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1. INTRODUCTION

Obesity, metabolic syndrome, and diabetes are major global health problems.
One in every 8 people (970 million) in the world live with mental disorders, with
anxiety and depressive disorder being the most common. Mental disorders
involve significant disturbances in cognitive processes, emotional regulation, or
behavior. According to the World Health Organization (WHO), 1.9 billion adults
and over 340 million children and adolescents aged 5-19 were overweight in
2016. Several studies have shown that mental disorders and obesity may have the
same etiology.

Cell adhesion molecules are important proteins that mediate either inter-
cellular contacts or contacts between cells and the extracellular matrix. Neural
adhesion molecules are important in creating connections between neurons in the
development of the nervous system, as well as in the adult brain. Neural cell
adhesion molecules, such as IgLON proteins, are also very important for the
correct formation of neuronal circuits and for keeping the integrity of those
circuits. Therefore, changes in the expression or function of adhesion molecules
can lead to changes in adaptive behavior and lead to psychopathological con-
ditions. Neuronal growth regulator 1 (NEGR1) and limbic system associated
membrane protein (LSAMP) are the members of IgLON gene family. IgLLONs
play an important role in cell-to-cell adhesion and have been shown to promote
growth cone migration, axon target guidance, synapse formation, and dendritic
tree formation throughout development and adulthood (Hashimoto et al., 2009;
Pischedda et al., 2014; Singh et al., 2018). Polymorphisms in the human I[gLON
genes have been linked with a variety of psychiatric conditions. In genome wide
association studies (GWAS), the neural adhesion molecule encoding NEGR1
gene has been linked with a wide spectrum of psychiatric conditions (Cross-
Disorder Group, 2019). Nevertheless, the genome-wide studies link NEGR1 most
strongly with depression (Hyde et al., 2016). In addition to psychiatric disorders,
NEGRI is a candidate gene regulating human obesity. In GWAS studies, NEGR]
gene locus has been repeatedly shown to have strong associations with human
body-mass index (BMI) indicating a role in body weight regulation and obesity
(the GIANT Consortium, 2009; Thorleifsson et al., 2009; Speliotes et al., 2010;
Locke etal., 2015; Winkler et al., 2016; Schlauch et al., 2020). Altered expression
of LSAMP protein has been also linked with psychopathology. Accumulating
evidence suggests that increased levels of the LSAMP transcript in mice are
associated with lower activity, higher levels of anxiety or acute fear reaction, and
that the genetic deletion of the Lsamp gene in mice results in increased activity
in novel environments and reduced anxiety-like behavior (Catania et al., 2008;
Innos et al., 2011; Innos et al., 2012).

The aim of this study was to assess the effects of Lsamp- and NegrI-deficiency
on the monoaminergic circuitry as adhesion molecules regulate neurite out-
growth, play a vital role in the formation of correct neuronal pathways and con-
nections, and disruption of these processes can also alter the monoaminergic
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pathways and proper functioning of monoaminergic systems. In addition,
adhesion molecules are important in the formation of synapses and maintaining
the integrity of synapses. Consequently, changes in the function of adhesion
molecules can lead to changes in the location of monoamine transporters and
receptors at synapses, as well as changes in receptor density. Amphetamine and
escitalopram were used as pharmacological agents to challenge monoaminergic
neurotransmission in Negr/-deficient mice and escitalopram was used to study
monoaminergic neurotransmission in Lsamp-deficient mice. Another aim of the
current study was to explore the effect of Negrl deficiency on food intake, sys-
temic metabolism, and oxidative stress levels in the brain. Shared genetic risk
factors between depression and obesity have been reported, which could be
mediated through shared etiological pathways, such as dysfunction of the
hypothalamic—pituitary axis. Although IgL.ONs are neural adhesion molecules
that are primarily expressed in the brain, several studies have shown that they
may play a role in several non-neural organs. For example, IgLONs have been
shown to act as tumor suppressors in a variety of organs, such as the ovaries, lungs,
bones, and stomach (Sellar et al., 2003; Ntougkos et al., 2005; Wang et al., 2006;
Tsou et al., 2007; Bargy et al., 2014). Furthermore, recent data from depression
patients suggest that the functional impact of NEGR1 might involve systemic
regulation. A significant upregulation of NEGR1 has been shown in the cere-
brospinal fluid (Maccarrone et al., 2013) and peripheral blood of depression
patients (Dall’ Aglio et al. 2021; Deng et al., 2022). Considering the recent data,
the current study aimed to add evidence that would enable us to determine
whether the impact of NEGR1 is established mainly through its function as a cell
adhesion molecule in the brain or whether this protein also has a distinct role in
the systemic metabolism, which could, in turn, contribute to the etiology of
psychiatric disorders.
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2. REVIEW OF LITERATURE

2.1. IgLON Family

IgLON gene family consists of five members: Neuronal growth regulator 1
(Negrl), limbic system associated membrane protein (Lsamp), neurotrimin
(Ntm), opioid-binding protein/cell adhesion molecule like (Opcml) and IgLON-5
(Vanaveski et al., 2017). All these molecules are highly glycosylated membrane
proteins, characterized by three immunoglobulin domains and glycosylphos-
phatidylinositol-anchor. I[gLONSs plays an important role in cell to cell adhesion
and neurite outgrowth and synaptogenesis (Hashimoto et al., 2008; Pischedda
et al., 2014; Singh et al., 2019). The expression of IgLON family members is the
strongest during embryonal state of development, it starts to fade a little after
birth being more faintly expressed during adulthood. Three of the IgLON family
members Lsamp, Ntm and Opcm! have two alternative isoforms 1a and 1b. Those
isoforms are differentially expressed during development, indicating the regu-
lation of alternative promoter usage. Expression of IgLONs has been shown as
early as E10.5, the earliest expression is detected from Negrl, Lsamp la, Ntm la
and Opcml 1b (Jagomde et al., 2021). This timing correlates with the neurogenic
and expansion phase of brain development. IgLONs are known to form dimers
through homophilic and heterophilic interactions and through this control
neuronal growth and synaptogenesis. IgLONs function predominantly as subunits
of heterodimeric proteins (Diglons) (Reed et al., 2004). Thus, the four IgLONs
can form six Diglons (LSAMP-OPCML, LSAMP-NTM, NTM-OPCML, NEGR1-
OPCML, NEGR1-NTM and NEGR1-LSAMP) (Reed et al., 2004). Ntm mediates
bifunctional effects on neurite outgrowth through attractive and repulsive
mechanisms, which are cell type specific. [gLONs act synergistically, each forming
the context for the work of the other in the regulation of neural circuit formation
which manifests both at the level of neuronal morphology and behavior (Singh et
al., 2018a, Vanaveski et al., 2017). Polymorphisms in the human IgLON genes
have been linked with a variety of psychiatric conditions.

2.2. General characterization of NEGR1 and LSAMP

In mice, NEGR1 is highly expressed in the temporal lobe (Temp), cerebellum,
cerebral cortex, and forebrain. Lower NEGR1 expression has been detected in
the brainstem and eyes. In addition to the nervous system, NEGR1 is expressed
in a number of organs and tissues (e.g., skeletal muscle, adrenal gland, heart, lung,
liver, kidney, ovary, testis) (Vanaveski et al., 2017).

Experiments with cell cultures have shown that NEGR1 plays an important
role in regulating the neurite outgrowth, branching and number of synapses.
Pischedda et al. showed that suppression of NEGR1 expression in cell cultures in
vitro produces neurons with fewer neurites than controls and the resulting
neurites are shorter and less branched than in a normal cell. A similar result was
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shown in in vivo experiments in mice with reduced numbers of neurites and their
outgrowths and reduced length of neurites (Pischedda et al., 2014).

In addition to other IgLON family members NEGR1 also interacts with several
other molecules, through these interactions NEGR1 may have an important role
in neuronal development. For example, it has been shown that NEGR1 connects
ADAMI10 and FGFR2 in a pathway that regulates neurite outgrowth in a ERK1/2
dependent manner. NEGR1 acts as a novel ADAMI10 substrate involved in
neuronal morphogenesis. Soluble NEGRI1 stimulates an intracellular signaling
cascade, NEGR1 triggers ERK1/2 phosphorylation and modulates neurite
outgrowth via activation of FGRF2 (Pischedda et al., 2015). It has been shown
that NEGR 1 may have the ability to influence neuronal signaling during neuronal
development acting both as a membrane bound protein as well as a soluble factor.

LSAMP is expressed in bodies and dendrites of neurons located in the cortical
and subcortical regions of the limbic system (Levitt, 1984). Functional studies
have shown that LSAMP can promote or inhibit neurite outgrowth and synapse
formation, depending on interactions with other members of the IgLON family
(Mann et al., 1998; Gil et al., 2002; Hashimoto et al., 2009). Additionally, LSAMP
has been identified as a negative regulator of myelination (Sharma et al., 2015).

Lsamp has two alternative promoters la and 1b, those two alternative pro-
moters have heterogeneous anatomical distribution in the developing and adult
brain. The isoform expression patterns are important for normal brain develop-
ment. In mice Lsamp la is expressed in hippocampus (Hip), Temp, amygdala,
ventral striatum (VSTR) and in the cingulate and insular cortex. Lsamp 1Db is
expressed in sensory pathways extending from the brainstem and the sensory
nuclei of the thalamus to the primary sensory areas of the cerebral cortex. In
addition, Lsamp 1b is also expressed in regions that form the limbic system and
are involved in the regulation of stress and arousal (Philips et al., 2015). In
addition to the nervous system, low expression of Lsamp 1a and 1b is also present
in the urogenital system, and Lsamp 1b is also expressed in the heart, skeletal
muscle, and small intestine. Lsamp expression is also detectable in the liver
(Vanaveski et al., 2017).

