6):e5865.



References

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Farach FJ, Pruitt LD, Jun JJ, Jerud AB, Zoellner LA, Roy-Byrne PP. Pharmacological
treatment of anxiety disorders: current treatments and future directions. Journal of
anxiety disorders. Dec 2012;26(8):833-843.

Snyder JS, Soumier A, Brewer M, Pickel J, Cameron HA. Adult hippocampal
neurogenesis buffers stress responses and depressive behaviour. Nature. Aug 25
2011;476(7361):458-461.

Small SA, Schobel SA, Buxton RB, Witter MP, Barnes CA. A pathophysiological
framework of hippocampal dysfunction in ageing and disease. Nature reviews.
Neuroscience. Oct 2011;12(10):585-601.

Lagali PS, Corcoran CP, Picketts DJ. Hippocampus development and function: role of
epigenetic factors and implications for cognitive disease. Clinical genetics. Oct
2010;78(4):321-333.

Campbell S, Macqueen G. The role of the hippocampus in the pathophysiology of
major depression. Journal of psychiatry & neuroscience : JPN. Nov 2004;29(6):417-426.
Deng W, Aimone JB, Gage FH. New neurons and new memories: how does adult
hippocampal neurogenesis affect learning and memory? Nature reviews.
Neuroscience. May 2010;11(5):339-350.

Aimone JB, Deng W, Gage FH. Resolving new memories: a critical look at the dentate
gyrus, adult neurogenesis, and pattern separation. Neuron. May 26 2011;70(4):589-
596.

Fanselow MS, Dong HW. Are the dorsal and ventral hippocampus functionally distinct
structures? Neuron. Jan 14 2010;65(1):7-19.

Schloesser RJ, Manji HK, Martinowich K. Suppression of adult neurogenesis leads to an
increased hypothalamo-pituitary-adrenal axis response. Neuroreport. Apr 22
2009;20(6):553-557.

Kheirbek MA, Drew LJ, Burghardt NS, et al. Differential Control of Learning and Anxiety
along the Dorsoventral Axis of the Dentate Gyrus. Neuron. Mar 6 2013;77(5):955-968.
Moser MB, Moser El. Functional differentiation in the hippocampus. Hippocampus.
1998;8(6):608-619.

Fournier NM, Duman RS. llluminating hippocampal control of fear memory and
anxiety. Neuron. Mar 6 2013;77(5):803-806.

Lau JY, Goldman D, Buzas B, et al. BDNF gene polymorphism (Val66Met) predicts
amygdala and anterior hippocampus responses to emotional faces in anxious and
depressed adolescents. Neurolmage. Nov 15 2010;53(3):952-961.

Arnone D, Mclntosh AM, Ebmeier KP, Munafo MR, Anderson IM. Magnetic resonance
imaging studies in unipolar depression: systematic review and meta-regression
analyses. European neuropsychopharmacology : the journal of the European College of
Neuropsychopharmacology. Jan 2012;22(1):1-16.

Campbell S, Marriott M, Nahmias C, MacQueen GM. Lower hippocampal volume in
patients suffering from depression: a meta-analysis. The American journal of
psychiatry. Apr 2004;161(4):598-607.

Videbech P, Ravnkilde B. Hippocampal volume and depression: a meta-analysis of MR
studies. The American journal of psychiatry. Nov 2004;161(11):1957-1966.

McKinnon MC, Yucel K, Nazarov A, MacQueen GM. A meta-analysis examining clinical
predictors of hippocampal volume in patients with major depressive disorder. Journal
of psychiatry & neuroscience : JPN. Jan 2009;34(1):41-54.

Bell-McGinty S, Butters MA, Meltzer CC, Greer PJ, Reynolds CF, 3rd, Becker JT. Brain
morphometric abnormalities in geriatric depression: long-term neurobiological effects
of illness duration. The American journal of psychiatry. Aug 2002;159(8):1424-1427.
Cole J, Costafreda SG, McGuffin P, Fu CH. Hippocampal atrophy in first episode
depression: a meta-analysis of magnetic resonance imaging studies. Journal of
affective disorders. Nov 2011;134(1-3):483-487.

63



Anna Persson

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142,

143.

144.

145.

64

Chen MC, Hamilton JP, Gotlib IH. Decreased hippocampal volume in healthy girls at risk
of depression. Archives of general psychiatry. Mar 2010;67(3):270-276.

Ferrari MC, Busatto GF, McGuire PK, Crippa JA. Structural magnetic resonance imaging
in anxiety disorders: an update of research findings. Rev Bras Psiquiatr. Sep
2008;30(3):251-264.

Woon FL, Hedges DW. Hippocampal and amygdala volumes in children and adults with
childhood maltreatment-related posttraumatic stress disorder: a meta-analysis.
Hippocampus. 2008;18(8):729-736.

Kitayama N, Vaccarino V, Kutner M, Weiss P, Bremner JD. Magnetic resonance imaging
(MRI) measurement of hippocampal volume in posttraumatic stress disorder: a meta-
analysis. Journal of affective disorders. Sep 2005;88(1):79-86.

Irle E, Ruhleder M, Lange C, et al. Reduced amygdalar and hippocampal size in adults
with generalized social phobia. Journal of psychiatry & neuroscience : JPN. Mar
2010;35(2):126-131.

Kheirbek MA, Klemenhagen KC, Sahay A, Hen R. Neurogenesis and generalization: a
new approach to stratify and treat anxiety disorders. Nature neuroscience. Dec
2012;15(12):1613-1620.

Femenia T, Gomez-Galan M, Lindskog M, Magara S. Dysfunctional hippocampal activity
affects emotion and cognition in mood disorders. Brain research. Apr 5 2012.

Vreeburg SA, Hoogendijk WJ, van Pelt J, et al. Major depressive disorder and
hypothalamic-pituitary-adrenal axis activity: results from a large cohort study. Archives
of general psychiatry. Jun 2009;66(6):617-626.

Altman J, Das GD. Autoradiographic and histological evidence of postnatal
hippocampal neurogenesis in rats. The Journal of comparative neurology. Jun
1965;124(3):319-335.

Altman J, Das GD. Autoradiographic and histological studies of postnatal neurogenesis.
I. A longitudinal investigation of the kinetics, migration and transformation of cells
incorporating tritiated thymidine in neonate rats, with special reference to postnatal
neurogenesis in some brain regions. The Journal of comparative neurology. Mar
1966;126(3):337-389.

Seri B, Garcia-Verdugo JM, McEwen BS, Alvarez-Buylla A. Astrocytes give rise to new
neurons in the adult mammalian hippocampus. The Journal of neuroscience : the
official journal of the Society for Neuroscience. Sep 15 2001;21(18):7153-7160.

Eriksson PS, Perfilieva E, Bjork-Eriksson T, et al. Neurogenesis in the adult human
hippocampus. Nature medicine. Nov 1998;4(11):1313-1317.

Spalding KL, Bergmann O, Alkass K, et al. Dynamics of hippocampal neurogenesis in
adult humans. Cell. Jun 6 2013;153(6):1219-1227.

von Bohlen und Halbach O. Immunohistological markers for proliferative events,
gliogenesis, and neurogenesis within the adult hippocampus. Cell and tissue research.
Jul 2011;345(1):1-19.

Petrik D, Lagace DC, Eisch AJ. The neurogenesis hypothesis of affective and anxiety
disorders: are we mistaking the scaffolding for the building? Neuropharmacology. Jan
2012;62(1):21-34.

Klempin F, Kronenberg G, Cheung G, Kettenmann H, Kempermann G. Properties of
doublecortin-(DCX)-expressing cells in the piriform cortex compared to the neurogenic
dentate gyrus of adult mice. PloS one. 2011;6(10):e25760.

Schmidt-Hieber C, Jonas P, Bischofberger J. Enhanced synaptic plasticity in newly
generated granule cells of the adult hippocampus. Nature. May 13
2004;429(6988):184-187.