2.3. Psychiatric disorders

Psychiatric disorders are generally characterized by a combination of abnormal
thoughts, perception, emotions, behavior, and relationship with others. Mental
disorders include major depressive disorder, bipolar disorder, schizophrenia and
other psychoses, dementia, and developmental disorders including autism.
Major depressive disorder (MDD) is a common mental disorder and one of
the main causes of disability worldwide. According to the WHO, an estimated
280 million people are affected by depression globally. More women are affected
than men. International Statistical Classification of Diseases and Related Health
Problems 10" version (ICD-10) defines three typical depressive symptoms (dep-
ressed mood, anhedonia, and reduced energy), two of which should be present to
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determine the depressive disorder diagnosis. The symptoms of MDD are associated
with structural and neurochemical deficits in the corticolimbic brain regions.
Presently, MDD is considered a multifactorial disease with various causes and
triggers such as genetic susceptibility, stress, and other pathological processes
such as inflammation. For example, in some cases, genetic factors can promote
or even trigger the occurrence of depression. Some mutations and polymorphisms
can affect the response of receptors to neurotransmitters or biologically active
substances, which, in turn, could affect the resistance of the brain chemical balance
to the stressor (Filatova et al., 2021). It is estimated that only 60-70% of depres-
sed patients are responsive to currently available antidepressant treatments.
Around 40% of patients with depression do not adequately respond to antidepres-
sant medication and one-third patients do have remission of their depressive
symptoms (Fox et al. 2019). Of those who do not respond, 10-30% exhibit treat-
ment-resistant symptoms. Since a large proportion of patients with depression do
not respond to available drugs, it would be necessary to develop new possible
drugs for the treatment of depression.

Schizophrenia is a severe neuropsychiatric disorder with complex etiology
that affects approximately 1% of the world’s population (21 million people out
of 7.9 billion) (WHO; Costain et al., 2012). Schizophrenia is more common in
men (12 million) than women (9 million) (WHO). Family studies have shown
that schizophrenia has high inheritability (80%) (Méki et al., 2005), and cross-
genomic association studies have identified a number of chromosomal loci that
may be associated with schizophrenia (Stefansson et al., 2009; Prucell et al.,
2009; Yue et al., 2017). Evidence from GWAS studies and protein expression
studies, that have shown changes in protein expression in patients with schizo-
phrenia, indicate that most of the pathophysiological processes seen in patients
with schizophrenia are associated with neural transmission, synaptic maturation
and plasticity, neurite outgrowth and neurogenesis (Hosak et al., 2012; Nasci-
mento et al., 2015; Singh et al., 2018). The symptoms of schizophrenia are usually
divided into three categories. Positive symptoms include behavioral signs that
occur in patients with schizophrenia but not healthy people. Positive symptoms
include hallucinations (most commonly auditory hallucinations), paranoia, and
delusions (These et al., 2009). Negative symptoms are behavioral deficits that are
not characteristic for healthy individuals. Negative symptoms include loss of
interest and joy (apathy, anhedonia) and social withdrawal (Sarkar et al., 2015).
The third category is cognitive symptoms. Cognitive symptoms include attention
problems, memory problems, difficulty solving problems and processing infor-
mation, and difficulty making decisions (Need et al., 2009).

2.4. NEGR1 in psychiatric disorders

Several GWAS studies have shown a link between the NEGRI gene and
depression. Accumulating data from GWAS studies indicate that genomic area in
chromosome 1p31.1 around the start ATG of NEGRI gene, is one of the most
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significant risk loci for MDD (Wray et al. 2018, Hyde et al., 2016). Transcriptome
and protein analysis suggest increased expression of NEGR1 in depression
patients; an increased level of NEGRI has been reported in the brain areas, namely
in the dorsolateral prefrontal cortex (DLPFC) (Chang et al., 2014) and in the
hypothalamic area (Levey et al., 2021) of patients with MDD in comparison with
healthy controls. Additional data from depression patients suggest that the func-
tional impact of NEGR1 might involve systemic regulation as significant upregu-
lation of NEGR1 has been shown in the cerebrospinal fluid (Maccarrone et al.,
2013) and peripheral blood of depression patients (Dall’ Aglio et al., 2021).

Although the linkage between NEGR1 and depression is strongest, evidence
suggests involvement of NEGR1 in a wide spectrum of psychiatric conditions
(Cross-Disorder Group, 2019). The levels of NEGR1 protein and transcripts are
elevated in the post-mortem prefrontal cortex (PFC) (Cox et al., 2016) and
DLPFC (Karis et al., 2018) of schizophrenic patients. NEGR1 has also been shown
to be associated with intelligence (Sniekers et al., 2017), dyslexia (Veerappa et al.,
2013) and autism spectrum disorders (ASD) (Marshall et al., 2008; Michaelson
et al., 2012). A microdeletion in the NEGRI gene was described in two siblings
that presented cognitive disabilities, attention deficit hyperactivity disorder
(ADHD), speech problems and features of ASD in one of them (Genovese et al.,
2015).

Homozygous deletion of Negr! gene in mice (Negrl ") has been shown to
induce no detectable changes in sensory and motor development but is causing
impaired social behavior and reversal learning deficits compared to wild-type
(WT) littermates (Singh et al., 2018b; Singh et al., 2019). Negrl "~ mice dis-
played also neuroanatomical alterations, such as enlargement of ventricles and
decrease in the volume of whole brain, including corpus callosum, Hip, globus-
pallidus whereas decreased number of parvalbumin-positive inhibitory inter-
neurons was evident in Negr/ " hippocampi (Singh et al., 2019). In alternatively
created Negr!/ ™~ mice, it has been shown that Negr! deficiency results in alte-
rations in adult neurogenesis and hippocampal dentate gyrus (DG) synaptic
transmission and leads to anxiety- and depression-like behaviors (Noh et al.,
2019). Szczurkowska et al. (2018) showed that downregulation of Negr/ in mice
causes ASD-related developmental and behavioral abnormalities in the brain.
They showed that these mice have defective neuronal migration and morpho-
logical maturation in the somatosensory cortex which are associated with deficits
in core behaviors related to ASD in mice (Szczurkowska et al., 2018). In conc-
lusion accumulating evidence show that NEGRI is associated with several
psychiatric disorders and that in mice Negr/ has important role in neuronal
development.
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2.5. LSAMP in psychiatric disorders

Altered expression of LSAMP protein has been linked with psychopathology; the
level of the LSAMP protein is increased in the postmortem DLPFC both in
patients with depression and schizophrenia (Behan et al., 2009) and in the
synaptosome fraction of the orbitofrontal cortex (Velasquez et al., 2017) in
patients with schizophrenia. Furthermore, the level of LSAMP protein is signi-
ficantly upregulated in the post-mortem anterior PFC of patients with schizo-
phrenia compared to healthy controls (Cox et al., 2016), whereas lower ex-
pression of LSAMP transcripts has been shown to be related with concurrent
depressive endophenotype in schizophrenic patients (Karis et al., 2018).
Polymorphisms in the human LSAMP gene in the chromosomal locus 3q13.31
have been shown to be associated with the risk of schizophrenia and MDD both
in the European (Koido et al., 2012; Koido et al., 2014) and Chinese populations
(Chen et al., 2017). Furthermore, LSAMP gene has been associated with suicide
susceptibility (Must et al., 2008; Sokolowski et al., 2016).

Homozygous deletion of the Lsamp gene in mice (Lsamp~") induced no
detectable changes in sensory and motor development but caused increased activity
in novel environments and reduced anxiety like behavior in two independently
created knockout models (Catania et al., 2008; Innos et al., 2011). Increased
anxiety in rats has been shown to be related with increased levels of the Lsamp
transcripts in the periaqueductal gray (Nelovkov et al., 2003), amygdaloid area
(Philips et al., 2015), raphe nuclei, Hip, and frontal cortex (Alttoa et al., 2010).
Elevated levels of the Lsamp transcript in the amygdaloid area of rats have been
associated with increased acute fear reaction (Koks et al., 2004) and impairments
in fear conditioning (Lamprecht et al., 2009). In conclusion, accumulating evi-
dence suggests that increased levels of the Lsamp transcript are associated with
lower activity, higher levels of anxiety or acute fear reaction, and that the genetic
deletion of the Lsamp gene in mice results in increased activity in novel environ-
ments and reduced anxiety-like behavior (Catania et al., 2008; Innos et al., 2011;
Innos et al., 2012).

2.6. IgLONs and monoamines

The monoamine hypothesis of depression states that monoamine neurotrans-
mitter system dysfunction is the cause of the symptoms. Although accumulating
evidence also suggests involvement of other pathways, monoamines still play a
crucial role in the mood disorders and are the main targets of antidepressant drugs
that are currently available (Belujon & Grace, 2017). The expression of NEGR1
has been shown in both dopaminergic and serotonergic nuclei and pathways.
NEGRI1 is expressed in the whole fasciculus retroflexus, which serves as a mole-
cular scaffold for dopaminergic axons that grow from the midbrain toward the
habenula. High Negr! expression is also detected in the islands of Calleja which
modulate dopamine signaling between the frontal cortex and the Temp, in the
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ventral striatopallidal system. These nuclei play a significant role in maintaining
normal connectivity of the brain and their alterations are related to the patho-
physiology of psychiatric disorders (Singh et al., 2019). The modest signal of
NEGRI1 and LSAMP was detected in the dorsal raphe serotonergic neurons of
macaques (Bethea & Reddy, 2012). In another study, NEGR1 was identified as
differentially expressed gene across molecularly defined SHT neuron subtypes,
the expression of NEGR1 was highest in the medial raphe, especially ventral
areas of medial raphe (clusters R2 and R3) and less than average in the dorsal
raphe (Okaty et al., 2015).