Mongiat LA, Esposito MS, Lombardi G, Schinder AF. Reliable activation of immature
neurons in the adult hippocampus. PloS one. 2009;4(4):e5320.



References

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Schouten M, Buijink MR, Lucassen PJ, Fitzsimons CP. New Neurons in Aging Brains:
Molecular Control by Small Non-Coding RNAs. Frontiers in neuroscience. 2012;6:25.
Sierra A, Encinas JM, Deudero JJ, et al. Microglia shape adult hippocampal
neurogenesis through apoptosis-coupled phagocytosis. Cell stem cell. Oct 8
2010;7(4):483-495.

Zhao C, Deng W, Gage FH. Mechanisms and functional implications of adult
neurogenesis. Cell. Feb 22 2008;132(4):645-660.

Landgren H, Curtis MA. Locating and labeling neural stem cells in the brain. Journal of
cellular physiology. Jan 2011;226(1):1-7.

Kee N, Sivalingam S, Boonstra R, Wojtowicz JM. The utility of Ki-67 and BrdU as
proliferative markers of adult neurogenesis. Journal of neuroscience methods. Mar 30
2002;115(1):97-105.

Leuner B, Gould E. Structural plasticity and hippocampal function. Annual review of
psychology. 2010;61:111-140, C111-113.

Wiskott L, Rasch MJ, Kempermann G. A functional hypothesis for adult hippocampal
neurogenesis: avoidance of catastrophic interference in the dentate gyrus.
Hippocampus. 2006;16(3):329-343.

Keith JR, Priester C, Ferguson M, Salling M, Hancock A. Persistent increases in the pool
of doublecortin-expressing neurons in the hippocampus following spatial navigation
training. Behavioural brain research. Apr 9 2008;188(2):391-397.

Bockamp E, Sprengel R, Eshkind L, et al. Conditional transgenic mouse models: from
the basics to genome-wide sets of knockouts and current studies of tissue
regeneration. Regenerative medicine. Mar 2008;3(2):217-235.

Mitchell KJ, Huang ZJ, Moghaddam B, Sawa A. Following the genes: a framework for
animal modeling of psychiatric disorders. BMC biology. 2011;9:76.

Schonig K, Weber T, Frommig A, et al. Conditional gene expression systems in the
transgenic rat brain. BMC biology. 2012;10:77.

Chadman KK, Yang M, Crawley JN. Criteria for validating mouse models of psychiatric
diseases. American journal of medical genetics. Part B, Neuropsychiatric genetics : the
official publication of the International Society of Psychiatric Genetics. Jan 5
2009;150B(1):1-11.

Yan HC, Cao X, Das M, Zhu XH, Gao TM. Behavioral animal models of depression.
Neuroscience bulletin. Aug 2010;26(4):327-337.

Porsolt RD, Bertin A, Jalfre M. Behavioral despair in mice: a primary screening test for
antidepressants. Archives internationales de pharmacodynamie et de therapie. Oct
1977;229(2):327-336.

Steru L, Chermat R, Thierry B, Simon P. The tail suspension test: a new method for
screening antidepressants in mice. Psychopharmacology. 1985;85(3):367-370.

Cryan JF, Holmes A. The ascent of mouse: advances in modelling human depression
and anxiety. Nature reviews. Drug discovery. Sep 2005;4(9):775-790.

Cryan JF, Mombereau C, Vassout A. The tail suspension test as a model for assessing
antidepressant activity: review of pharmacological and genetic studies in mice.
Neuroscience and biobehavioral reviews. 2005;29(4-5):571-625.

Willner P. Validity, reliability and utility of the chronic mild stress model of depression:
a 10-year review and evaluation. Psychopharmacology. Dec 1997;134(4):319-329.
Overstreet DH. Selective breeding for increased cholinergic function: development of a
new animal model of depression. Biological psychiatry. Jan 1986;21(1):49-58.
Overstreet DH, Wegener G. The flinders sensitive line rat model of depression--25
years and still producing. Pharmacological reviews. Jan 2013;65(1):143-155.

Bourin M, Petit-Demouliere B, Dhonnchadha BN, Hascoet M. Animal models of anxiety
in mice. Fundamental & clinical pharmacology. Dec 2007;21(6):567-574.

65



Anna Persson

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

66

Belzung C, Griebel G. Measuring normal and pathological anxiety-like behaviour in
mice: a review. Behavioural brain research. Nov 1 2001;125(1-2):141-149.

Lister RG. Ethologically-based animal models of anxiety disorders. Pharmacology &
therapeutics. 1990;46(3):321-340.

Lesch KP, Mossner R. Knockout Corner: 5-HT(1A) receptor inactivation: anxiety or
depression as a murine experience. Int J Neuropsychopharmacol. Dec 1999;2(4):327-
331.

Ferres-Coy A, Santana N, Castane A, et al. Acute 5-HT(1)A autoreceptor knockdown
increases antidepressant responses and serotonin release in stressful conditions.
Psychopharmacology. Jan 2013;225(1):61-74.

Vinkers CH, van Bogaert MJ, Klanker M, et al. Translational aspects of pharmacological
research into anxiety disorders: the stress-induced hyperthermia (SIH) paradigm.
European journal of pharmacology. May 13 2008;585(2-3):407-425.

Lofgren S, Baldwin RM, Hiratsuka M, et al. Generation of mice transgenic for human
CYP2C18 and CYP2C19: characterization of the sexually dimorphic gene and enzyme
expression. Drug metabolism and disposition: the biological fate of chemicals. May
2008;36(5):955-962.

Persson A, Sim SC, Virding S, Onishchenko N, Schulte G, Ingelman-Sundberg M.
Decreased hippocampal volume and increased anxiety in a transgenic mouse model
expressing the human CYP2C19 gene. Molecular psychiatry. Jul 23 2013.

Goldstein JA. Clinical relevance of genetic polymorphisms in the human CYP2C
subfamily. British journal of clinical pharmacology. Oct 2001;52(4):349-355.

Lofgren S, Ekman S, Terelius Y, Fransson-Steen R. Few alterations in clinical pathology
and histopathology observed in a CYP2C18&19 humanized mice model. Acta
veterinaria Scandinavica. 2008;50:47.

Nelson DR, Zeldin DC, Hoffman SM, Maltais LJ, Wain HM, Nebert DW. Comparison of
cytochrome P450 (CYP) genes from the mouse and human genomes, including
nomenclature recommendations for genes, pseudogenes and alternative-splice
variants. Pharmacogenetics. Jan 2004;14(1):1-18.

Scheer N, Kapelyukh Y, Chatham L, Rode A, Buechel S, Wolf CR. Generation and
characterization of novel cytochrome P450 Cyp2c gene cluster knockout and CYP2C9
humanized mouse lines. Molecular pharmacology. Dec 2012;82(6):1022-1029.

Cui JY, Renaud HJ, Klaassen CD. Ontogeny of novel cytochrome P450 gene isoforms
during postnatal liver maturation in mice. Drug metabolism and disposition: the
biological fate of chemicals. Jun 2012;40(6):1226-1237.

Delozier TC, Tsao CC, Coulter SJ, et al. CYP2C44, a new murine CYP2C that metabolizes
arachidonic acid to unique stereospecific products. The Journal of pharmacology and
experimental therapeutics. Sep 2004;310(3):845-854.

Wang H, Zhao Y, Bradbury JA, et al. Cloning, expression, and characterization of three
new mouse cytochrome p450 enzymes and partial characterization of their fatty acid
oxidation activities. Molecular pharmacology. May 2004;65(5):1148-1158.

Lofgren S, Baldwin RM, Carleros M, et al. Regulation of human CYP2C18 and CYP2C19
in transgenic mice: influence of castration, testosterone, and growth hormone. Drug
metabolism and disposition: the biological fate of chemicals. Jul 2009;37(7):1505-1512.
Crawley JN. Neuropharmacologic specificity of a simple animal model for the
behavioral actions of benzodiazepines. Pharmacology, biochemistry, and behavior. Nov
1981;15(5):695-699.