The expression of NEGR1 has been shown to be altered after administration
of several antidepressants that target monoaminergic neurotransmission. Chronic
treatment with one of the widely used antidepressants, venlafaxine, has been
shown to increase Negrl expression in the cerebral cortex in rats (Tamasi et al.,
2014). Carboni et al. 2020, however showed a decrease of Negr/ transcript in
rodent models after administration of two other common antidepressants; after
escitalopram in the hypothalamus and fluoxetine in the Hip. Additionally, nor-
triptyline downregulated Negr! in the hippocampal primary neurons. Another
study showed increased NEGRI1 levels in human cell lines which were treated
with clozapine which binds both dopaminergic and serotonergic receptors, sug-
gesting that NEGR1 is a target of antipsychotic drugs as well (Mustard et al., 2021).

Lsamp is involved in the proper establishment of specific neural pathways,
such as thalamic, septo- and intrahippocampal circuits (Keller et al., 1989;
Pimenta et al., 1995; Mann et al., 1998). These circuits can be paths for specific
neurotransmission, for example, Schmidt et al. (2014) showed that Lsamp is
critical in the fasciculation of dopaminergic afferents from the midbrain to lateral
habenula.

Further evidence that Lsamp has an impact on specific neurotransmission
systems comes from pharmacological studies with Lsamp-deficient mice. Lsamp-
deficient mice displayed increased sensitivity to the sedative effect of benzo-
diazepines, possibly due to alterations in the balance of the gamma-aminobutyric
acid-A (GABA.,) receptor subtypes in the brain, and lower sensitivity to the
locomotor activating effect of amphetamine. Likewise, in the place preference
test, the rewarding effect of amphetamine was absent in Lsamp "~ mice (Innos
et al., 2013a). In the same study, the elevated serotonin (5-HT) turnover rate in
several brain areas of the Lsamp-deficient mice and changes in the baseline levels
of 5-HT were detected (Innos et al., 2013a). The cell bodies of serotonergic
neurons are located mainly in the raphe nuclei in the brainstem and the axons of
these neurons innervate virtually the entire central nervous system, especially
parts of the limbic areas. Dorsal and median raphe nuclei are responsible for the
projections to and receive innervation from the PFC, amygdala, Hip, and dorsal
and VSTR (Dorocic et al., 2014). Modest signal of LSAMP (along with NEGR1)
has been detected in laser captured 5-HT neuron preparations from the dorsal
raphe nucleus of rhesus monkeys (Bethea and Reddy, 2012). A recent study has
identified LSAMP and another IgLON gene Ntm among the genes that are
differentially expressed between serotonergic neuron subtypes in the dorsal raphe
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(Huang et al., 2019). In addition to monoamine pathways IgLONs can also be
associated to other pathways involved in the development of depression. Noh et
al. showed that the expression of lipocalin-2 (Lcn 2) was decreased in the Hip of
Negrl-deficient mice. They also showed that NEGR1 interacts with leukemia
inhibitory factor receptor (LIFR) and modulates LIF-induced Lcn2 expression.
Lcn2 was originally identified in the secretory granules of neutrophils and can
also be induced by other immune cells upon infection or tissue injury. In the brain,
Len2 expression can be induced in hippocampal neurons, microglia, and
astrocytes by various inflammatory stimuli, and thereby it regulates neuroinflam-
mation (Noh et al., 2019).

There are several pathways which may be associated with the development of
depression. In this study we focused on the monoamine hypothesis of depression,
although, most likely several pathways act together and contribute to the develop-
ment of depression.

2.7. NEGR1 and body weight phenotype

In addition to psychiatric disorders, NEGR1 is a candidate gene regulating human
obesity. In GWAS studies, NEGRI gene locus has been repeatedly shown to have
strong associations with human BMI indicating a role in body weight regulation
and obesity (the GIANT Consortium, 2009; Thorleifsson et al., 2009; Speliotes
etal., 2010; Locke et al., 2015; Winkler et al., 2016; Schlauch et al., 2020). Besides
SNP markers, it has been found that two deletions (43 kb and 8 kb) upstream of
NEGRI are strongly associated with early onset of extreme obesity (Wheeler
et al., 2013).

Higher levels of NEGR1 in hypothalamic nuclei were linked with lower food
intake; administration of NEGR1 ectodomains into the paraventricular nucleus of
the hypothalamus induced ~ 20% decrease of food intake in rats (Venkannagari
et al., 2020). Kim et al. (2017) have demonstrated that NEGR1 interacts with
cholesterol (CHOL) transporter 2 (NPC2), a key player in intracellular CHOL
trafficking and increases the stability of NPC2 in the late endosomes. Further-
more, Sandholt et al. (2011) have shown that NEGR1 tag SNP (rs2568958) has
significant associations with low density lipoprotein (LDL) cholesterol levels.
Bernhard et al. (2012) detected lower NEGRI expression in the subcutaneous
adipose tissue (SAT) compared with visceral adipose tissue, whereas NEGRI
expression was lower in the SAT of obese humans compared to lean subjects.
Walley et al. (2012) demonstrated that in the human SAT, NEGR1 appears to be
central to the set of functionally related genes most differentially expressed
between lean and obese subjects. An et al. (2020) have shown that the level of
lipid droplets (LD) was reduced in NEGR1-overexpressing cells whereas the
intracellular LD level was higher in primary adipocytes obtained from Negrl '
mice than those from WT mice (An et al., 2020). In addition, the expression level
of LD-associated protein perilipin-2/ADRP increased in white adipose tissue of
Negrl-deficient mice. Evidence from Bernhard et al. (2012) suggests that
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NEGRI1, which is upregulated during adipogenesis, is important in the adipocytes
from early development. They also found that knockdown of NEGRI1 signi-
ficantly inhibited adipocyte maturation.

Data from mouse models with non-functional Negr! gene have revealed some-
what conflicting findings. In the study of Lee et al. (2012) both Negri-deficiency
and loss-of-function mutation of Negr! resulted in a slight but steady decrease in
body mass whereas by Joo et al. (2019) found no change in body weight in Negr! /"~
mice. However, these works agree that lacking or non-functional NEGR1 protein
causes alterations in the body composition. Joo et al. (2019) showed a significant
increase in fat mass with hypertrophic adipose cells containing enlarged cytosolic
lipid droplets in Negrl "~ mice compared with the WT mice. Moreover, these
mice showed significant hepatic lipid accumulation, decrease in muscle mass and
-capacity (Joo et al., 2019).

2.8. Concluding remarks

Several studies have linked IgLON family members Lsamp and Negr! with various
psychiatric disorders. And it has been shown that both genes have associations
with monoaminergic systems. The expression of Negr/ has been shown in both
dopaminergic and serotonergic nuclei and pathways and pharmacological studies
have shown that Lsamp has an impact on specific monoaminergic systems. Despite
the high linkage between Negrl and depression, the serotonergic and dopamin-
ergic neurotransmission has not been studied until now in Negr/-deficient mice.
Although relationships between Lsamp and monoaminergic systems have been
studied in mice before, they need to be further characterized. Prior evidence about
Lsamp expression in the raphe area comes from gene chip expression data in
Wistar rats (Alttoa et al., 2010). First aim of the study was to describe the isoform-
specific expression of Lsamp transcript in the mid- and hindbrain of the mice with
the focus on the raphe nuclei. The second aim of the current study is to explore
the brain monoaminergic system in a mouse model deficient in either Negr/ or
Lsamp gene/protein for better understanding whether these neural circuits could
be responsible for the links between Negr/ and Lsamp polymorphisms and
phenotypes of depression. Thirdly, we challenged the monoaminergic neuro-
transmission of mice lacking Negrl or Lsamp and their WT littermates with
chronic injection of escitalopram. Chronic injections were chosen because in
humans the effect of escitalopram appears around two weeks after starting to take
the medication. As forth, amphetamine was used to challenge monoaminergic
neurotransmission in Negr/-deficient mice.