Bourin M, Hascoet M. The mouse light/dark box test. European journal of
pharmacology. Feb 28 2003;463(1-3):55-65.

Dupret D, Fabre A, Dobrossy MD, et al. Spatial learning depends on both the addition
and removal of new hippocampal neurons. PLoS biology. Aug 2007;5(8):e214.



References

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

Dobrossy MD, Drapeau E, Aurousseau C, Le Moal M, Piazza PV, Abrous DN. Differential
effects of learning on neurogenesis: learning increases or decreases the number of
newly born cells depending on their birth date. Molecular psychiatry. Nov
2003;8(12):974-982.

Yushkevich PA, Piven J, Hazlett HC, et al. User-guided 3D active contour segmentation
of anatomical structures: significantly improved efficiency and reliability. Neurolmage.
Jul 12006;31(3):1116-1128.

Graham FL, Smiley J, Russell WC, Nairn R. Characteristics of a human cell line
transformed by DNA from human adenovirus type 5. The Journal of general virology.
Jul 1977;36(1):59-74.

Thomas P, Smart TG. HEK293 cell line: a vehicle for the expression of recombinant
proteins. Journal of pharmacological and toxicological methods. May-Jun
2005;51(3):187-200.

Shaw G, Morse S, Ararat M, Graham FL. Preferential transformation of human
neuronal cells by human adenoviruses and the origin of HEK 293 cells. FASEB journal :
official publication of the Federation of American Societies for Experimental Biology.
Jun 2002;16(8):869-871.

Mwinyi J, Cavaco |, Yurdakok B, Mkrtchian S, Ingelman-Sundberg M. The ligands of
estrogen receptor alpha regulate cytochrome P4502C9 (CYP2C9) expression. The
Journal of pharmacology and experimental therapeutics. Jul 2011;338(1):302-309.
Higashi E, Fukami T, Itoh M, et al. Human CYP2A6 is induced by estrogen via estrogen
receptor. Drug metabolism and disposition: the biological fate of chemicals. Oct
2007;35(10):1935-1941.

Jacobowitz DM, Abbott LC. Chemoarchitectonic atlas of the developing mouse brain:
CRC Press LLC; 1998.

Paul LK. Developmental malformation of the corpus callosum: a review of typical
callosal development and examples of developmental disorders with callosal
involvement. Journal of neurodevelopmental disorders. Mar 2011;3(1):3-27.

Raybaud C. The corpus callosum, the other great forebrain commissures, and the
septum pellucidum: anatomy, development, and malformation. Neuroradiology. Jun
2010;52(6):447-477.

Paul LK, Brown WS, Adolphs R, et al. Agenesis of the corpus callosum: genetic,
developmental and functional aspects of connectivity. Nature reviews. Neuroscience.
Apr 2007;8(4):287-299.

Jones-Davis DM, Yang M, Rider E, et al. Quantitative Trait Loci for Interhemispheric
Commissure Development and Social Behaviors in the BTBR T(+) tf/J Mouse Model of
Autism. PloS one. 2013;8(4):e61829.

Booth R, Wallace GL, Happe F. Connectivity and the corpus callosum in autism
spectrum conditions: insights from comparison of autism and callosal agenesis.
Progress in brain research. 2011;189:303-317.

Liao Y, Huang X, Wu Q, et al. Is depression a disconnection syndrome? Meta-analysis of
diffusion tensor imaging studies in patients with MDD. Journal of psychiatry &
neuroscience : JPN. Jan 2013;38(1):49-56.

Macmaster FP, Carrey N, Marie Langevin L. Corpus callosal morphology in early onset
adolescent depression. Journal of affective disorders. Feb 20 2013;145(2):256-259.
Cole J, Chaddock CA, Farmer AE, et al. White matter abnormalities and illness severity
in major depressive disorder. The British journal of psychiatry : the journal of mental
science. Jul 2012;201(1):33-39.