In addition to psychiatric disorders, NEGRI1 is a candidate gene regulating
human obesity. Shared genetic risk factors between depression and obesity have
been reported, which could be mediated through shared etiological pathways.
Therefore, the fifth aim of the current study is to clarify the role of NEGR1 in the
maintenance of systemic metabolism, including glucose homeostasis, by using
both male and female Negri-deficient mice receiving a standard or high-fat diet.
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3. AIMS OF THE STUDY

The general aim of the current study was to explore the function on the IgLON
nCAMs NEGR1 and LSAMP by using gene deficient mouse models.
More specific aims were following:

1. To describe the isoform-specific expression of Lsamp transcripts in the mid-
and hindbrain of mice with the focus on the raphe nuclei. (Paper I)

2. To explore the effect of chronic administration of selective 5-HT reuptake
inhibitor (SSRI) escitalopram on the behavior and monoamine metabolism of
both Lsamp- and Negri-deficient mice compared to their WT littermates.
(Paper I and 1)

3. To assess the effects of Negri-deficiency on the monoaminergic circuitry
using chronic (10-days) amphetamine, indirect dopamine agonist. (Paper 1I)

4. To study the effect of Negrl deficiency on the food intake, systemic meta-
bolism, and oxidative stress levels in the brain. (Paper I1I)
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4. MATERIALS AND METHODS

4.1. Animals (Paper I, 1l and IlI)

In this study several cohorts of mice were used (Table 1). Male and female WT
mice and their homozygous Negrl-deficient littermates (Negr/ ") used in the
study are described previously (Singh et al., 2019). Generation of the mouse line
with Lsamp deletion has been described previously (Innos et al., 2011), male WT
mice and their homozygous Lsamp-deficient (Lsamp ") littermates mice were
used. For isoform-specific stainings Lsamp"" mice were used. All mice had the
genetic background of 12956/ SvEvTac x C57BL/6 and were F2 hybrids derived
from heterozygous F1 intercrosses. Mice were group-housed in standard labora-
tory cages measuring 42.5 (L) x 26.6 (W) x 15.5 (H) cm, 10 animals per cage in
the animal colony at 22+ 1 °C, under a 12:12 h light/dark cycle (lights off at
19:00h). A 2 cm layer of aspen bedding (Tapvei, Estonia) and 0.51 of aspen
nesting material (Tapvei, Estonia) were used in each cage and changed every
week. Water and food pellets (R70, Lactamin AB, Sweden) were available ad
libitum. Breeding and the maintenance of the mice were performed at the animal
facility of the Institute of Biomedicine and Translational Medicine, University of
Tartu, Estonia. The use of mice was conducted in accordance with the regulations
and guidelines approved by the Laboratory Animal Center at the Institute of
Biomedicine and Translational Medicine, University of Tartu, Estonia. All animal
procedures were conducted in accordance with the European Communities
Directive (2010/63/EU) with permit No 150 (September 27, 2019; experiments
with Negrl ™~ mice) and permit No. 29 (April 28, 2014; experiments with Lsamp '~
mice) from the Estonian National Board of Animal Experiments.

Table 1. Cohorts of the mice used in the experiments.

Cohort 1 Lsamp **  |Male |n=6-14 3 months old in the end of
and 7~ experiment, chronic
escitalopram experiment
Cohort II |Negrl ¥+ |Male |n=13-15 3 months old in the end of
and 7~ experiment, chronic

escitalopram experiment

Cohort Il | Negrl ** Male [n=10 5 months old in the end of
and - experiment, amphetamine dose
response curve experiment

Cohort IV |Negrl ¥+ |Male |n=10 5 months old in the end of
and 7~ experiment, chronic
amphetamine experiment

CohortV |Lsamp ** |Male |[n=8(qPCR) |4 months old, group housed in
and n =73 (in situ) |home cages, qPCR and in situ
stainings
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Cohort VI |Negrl ¥+ |Male |n=10-11 4 months old, group housed in
and (qPCR) home cages, qPCR and
n =15 (immuno- |immunohistochemical stainings
histochemistry)
Cohort VII | Negrl ** Male [n=12 5 months old, metabolomics
and 7~ and experiment
female
Cohort Negrl **  |Male |[n=10 4 months old, glucose tolerance
VI and and test (GTT)
female
Cohort IX |Negrl ** Male |[n=10 3 months old, food preference
and 7~ and test
female
CohortX |Negrl** |Male [n=10 3 months old, western blot
and "~ analysis to assess oxidative
stress

4.2. Lsamp isoform-specific stainings in brain slices
(Paper )

Non-radioactive in situ RNA hybridization analysis with digoxigenin-UTP and
X-@Gal staining for detecting the distribution of Lsamp 1b promoter activity was
performed as described earlier (Philips et al., 2015). Briefly, cDNA fragments
specific for 1a promoter (400 bp) consisted of la-specific S'UTR, exon la and
exon la’. Universal Lsamp probe (567 bp) contained cDNA fragments consisting
of Lsamp exons 2-6. For X-Gal staining, the brains of the mice with Lsamp "
genotype were used with heterozygous in-frame NLSLacZNeo cassette resulting
in insertion of gene encoding beta-galactosidase immediately after Lsamp 1b
promoter.

4.3. qRT-PCR analysis in mouse brain areas (Papers |, 1l)

Gene expression was determined by two-step RT-qPCR (qPCR). Total RNA was
extracted from each tissue sample by using Trizol reagent (Invitrogen) according
to the manufacturer’s protocol.

4.3.1. qRT-PCR analysis by using Tagman assays (Paper I)

First strand cDNA was synthesized by using Random Hexamer (Applied Bio-
systems) and SuperScript™ IV Reverse Transcriptase (Invitrogen) according to the
manufacturer’s protocol. Predesigned Tagman Gene Expression Assays (Applied
Biosystems) were used for the measurement of the expression of monoamine
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oxidase A (MaoA; assay number: Mm00558004 ml), monoamine oxidase
B (MaoB, Mm00555412 ml) and 5-HT transporter (S/c6a4, Mm00439391 m1).
The same assays have been previously used also by Hansson et al. (2014).
TagMan Universal PCR Master Mix was used according to the manufacturer’s
protocol as a reaction buffer. Two micrograms of RNA were used in a 20pl end-
reaction for cDNA synthesis from brain tissues. Each reaction mix was divided
into 10ul quadruplicates.

ABI Prism 7900HT Sequence Detection System with ABI Prism 7900 SDS
2.4.2 software (Applied Biosystems) was used for qPCR detection. qPCR data
has been presented on linear scale, in form of 2*“T (Livak and Schmittgen, 2001)
where ACT is the difference in cycle threshold (CT) between the gene of interest
(FAM) and the housekeeper gene (VIC).

4.3.2. qRT-PCR analysis by using Sybr green assay (Paper Il)

First strand cDNA was synthesized by using FIREScript RT ¢cDNA Synthesis
MIX with Oligo (dT) and Random primers (Solis BioDyne, Tartu, Estonia)
according to the manufacturer’s protocol. In qPCR 8 dopamine related genes
were studied, tyrosine hydroxylase (74), dopamine receptor 1 (Drdl), dopamine
receptor 2 (Drd2), dopamine receptor 5 (Drd5), dopamine transporter (Dat),
catechol-O-methyltransferase (Comt), monoamine oxidase A (MaoA) and mono-
amine oxidase B (MaoB). Dopamine system-related primers used in the experi-
ment have been previously described in Varul et al. 2021. As a housekeeper gene
beta-actin (ActB_ mm F ACCATGTACCCAGGCATTGC, ActB mm R AGC
CACCGATCCACACAGAG) was used. Every reaction was made in four parallel
samples to minimize possible errors. All reactions were performed in a final
volume of 10 pL, using 5 ng of cDNA. Real-time qPCR was performed using 5x
HOT FIREPoI® EvaGreen® qPCR Supermix (Solis BioDyne, Tartu, Estonia).

4.4. Escitalopram treatment (Papers |, 1l)

All mice were age-matched with littermates and were tested at 3—4 months of age.
Lsamp™"~ (cohort I), Negrl™ (cohort IT) (Figure 1) and WT mice were randomly
divided into groups that received an intraperitoneal (i.p.) injection of either saline
or 10 mg/kg of escitalopram at a volume of 10 ml/kg. In the experiment with
Lsamp™ mice escitalopram was administered for 18 consecutive days and in the
experiment with Negrl ™~ mice for 23 consecutive days. The number of mice per
group in the Lsamp ™~ experiment was: 10 mice in the Lsamp '~ escitalopram
group and 10 mice in WT escitalopram group. There were fourteen animals in the
WT-saline group altogether but only 10 mice of these were tested in all experi-
ments, an exception was the open field test in which all 14 mice were included.
Lsamp™' saline group consisted of 10 animals but only 9 mice of these were
tested in all experiments, an exception was the open field test, where all 10 mice
were included. The number of mice per group was: 13 mice in Negrl ™™
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escitalopram group and 15 mice in WT escitalopram group, in saline groups there
were 13 mice in both WT and Negrl ™~ groups. Escitalopram (Sigma-Aldrich,
USA) was freshly prepared in a sterile pyrogen free 0.9% solution of sodium
chloride. Body weight of Negrl~~ was measured weekly for 8 weeks before
administration of escitalopram and on days 1, 3, 5,7,9, 11, 13, 15, 17, 19 and 21
during the period of injections.

First (I) cohort (male Lsamp +/+ and -/- mice), 3 months old in the end of experiment

= = - HPLC for the detection
Administration of 10 mg/kg ..o N i) ) i of monoamines from
. . o8 . ? © = Day 18: X
escitalopram/saline for 18 days « & & o c - c . N raphe, ventral striatum,
_ - > o - @ - ® Dissection q
(n = 6-14 per group) ToS5 > 2 T a T dorsaal striatum,
QOlay 83 yooO temporal lobe and
hippocampus
Second (ll) cohort (male Negrl +/+ and -/- mice), 3 months old in the end of experiment
= e A
- . [0} o T T
Adnstraton of 10 Mgk . s38| S2 | L8 Day 23: HPLC for the detection
esi' ?;qrsam saline for ays 2 E > 5 Q §_ Dissection of monoamines from
(n = 13-15 per group) gEa2 88 §‘ % of brains raphe and hippocampus

| J

Figure 1. Schematic overview of the cohorts of escitalopram treatment mice and
tests/measurements performed in the current study. Cohort I and II was used for the
estimation of the treatment of chronic escitalopram.