Dramsdahl M, Westerhausen R, Haavik J, Hugdahl K, Plessen KJ. Adults with attention-
deficit/hyperactivity disorder - a diffusion-tensor imaging study of the corpus callosum.
Psychiatry research. Feb 28 2012;201(2):168-173.

67



Anna Persson

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.
218.

219.

68

Hines RN. The ontogeny of drug metabolism enzymes and implications for adverse
drug events. Pharmacology & therapeutics. May 2008;118(2):250-267.

Gerbal-Chaloin S, Pascussi JM, Pichard-Garcia L, et al. Induction of CYP2C genes in
human hepatocytes in primary culture. Drug metabolism and disposition: the biological
fate of chemicals. Mar 2001;29(3):242-251.

Hines RN. Developmental expression of drug metabolizing enzymes: Impact on
disposition in neonates and young children. International journal of pharmaceutics. Jul
32012.

Hines RN. Ontogeny of human hepatic cytochromes P450. Journal of biochemical and
molecular toxicology. 2007;21(4):169-175.

Workman AD, Charvet CJ, Clancy B, Darlington RB, Finlay BL. Modeling
Transformations of Neurodevelopmental Sequences across Mammalian Species. The
Journal of neuroscience : the official journal of the Society for Neuroscience. Apr 24
2013;33(17):7368-7383.

Koukouritaki SB, Manro JR, Marsh SA, et al. Developmental expression of human
hepatic CYP2C9 and CYP2C19. The Journal of pharmacology and experimental
therapeutics. Mar 2004;308(3):965-974.

Ho YJ, Chang YC, Liu TM, Tai MY, Wong CS, Tsai YF. Striatal glutamate release during
novelty exposure-induced hyperactivity in olfactory bulbectomized rats. Neuroscience
letters. Jun 23 2000;287(2):117-120.

Russell VA. Overview of animal models of attention deficit hyperactivity disorder
(ADHD). Current protocols in neuroscience / editorial board, Jacqueline N. Crawley ...
[et al.]. Jan 2011;Chapter 9:Unit9 35.

Carpenter AC, Saborido TP, Stanwood GD. Development of Hyperactivity and Anxiety
Responses in Dopamine Transporter-Deficient Mice. Developmental neuroscience. May
8 2012.

Won H, Mah W, Kim E, et al. GIT1 is associated with ADHD in humans and ADHD-like
behaviors in mice. Nature medicine. May 2011;17(5):566-572.

Gleason G, Liu B, Bruening S, et al. The serotoninlA receptor gene as a genetic and
prenatal maternal environmental factor in anxiety. Proceedings of the National
Academy of Sciences of the United States of America. Apr 20 2010;107(16):7592-7597.

Parks CL, Robinson PS, Sibille E, Shenk T, Toth M. Increased anxiety of mice lacking the
serotoninlA receptor. Proceedings of the National Academy of Sciences of the United
States of America. Sep 1 1998;95(18):10734-10739.

Wellman CL, Izquierdo A, Garrett JE, et al. Impaired stress-coping and fear extinction
and abnormal corticolimbic morphology in serotonin transporter knock-out mice. The
Journal of neuroscience : the official journal of the Society for Neuroscience. Jan 17
2007;27(3):684-691.

Vreugdenhil E, de Kloet ER, Schaaf M, Datson NA. Genetic dissection of corticosterone
receptor function in the rat hippocampus. European neuropsychopharmacology : the
journal of the European College of Neuropsychopharmacology. Dec 2001;11(6):423-
430.

Hansson AC, Fuxe K. Time-course of immediate early gene expression in hippocampal
subregions of adrenalectomized rats after acute corticosterone challenge. Brain
research. Jun 18 2008;1215:1-10.

Duman CH. Models of depression. Vitamins and hormones. 2010;82:1-21.

Swiergiel AH, Leskov IL, Dunn AJ. Effects of chronic and acute stressors and CRF on
depression-like behavior in mice. Behavioural brain research. Jan 10 2008;186(1):32-
40.