4.5. Dose-response and chronic amphetamine treatment
(Paper Il)

For the estimation of acute and chronic effects of amphetamine two subgroups of
5 months old mice were used: cohort III for the estimation of dose curve and
cohort IV for the chronic amphetamine administration (Figure 2). All Negri-
deficient mice and their age-matched WT littermates were randomly assigned to
groups (n= 10 per group). We used the D-isomer of amphetamine (d-ampheta-
mine) because L-amphetamine is a weaker agonist of the dopamine system
(Taylor et al., 1970). In the acute administration group (II1), mice received a single
injection of d-amphetamine in two different dosages: 3 mg/kg and 6 mg/kg, or
saline. In the chronic amphetamine experiment (cohort IV), all mice were tested
in the open field test (I testing) two weeks prior to the amphetamine injections in
order to detect their baseline motor/exploratory activity. Thereafter, they received
an i.p. injection of saline or 3 mg/kg amphetamine for 10 days followed by a daily
open field test 30 min after injection. D-amphetamine (Sigma-Aldrich, St. Louis,
MO, USA) was freshly prepared in a sterile pyrogen free 0.9% solution of sodium
chloride (B. Braun Melsungen AG, Germany). Amphetamine was injected intra-
peritoneally at a volume of 10 ml’kg 30 min before testing. The results of the
chronic amphetamine experiment were analyzed daily as we considered raising
the dosage of amphetamine, if necessary, but 3mg/kg ended up having a sufficient
effect.

25



Third (lll) cohort (male Negr1 +/+ and -/- mice), 5 months old in the end of experiment

Single administration of doose: 3mg/kg

i i Dose response
or 6 mg/kg or saline (n= 10) Single open field test p!

30 min after injection curve

Fourth (IV) cohort (male Negr1 +/+ and -/- mice), 5 months old in the end of the expreiment

HPLC for the detection of
Administration of 3 mg/kg amphetamine/saline; monoamines from ventral

consequent open field test for 10 days (n= 10) striatum, dorsal striatum
and hippocampus.
qPCR from VTA

Open field
for baseline
activity

Figure 2. Schematic overview of the cohorts of amphetamine experiment mice and
tests/measurements performed in the current study. Small arrows indicate the timing
of behavioral tests in the schematic timeline. Cohort Il mice were used for the estimation
of dose response curve and cohort I'V for the chronic amphetamine administration. Open
field test for baseline activity of cohort IV mice was performed 7 days before administ-
ration of amphetamine.

4.6. Behavioral testing

In the experiment with Lsamp ™~ mice, behavioral tests were performed on day 14
(elevated plus maze), day 16 (tail suspension test) and day 18 (open field test). In
the experiment with Negrl ™~ mice, behavioral changes were evaluated in the
elevated plus maze (day 16), open field test (half of the mice on day 19 and other
half of the mice on day 20), and tail suspension (day 22) tests.

4.6.1. Elevated plus maze (Paper |, 1)

The elevated plus maze apparatus consisted of two opposite open (17.5 X 5 cm)
arms without sidewalls and two enclosed arms of the same size with 14 cm high
sidewalls and an end wall. The apparatus was elevated to a height of 30 cm and
placed in a room with the light intensity of 100 Ix in open arms. Testing began by
placing the animal on the central platform of the maze facing an open arm. After
each mouse the floor of the testing apparatus was cleaned with 70% ethanol and
dried thoroughly. Standard 5 min test duration was employed, and all the sessions
were video recorded. An arm entry was counted only when all four limbs were
within a given arm.

26



4.6.2. Open field test (Paper |, 1l)

Locomotor activity of individual mice was measured with the illumination level
of 450 Ix for 30 min in soundproof photoelectric motility boxes (44.8 x 44.8 x
45 cm) connected to a computer (TSE, Technical & Scientific Equipment GmbH,
Germany). The floor of the testing apparatus was cleaned with 70% ethanol and
dried thoroughly after each mouse. The system automatically registered the
movement of the animal.

4.6.3. Tail Suspension Test (Paper |, Il)

Mice were suspended for 6 min from the edge of a shelf 60 cm above a tabletop
by adhesive tape, placed approximately 1 cm from the tip of the tail. The duration
of immobility, the number of immobility episodes (an episode defined as hanging
passively and being motionless for at least 3 s), and the number of short im-
mobility episodes lasting 1-2 s were scored during the last 4 min from the
recorded videos by an observer blind to the genotype.

4.7. Measurement of monoamines (Paper |, 1)

Monoamines — serotonin (5-HT), noradrenaline (NA) and dopamine (DA) — and
their metabolites — normetanephrine (NMN), 3,4-dihydroxyphenylacetic acid
(DOPAC), homovanillic acid (HVA), 5-hydroxyindoleacetic acid (5-HIAA), and
3-methoxytyramine (3-MT) — were assayed by high performance liquid chro-
matography (HPLC) with electrochemical detection. Monoamine and their meta-
bolites were measured from VSTR and dorsal striatum (DSTR) tissues of Negrl "~
chronic amphetamine experiment mice and from VSTR, DSTR, raphe, Temp,
and Hip of Lsamp ™’ escitalopram experiment mice.

Monoamine quantification in raphe nuclei and Hip were done by liquid chro-
matography mass spectrometry. Briefly, the samples were weighed and trans-
ferred into 50 ul PBS. Fifty pl internal standard [*Hs]leucine, [*Ce]tyrosine,
[*Hs]phenylalanine (Cambridge Isotope Laboratories, Tewksbury, MA, USA)
and 0.9-2.0 mm stainless steel beads (Next Advance, Troy, NY, USA) were
added. Homogenization was achieved within 2 min in bullet blender (Next
Advance). Thereafter 400 pl ice-cold methanol (resulting the final concentration
of 80% methanol) was added and the samples were let stand at —20 "C for 20 min.
After centrifugation 10 min at 21,000 xg two 200 pl aliquots were taken from
supernatant and dried under a stream of nitrogen. First aliquot was treated with
50 pul phenylisothiocyanate in water and pyridine (v/v/v 50/320/635) for 40 min
at 40 "C. The second aliquot was treated with 100 ul 200 mM 2-nitrophenyl-
hydrazine and 20 ul 120 mM 1(3-dimethylaminopropyl)-N-ethylcarbodiimide
for 1 h at room temperature. After subsequent drying under nitrogen the samples
were resolved in 100 pl 5 mM ammonium acetate in methanol. Ten pl was
injected into Acquity Premier 1.7 pm CSH Phenyl-Hexyl 2.1 x 100 mm column
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in Waters Acquity UPLC H-class — Xevo TQ-XS mass spectrometer (Waters,
Milford MA, USA). Gradient was composed of solvent A: H,O with 0.2% formic
acid and solvent B: acetonitrile with 0.2% formic acid. Starting from 85% solvent
A for 0.5 min the gradient rose to 50% B in 1 min and to 90% B in next 0.5 min.
Total run time was 4.5 min with flow rate 0.5 ml/min. The phenylisothiocyanate
derivatives were analyzed in positive ionization multiple reaction monitoring
mode with the following quantification ion pairs: 5-HT 312/160, NA 287/135,
DA 289/137, NMN 301/166, 5-HIAA 192/146 and 3-MT 303/94. Nitrophenyl-
hydrazine derivatives were quantified in negative ionization mode with the
following ion pair signals: DOPAC 302/137, HVA 316/146.

4.8. Immunohistochemistry (Paper Il)

Fluorescent immunohistochemistry was performed on floating 30 um thick coronal
sections collected after every 300 um into phosphate buffered saline (PBS).
Incubations were performed with gentle rocking and at room temperature unless
mentioned otherwise. After washing with PBS for 10 min, sections were perme-
abilized with 0.25% Triton X-100 (Naxo, Tartu, Estonia)/PBS solution for 45 min.
Sections were subsequently blocked in solution containing 0.3M glycine/5%
donkey serum//1% bovine serum albumin (BSA, Sigma-Aldrich)/PBS for 2 h at
room temperature and incubated with rat anti-dopamine transporter/DAT (1:100)
(sc-32258, Santa Cruz Biotechnology) dilutions in 0.1% Tween-20/1% BSA/PBS
72 hours at 4 °C. Subsequently sections were then washed with 5 times 0.1%
Tween-20//PBS for 10 min and incubated with the appropriate secondary anti-
body donkey anti-rat antibody (1:1000) (712-607-003, Jackson ImmunoResearch
Labs) at room temperature for 2 h. After subsequent washes with PBS 3 times
10 min nuclei were stained with 5 pg/ml Bisbenzimide H 33258 (Hoechst 33258,
Sigma Aldrich) in PBS for 2 min. Subsequently sections were rinsed with PBS
for 5 min, mounted in Fluoromount mounting medium (Sigma Aldrich), and
covered with a 0.17-mm coverslip (Deltalab). Specificity of the immunohisto-
chemistry was determined by incubations without the primary antibodies.
Fluorescent images were obtained with the Olympus FV1200MPE (Olympus,
Hamburg, Germany) laser scanning confocal microscope and Leica Aperio
VERSA Brightfield, Fluorescence & FISH Digital Scanner using 10x air
objective.

Fluorescent intensity of DAT immunostaining in the striatum was quantified
using the Positive pixel count 2004-08-11 algorithm of Aperio Image Scope
[v12.4.3.5008]. The image of striatal surface was divided into DSTR containing
caudate-putamen and VSTR consisting of nucleus accumbens and olfactory
tubercle, according to the Scalable Brain Atlas (Bakker et al. 2015). Isosurface
was created separately from both the parts of the striatum and was used to make
quantitative measurements on area and surface fluorescent intensity.
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4.9. Diet composition (Paper lll)

High fat (HF) chow [DIO-45 kJ% fat (lard)] (Ssniff Spezialidten GmbH) corres-
ponds to the D12451 diet from Research Diets from and its physiological ener-
getic value was 4.615 kcal/kg. It contained 45 kJ% fat, 20 kJ% proteins and
35 kJ% carbohydrates. This diet is characterized by high fat content (lard) and
high sucrose levels. It is used to induce obesity and metabolic syndrome/diabetes
in rats and mice.

The caloric value of regular chow (V1534-000 Rat/mice universal maintenance
diet, autoclavable (10mm) from Ssniff Spezialidten GmbH) was 3.225 kcal/kg. It
contains 9 kJ% fat, 24 k]% proteins and 67 kJ% carbohydrates. This diet is suit-
able for long term experiments.

4.10. HF diet (Paper Ill)

Chronic HF diet experiment was performed with two different cohorts of mice
(Figure 3). For the cohort VII of mice 19 (+ 1) weeks old WT and Negr!/~ male
and female mice were divided into two groups, one group received regular food
and another group received HF diet (12 male and 12 female WT mice + 12 male
and 12 females Negrl "~ mice). Mice in the cohort VII received the HF diet for
7 weeks. All the mice were weighed weekly, starting from 10 weeks before the
beginning of the HF diet (at the age of 10+ 1 weeks), altogether the body weight
dynamics of the mice was tracked for 16 weeks. In the cohort VIII of mice
15 (£ 1) weeks old WT and Negr/ "~ male and female mice were divided into two
groups, one group received regular food and another group the HF diet (10 male
and 10 female WT mice + 10 male and 10 females Negr! " mice). In the cohort
VIII, all mice received the HF diet for 6 weeks. As female mice showed no
genotype effect in the glucose tolerance test, females received the HF diet for
another 7 weeks (total 13 weeks for females). In the cohort IX of mice, the food
consumed was also weighed to evaluate their food consumption. At the end of
both experimental periods, brain tissue, liver, and plasma were collected from all
mice.
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Cohort VI (metabolomics) of male and female Negr1 +/+ and -/- mice (group housed, 5 mice per cage)

3. Serum collection
for metabolomics at
age 26 weeks

1.Body weight tracking from 2. High fat diet or standard
age 10 to 19 weeks diet for 7 weeks

Cohort VII (GTT) of male and female Negr1 +/+ and -/- mice (group housed, 5 mice per cage)

1. High fat diet 2. Glucose 3a. Only females: High fat/ standard [4. Only females: glucose]
. diet for additional 7 weeks tolerance test Il
or standard diet delleEED ek |
for 6 K for males and - :
or 6 weeks females 3b. Oqu males: liver gnd muscle tissue
collection for cryosections (n = 5)

Cohort VIl (food preference test) of male and female Negr1 +/+ and -/- mice (single housed for 6 days)

cI?iay.s 1-3: S_tandard B4k G alish e Day 5: Both high fat and Dlay- 6: Stan_dard
et; recording the . .. - diet; recording
e & G EITES) recording the amount of standard diet; recording the A ———
food after 24 hours consumed food after 1,3,6 amount of consumed food consumed food
(8.00 am each day) and 24 hours i )P e 20 i after 24 hours

Figure 3. Schematic overview of the cohorts of mice and tests conducted in the high-
fat diet study. Cohort VII mice were used for metabolomic analyses of high-fat diet and
standard diet mice. Cohort VIII mice were used for GTT. Cohort IX mice were used for
a food preference test.

4.11. Food preference test (cohort IX) (Paper Ill)

The food preference was performed with minor modifications as described earlier
in Leidmaa et al. All the mice were housed in single cages and on days 1-3, mice
received regular food. Both food and mice were weighed every morning at the
same time (8.00 am). In the morning of the 4th day, the mice and food were
weighed, and the food was further weighed at specific timepoints (1h, 3h, 6h and
24 h) throughout the day. On the 24h time-point the next morning (5th day) mice
were weighed, and the HF food was added for the food preference experiment.
Both regular food and HF food were weighed at the same time points (1h, 3h, 6h
and 24h) as the previous day. On the 24 h weighing (6th day) mice were weighed
again, and HF food was removed, only regular food was retained. On the 7th day,
the food was weighed for the last time to see if Negr/ /" mice showed any with-
drawal effects.

4.12. Measurement of metabolites (Paper Ill)

AbsoluteIDQ™ p180 kit (BIOCRATES Life Sciences AG, Innsbruck, Austria)
was used to determine plasma levels of metabolites according to the manu-
facturer’s protocol. Amino acids and biogenic amines in the samples were mea-
sured using the liquid chromatography — mass spectrometry techniques. Acyl-
carnitines (Cx:y), hexoses, sphingolipids [SMx:y or SM (OH)x:y], glycero-
phospholipids [lysophosphatidylcholines (lysoPCx:y), and phosphatidylcholines
(PCaa x:y and PC ae x:y)] were measured using flow injection mass spectrometry.
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For both modes of analyzing, multiple reaction monitoring was used. Con-
centrations of the metabolites were calculated automatically by the MetIDQ™-
software (BIOCRATES Life Sciences AG) in uM. The analytical system was
QTRAP 4500 (Sciex, Framingham, MA, USA) in combination with Agilent
1260 series HPLC (Agilent Technologies, Waldbronn, Germany).

Citric acid cycle intermediates were analyzed on the same instrument with an
in-house protocol. Fifty pl serum was treated with 20 ul 100 uM [2H4] succinate
(internal standard) and 750 pl ice-cold methanol for 10 min for protein pre-
cipitation. After centrifugation 10 min at 21 000 X g the supernatant was dried
under a stream of nitrogen and dissolved in 100 pl of methanol with 0.2% formic
acid. The multiple reaction monitoring transitions in negative ionization mode
were as follows: malate 133/115, succinate 117/73, citrate 191/87, pyruvate
87/43, alpha-ketoglutarate 145/101, lactate 89/43, oxaloacetate 131/87, beta-
hydroxybutyrate 103/59 and the internal standard 121/77.

4.13. GTT, cohort VIII (Paper III)

Animals were deprived of food for 3 h before and during the experiment; water
was available throughout the experiment. After measuring the basal glucose
levels, the mice were intraperitoneally administered a glucose (Sigma-Aldrich)
solution in 0.9% saline (20% w/vol) at a dose of 2 g/kg of body weight. Blood
glucose values were subsequently measured after 30, 60, 90, 120 and 180 min
from the tail vein using a hand-held glucometer (Accu-Check Go, Roche, Mann-
heim, Germany). The bioavailability of glucose was estimated by calculating the
under the curve area (AUC) of plasma concentration at measured time points. For
males, GTT was performed on the 6th week and for females on 6th and on the
13" week of a HF diet.

4.14. Sample collection (Paper |, I, 1l1)

All mice tissues used in this dissertation were collected in the same manner. Mice
were euthanized by decapitation, and trunk blood was collected into EDTA-
coated microcentrifuge tubes and stored on 4 ‘C. All the tubes were centrifuged
at 2,000 g for 15 min at 4 ‘C. Plasma supernatant was separated and stored at
—80 'C until further analysis. Different brain regions were dissected from the
brain and frozen in liquid nitrogen, brain tissues were stored at —80 "C.

4.15. Western blot

Western blot analyses were performed according to general protocol of western
blotting (Bio-Rad). Primary antibodies used: rabbit anti-NOX2/gp91phox anti-
body (lpg/ml) (ab 80508, Abcam), rabbit anti-NOX1 antibody (0.1 pg/ml)
(ab131088, Abcam), mouse anti-Glutathione antibody (1:1,000) (ab19534,
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Abcam), rabbit anti-Superoxide Dismutase 1 antibody (ab51254, Abcam).
Secondary antibodies used: goat anti-rabbit antibody (1:40,000) (35569, Jackson
ImmunoResearch) and goat anti-mouse antibody (1:5,000) (A21057, Invitrogen),
goat anti-rabbit HRP antibody (1:3,000) (ab205718, Abcam). The values were
then normalized to control protein. Optical densities of the bands were measured
using ImageJ software and normalized with B-actin.

4.16. Statistical Analysis (Paper |, I, 11I)

All results are expressed as mean values = SEM, all differences were considered
statistically significant at p <0.05. For analyzing gene expression data, non-para-
metric tests were applied, because not all of the gene expression data sets were
normally distributed according to the Shapiro Wilk’s normality test. Statistical
analyses for metabolomic data, body weight, GTT and food preference test were
performed using GraphPad Prism 6 software. Normal distribution of data was
evaluated by the Shapiro-Wilk test. Comparison of metabolomic data between
groups was performed using two-way ANOVA (diet x genotype) followed by a
Bonferroni post hoc test. Comparison of GTT data between groups was per-
formed using two-way ANOVA followed by a Tukey post hoc test. Statistical
analysis of the food preference test and cross-sectional area of muscle fibers was
performed by using Mann-Whitney U test.

Statistica 13 software was used for statistical analysis of experiments with
Lsamp~’~ mice. Shapiro-Wilks test was used to test for normal distribution of the
data. For the behavioral experiments, two-way ANOVA for independent groups
was used (genotype X treatment). Repeated measures ANOV A was used to analyze
body weight changes. Comparisons between individual groups were performed
by means of Tukey HSD post hoc test. p-Value below 0.05 was considered signi-
ficant. Wilcoxon-Mann-Whitney test was used for comparisons of gene ex-
pression levels between Lsamp-deficient mice and WT littermates.