Pitman DL, Ottenweller JE, Natelson BH. Plasma corticosterone levels during repeated
presentation of two intensities of restraint stress: chronic stress and habituation.
Physiology & behavior. 1988;43(1):47-55.



References

220.

221.

222.

223.

224,

225.

226.

227.

228.

229.

230.

231.

232.

233,

234,

235.

236.

237.

Jaggi AS, Bhatia N, Kumar N, Singh N, Anand P, Dhawan R. A review on animal models
for screening potential anti-stress agents. Neurological sciences : official journal of the
Italian Neurological Society and of the Italian Society of Clinical Neurophysiology. Dec
2011;32(6):993-1005.

Dubreuil D, Tixier C, Dutrieux G, Edeline JM. Does the radial arm maze necessarily test
spatial memory? Neurobiology of learning and memory. Jan 2003;79(1):109-117.
Crawley J, Goodwin FK. Preliminary report of a simple animal behavior model for the
anxiolytic effects of benzodiazepines. Pharmacology, biochemistry, and behavior. Aug
1980;13(2):167-170.

Ramos A. Animal models of anxiety: do | need multiple tests? Trends in
pharmacological sciences. Oct 2008;29(10):493-498.

Nakamura K. Central circuitries for body temperature regulation and fever. American
journal of physiology. Regulatory, integrative and comparative physiology. Nov
2011;301(5):R1207-1228.

Klein DN, Glenn CR, Kosty DB, Seeley JR, Rohde P, Lewinsohn PM. Predictors of First
Lifetime Onset of Major Depressive Disorder in Young Adulthood. Journal of abnormal
psychology. Aug 13 2012.

Lewis S. Learning and memory: Hippocampus plays multiple choice. Nature reviews.
Neuroscience. Aug 8 2012;13(9):600.

Kullmann DM. Interneuron networks in the hippocampus. Current opinion in
neurobiology. Oct 2011;21(5):709-716.

Masiulis I, Yun S, Eisch AJ. The interesting interplay between interneurons and adult
hippocampal neurogenesis. Molecular neurobiology. Dec 2011;44(3):287-302.

Lodge DJ, Grace AA. Hippocampal dysfunction and disruption of dopamine system
regulation in an animal model of schizophrenia. Neurotoxicity research. Oct 2008;14(2-
3):97-104.

Zhang J, McQuade JM, Vorhees CV, Xu M. Hippocampal expression of c-fos is not
essential for spatial learning. Synapse. Nov 2002;46(2):91-99.

Kovacs KJ. Measurement of immediate-early gene activation- c-fos and beyond.
Journal of neuroendocrinology. Jun 2008;20(6):665-672.

Hansson AC, Sommer W, Rimondini R, Andbjer B, Stromberg I, Fuxe K. c-fos reduces
corticosterone-mediated effects on neurotrophic factor expression in the rat
hippocampal CA1 region. The Journal of neuroscience : the official journal of the
Society for Neuroscience. Jul 9 2003;23(14):6013-6022.

Rombaldi Bernardi J, de Souza Escobar R, Ferreira CF, Pelufo Silveira P. Fetal and
neonatal levels of omega-3: effects on neurodevelopment, nutrition, and growth.
TheScientificWorldJournal. 2012;2012:202473.

Brenna JT. Animal studies of the functional consequences of suboptimal
polyunsaturated fatty acid status during pregnancy, lactation and early post-natal life.
Maternal & child nutrition. Apr 2011;7 Suppl 2:59-79.

Peper JS, van den Heuvel MP, Mandl RC, Hulshoff Pol HE, van Honk J. Sex steroids and
connectivity in the human brain: a review of neuroimaging studies.
Psychoneuroendocrinology. Sep 2011;36(8):1101-1113.

Westberg L, Eriksson E. Sex steroid-related candidate genes in psychiatric disorders.
Journal of psychiatry & neuroscience : JPN. Jul 2008;33(4):319-330.

Brown GR, Spencer KA. Steroid hormones, stress and the adolescent brain: A
comparative perspective. Neuroscience. Dec 20 2012.

69