In the chronic amphetamine experiment normal distribution of data was eva-
luated with the Shapiro-Wilk test. Results from qPCR and other data comparing
two groups were assessed using Student’s t-test or Mann—Whitney test for
nonparametric data. Comparison of RT-qPCR data from chronic amphetamine
experiment in the ventral tegmental area (VTA), of the behavioral results from
the escitalopram experiment, levels of monoamines and their metabolites, and
body weight differences was performed using two-way ANOVA followed by a
Bonferroni post hoc test. The body weight dynamics from day —10 to day —3 were
analyzed using repeated measures two-way ANOVA (time x genotype) followed
by Bonferroni post hoc test. Behavioral data from the chronic amphetamine
experiment was analyzed by repeated measures three-way ANOVA followed by
a Tukey’s post hoc test. All differences were considered statistically significant
at p <0.05. Statistical analysis was performed using GraphPad Prism 8 software.
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5. RESULTS

5.1. Expression and impact of LSAMP neural adhesion
molecule in the serotonergic neurotransmission system
(Paper )

5.1.1. Lsamp transcripts are expressed in the dorsal, median,
and caudal raphe nuclei

A Universal Lsamp B Universal  1aisoform 1b isoform

Figure 4. Isoform-specific stainings of Lsamp transcripts in the mid- and hindbrain
of mice. In situ staining with a probe specific for the universal Lsamp transcript (A, B in
the left, C, D, G). In situ staining with a Lsamp1la-specific probe (B in the middle, E, H).
Lsamp 1b-specific X-gal staining (B in the right, F, J). Stainings from more rostral
sections validating the specificity of the stainings (G, H, J). Abbreviations according to
the atlas of Franklin and Paxinos (1997): Aq (aqueduct), DR (dorsal raphe nuclei)
Gc/Mc/Pe (granule/molecular/Purkinje cell layer of the cerebellum), LL (nuclei of lateral
lemniscus), LP (lateral posterior thalamic nucleus), MG (medial geniculate nucleus),
MnR (median raphe nuclei), PAG (periaqueductal gray), RPO (rostral periolivary region),
RtTg (reticular tegmental nucleus of the pons), SuG (superficial gray layer of the superior
colliculus), Tz (trapezoid body). Scale bars: 500 pm.
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Lsamp transcripts are expressed in both the dorsal raphe (DR) and median raphe
(MnR) nuclei, whereas the signal is slightly more intensive in the dorsal raphe
(Figure 4A). From the isoform specific stainings we could conclude that both
Lsamp 1a and 1b promoters are active in the DR (Figure 4B); most of the expres-
sion in MnR comes from 1b promoter, whereas most of the Lsamp expression in
the caudal subgroup of raphe, such as raphe magnus (RMg) derives from la
promoter (Figure 4B, C, D, E). Universal and isoform-specific stainings from
more rostral sections validate the specificity of the stainings (Figure 4G, H, J).

5.2. Chronic administration of escitalopram has impact
to the behavior of Lsamp™ mice and Lsamp™™ mice
has lower baseline bodyweight

The body weight of saline-injected Lsamp ™'~ mice was significantly reduced com-
pared to their wild-type littermates (main genotype effect F = 7.675; p = 0.013;
Figure 5, left). There was also a significant time effect (main time effect F = 18.095,
p < 0.0001), but no interaction (time x genotype F = 1.166; p =0.216). Under
escitalopram treatment, no significant differences could be observed between the
body weights of Lsamp "~ and Lsamp™* mice (main genotype effect F = 0.109;
p = 0.745; Figure 5, right). There was a significant time effect (main time effect
F=330.157, p<0.0001), but no interaction (time x genotype F =1.765; p = 0.185).
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Figure 5. Body weight changes. The body weight was initially measured three weeks
before the first administration of escitalopram, the behavioral tests were performed on
Day 14 (elevated plus maze), Day 16 (tail suspension test) and Day 18 (open field test).
After the last test, the mice were immediately decapitated, and the brains dissected for the
measurement of monoamines and their metabolites. The number of mice was nine in the
Lsamp™" saline group, n = 10 in all other groups. Error bars represent + SEM; ESC —
escitalopram, g — gram, SEM — standard error of the mean.
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To study the effects of chronic escitalopram treatment on anxiety like behaviors,
we tested mice in the elevated plus maze. The number of closed arm entries,
reflecting locomotor activity, was heavily dependent on genotype (Fi3s5= 49.8;
p < 0.00001), treatment (F135=17.5; p <0.001) and genotype X treatment inter-
action (Fi35 = 14.6; p < 0.001). Post hoc comparison with Tukey HSD test
revealed that in Lsamp "~ mice, escitalopram administration significantly in-
creased the number of closed arm entries (p < 0.001) both compared to Lsamp "/~
mice receiving saline and to Lsamp ™" mice receiving escitalopram (Figure 6A).
Open arm entries, which reflect a low level of anxiety, were dependent on
genotype (Fi35=7.5; p=0.01) (Figure 6B). For protected head dips, a significant
genotype main effect (Fi35=15.7; p=0.023) was established (Figure 6C). Unpro-
tected head dips were dependent on genotype (Fi35=6.1; p = 0.018) (Figure 6D).
The latency to enter an open arm was also dependent on genotype (Fi35=10.1;
p = 0.003). Similarly, time spent on open arms depended on genotype (Fi35=4.5;
p = 0.040). The percentage of time that mice spent on the open arms was ten-
dentially higher in Lsamp ™~ mice (F131=3.9983; p = 0.053).

To assess the locomotor activity and anxiety-like phenotype of the mice, we
conducted the open field test. Distance travelled during the 30 min of testing,
reflecting locomotor activity, was not dependent on genotype (Fi4 = 0.59;
p = 0.450), treatment (Fi40 = 1.19; p = 0.280) or their interaction (F;40= 0.08;
p =0.780) (Figure 6E). Time spent in the central square, reflecting anxiety levels,
was also not dependent on genotype (Fis = 0.037; p = 0.850), treatment
(F140=10.78; p=10.380) or their interaction (Fi 4= 1.68; p = 0.200). Similarly, for
distance travelled in the central square, no significant main effects of genotype
(Fi40=0.024; p = 0.880), treatment (F;40= 1.68; p = 0.200) or their interaction
(F1.40=0.057; p=0.810) were established. For distance covered in corners, which
is another parameter of locomotor activity, a statistically significant genotype
effect (F140=5.24; p = 0.028) was evident, caused mainly by higher ambulation
in the corners in the Lsamp ™~ group receiving saline; however, distance in the
corners was not dependent on treatment (Fi40= 0.78; p = 0.38) or genotype X
treatment interaction (Fi4 = 1.29; p = 0.260). As differences in anxiety-like
behavior are often most pronounced early in novel environment, we separately
analyzed the first 5 min of the open field behavior. The distance travelled during
the first 5 min of testing was affected by treatment as escitalopram-treated mice
covered longer distances (Fi140=11.1968; p = 0.001) (Figure 6F). This difference
was caused by WT mice (post hoc p = 0.001). The distance travelled during the
first 5 min was not dependent on genotype (Fi40= 0.6563; p = 0.420) or geno-
type x treatment interaction (Fi 4= 2.559; p = 0.120). Time spent in the central
square during the first 5 min was not dependent on genotype (Fi40 = 2.383;
p = 0.130), treatment (F; 40= 0.664; p = 0.420) or their interaction (F;40= 0.390;
p = 0.540). However, distance travelled in the central square during the first 5 min
was affected by treatment as escitalopram treated mice covered longer distances
(F140 = 8.387; p = 0.006) (Figure 6G); post hoc comparison did not indicate
significant differences in Lsamp ™~ or WT mice separately. There was no main
effect of genotype (F140=2.1657; p = 0.15) nor genotype X treatment interaction
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(Fi40=0.1281; p = 0.720) in distance travelled in the central square during the
first 5 min. Corner visits during the first 5 min were affected by genotype, as
Lsamp™~ mice showed higher number of visits; the difference originated from
saline-treated mice (post hoc p = 0.047) (Figure 6H). There was no main effect
of treatment on corner visits during the first 5 min (F140=0.7472; p = 0.390) nor
genotype x treatment interaction (F; 4= 1.8577; p = 0.180).
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Figure 6. Chronic escitalopram had a significant impact on the behavior in the
elevated plus maze, but not in the open field and tail suspension tests. Behavior of
Lsamp™ and WT mice in the elevated plus maze, EPM (A-D), open field, OF (E-H) and
tail suspension, TS (I-L) tests. In the elevated plus maze, escitalopram significantly
increased general motor activity reflected by an increased number of closed arm entries
(A) by Lsamp™ mice; this effect was not present in their wildtype littermates. Only
genotype effect was present in the open arm entries (B), protected head dips (C) and
unprotected head dips (D). In the open field test no statistical differences were found in
the general distance during 30 min testing (E), the distance travelled during the first 5 min
was significantly increased after administration of escitalopram only in WT mice (F);
escitalopram had significant treatment effect to the distance travelled in the center (G);
Lsamp™ mice in the saline group made more corner visits during the first 5 min of the
open field test compared with their WT littermates (H). No significant effects were found
in the tail suspension test related to freezing time (I), number of freezing episodes (J) and
latency to freeze (L). Lsamp™ mice displayed a specific behavioral pattern in the tail
suspension test that was not dependent on the injected substance: a significantly higher
number of short (1-2 s) episodes of immobility compared with their WT littermates (K).
*p <0.05, ¥**p <0.001 — genotype effects; ##p < 0.01, ##p < 0.001 — treatment effects.
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To assess depressive-like phenotype, we conducted the tail suspension test.
Freezing time, reflecting behavioral despair, was not dependent on the genotype
(F135=10.023; p=0.880), escitalopram treatment (F; 35=0.999; p = 0.324) or their
interaction (Fy35=1.461; p = 0.235) (Figure 6I). The number of freezing episodes
was also not dependent on genotype (F; 35 =0.033; p = 0.860), escitalopram treat-
ment (F;35=0.002; p=0.960) or genotype * treatment interaction (F;3s=0.148;
p = 0.700) (Figure 6J). Remarkably, Lsamp-deficient mice showed an increased
number of short immobility episodes compared to the WT controls (F;35=33.4;
p < 0.00001). The number of short freezing episodes was neither affected by
escitalopram treatment (F; 35=0.126; p = 0.720) nor genotype X treatment inter-
action (Fi35= 0.545; p = 0.470) (Figure 6K). The freezing latency was neither
affected by genotype (F135=2.41; p=0.130), escitalopram treatment (F; 35 = 0.559;
p =0.460) nor genotype X treatment interaction (F;35=0.17; p=0.680) (Figure 6L).

According to these results, Lsamp-deficient mice showed signs of reduced
anxiety, increased exploratory activity and behavioral disinhibition, entering
more frequently to both open and closed arms, as well as making more head dips,
both protected and unprotected. The chronic administration of escitalopram
amplified this effect even more.

5.2.1. Chronic administration of escitalopram alters the level of
monoamine in several brain areas

5-HT and its metabolite 5-HIAA were measured in five brain regions. 5-HT
turnover was calculated as the 5S-HIAA/5-HT ratio. Remarkably, differences bet-
ween the Lsamp ™'~ and control mice, most often in 5-HT turnover levels, were
observable in all the five brain regions studied. In the raphe nuclei, 5-HT turnover
was significantly higher in Lsamp-deficient mice receiving saline (p = 0.034)
compared to the WT mice receiving saline. Escitalopram treatment reduced 5-HT
turnover significantly (p =0.011) only in Lsamp ™’ mice (Figure 7C, in raphe, but
also other nuclei). Chronic escitalopram reduced the level of 5-HT significantly
(p = 0.032) only in Lsamp "~ mice (Figure 7A, in raphe). In Lsamp '~ mice re-
ceiving saline, 5-HIAA level was significantly (p < 0.001) higher than in the
corresponding WT group. Escitalopram reduced the level of 5-HIAA signi-
ficantly (p < 0.001) only in Lsamp '~ mice (Figure 7B, in raphe). In the VSTR,
5-HT turnover was significantly higher in Lsamp ™ mice receiving saline, than in
the corresponding WT group (p = 0.028). Escitalopram administration reduced
5-HT turnover significantly (p = 0.002) only in Lsamp ™’ mice (Figure 7C, V Str).
In the DSTR, escitalopram decreased 5-HT turnover significantly (p < 0.001) in
Lsamp~~ mice, but in WT mice the turnover was not significantly different
(p =0.090) (Figure 7C, D Str). Also, the level of 5S-HIAA was significantly higher
in Lsamp ™~ mice receiving saline (p = 0.042) than in WT mice receiving saline.
Escitalopram administration reduced the level of 5-HIAA statistically signi-
ficantly (p <0.001) only in Lsamp '~ mice (Figure 7B, D Str). In the Temp, there
were no significant differences, however, the 5-HIAA level in Lsampf/ " mice
receiving saline tended (p = 0.074) to be higher than in similarly treated WT mice
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(Figure 7B, Temp). In the Hip, the 5-HT turnover in Lsamp ™~ mice receiving
saline tended (p = 0.066) to be higher than in WT littermates treated similarly.
Escitalopram administration reduced 5-HT turnover significantly (p < 0.001)
only in Lsamp ™~ mice (Figure 7C, Hip). There was no difference between the
5-HIAA baseline levels, however, escitalopram reduced 5-HIAA levels in both
groups and, notably, in Lsamp ™~ mice to a greater extent (p < 0.001) than in WT
animals (p = 0.01) (Figure 7B, Hip).
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Figure 7. Effects of escitalopram on 5-HT and its metabolism in the five brain
regions of Lsamp™ mice (n = 8) and their wildtype littermates (n = 8). 5-HT (A),
5-HIAA (B) and 5-HT turnover (5-HIAA/5-HT) (C) levels in the raphe, ventral striatum (V
Str), dorsal striatum (D Str), temporal lobe including amygdala (Temp), and hippocampus
(Hip). #p < 0.05; ##p < 0.01; ##ip < 0.001 — treatment effects; *p < 0.05; ***p <0.001 —
genotype effects.

5.2.2. The baseline 5-HT system related gene expression
in Lsamp-deficient mice

Mann-Whitney U test revealed statistically significant differences between
Lsamp~~ (n = 8) and control Lsamp™"" (n = 8) mice for MaoA in the raphe area and
MaoB in the Temp. MaoA was significantly increased in Lsamp ™~ mice (m = 0.79)
compared to controls (m = 0.60) (p < 0.01) (Figure 8B), and MaoB was signi-
ficantly decreased in the Temp of Lsamp ' mice (m = 0.66) compared to Lsamp ™"
mice (m = 0.80) (p < 0.05) (Figure 8C).
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Figure 8. Baseline expression levels of the genes involved in 5-HT turnover. Relative
mRNA expression levels of (A) serotonin transporter (Slc6a4), (B) monoamine oxidase

A (MaoA) and (C) monoamine oxidase B (MaoB) in Lsamp-deficient mice and their WT
littermates. *p < 0.05; **p < 0.01.

5.3. Negr1 gene-deficiency induces alterations in the
monoaminergic neurotransmission enhancing time-
dependent sensitization to amphetamine in mice (Paper Il)

5.3.1. The impact of chronic administration of escitalopram to the
body weight and behavior of Negr1~-and WT mice

There were no significant body weight changes in Negr/~”~ mice caused by
chronic administration of escitalopram (Figure 9). Negrl” and WT received
23 days of escitalopram and the behavior of the mice was assessed in the elevated
plus maze (day 16), open field test (days 19 and 20), and tail suspension test (day
22). The test results showed that in the tail suspension test latency to freeze was
affected by the treatment (F1s0=4.189; p = 0.046). In the elevated plus maze test
frequency to enter closed arms was affected by the genotype (Fiso = 4.713;
p = 0.035). In the open field test corner visits made within first 5 minutes of the
experiment was affected by the genotype (Fi50 = 4.356; p = 0.042). There were
no other significant behavioral changes in the chronic escitalopram treatment
experiment (Figure 10).

Figure 9. Effects of chronic administration of escitalopram (10 mg/kg) on the body
weight of mice. (A) Body weight dynamics of the saline groups and (B) body weight
dynamics of escitalopram groups. Data represents mean + SEM.
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Figure 10. Escitalopram had no effect on the behavior of the mice. Mice received i.p.
injection of either saline or 10 mg/kg of escitalopram at a volume of 10 ml/kg for 23
consecutive days. Behavioral changes were evaluated in the (A-D) elevated plus maze
(day 16), (E-H) open field test (half of the mice on day 19 and other half of the mice on
day 20) and (I-L) tail suspension (day 22) tests. Data represents mean + SEM.

5.3.2. Chronic administration of escitalopram alters the level of
monoamines and their metabolites in raphe

Levels of different monoamines and their metabolites were measured in the raphe
nuclei (Figure 11A-J). In the raphe, the levels of 5-HT (Fi45 = 6.36; p = 0.015)
(Figure 11B) and its metabolite 5-HIAA (F147=6.23; p=0.016) (Figure 11C) were
dependent on treatment, but Bonferroni’s post hoc test did not show any signi-
ficant changes. In the raphe, escitalopram significantly decreased the 5-HT turn-
over (5-HIAA/5-HT) in the Negr! ™~ group (p = 0.002) (Figure 11D), 5-HT turn-
over was dependent on treatment (Fi 46 = 19.11; p <0.0001). The level of tyrosine
showed no statistically significant differences between the groups (Figure 11E).

The level of DA was dependent on treatment X genotype interaction (Fi47 =
4.11; p = 0.048). Escitalopram significantly increased the level of DA in the WT
group (p = 0.048) but not in Negr/”™ mice (Figure 11F). The level of DA
metabolite DOPAC was also affected by the treatment x genotype interaction
(F1,51=5.80; p=0.020), the level of DOPAC was statistically significantly higher
in the Negrl™ group receiving saline compared to the Negrl '~ escitalopram
group (p = 0.025) (Figure 11G). DA turnover (DOPAC/DA) was dependent on
treatment (Fi4 = 17.53; p < 0.001) and on treatment x genotype interaction
(F1.49 =6.03; p=0.018). DA turnover was significantly higher in the Negr/ ™ saline
group compared to the WT saline group (p = 0.035) and escitalopram significantly
decreased the DA turnover in the Negrl™ group (p < 0.0001) (Figure 11H).
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There was a genotype effect on the level of tyramine (F; 49 = 5.38; p = 0.025).
The level of tyramine was statistically significantly higher in the Negr/ " saline
group compared to the WT saline group (p < 0.05) (Figure 11I). There were no
significant changes in the level of 3MeOTyramine (Figure 11J).

The serotonin system-related genes were measured in the raphe using qPCR
(Figure 11K-N). In the raphe, the level of Sic6a4 was significantly higher in
Negrl™ mice (p = 0.007) (Figure 11K). There were no significant differences
between Negrl/”~ and WT mice in the level of Tph2 (Figure 19L), MaoA (Figure
11 M) and MaoB (Figure 11N).
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Figure 11. Effect of chronic escitalopram on the level of monoamines and their
metabolites in the raphe nuclei. Levels of (A) tryptophan (Trp) (B) serotonin (5-HT),
(C) 5-Hydroxyindoleacetic acid (5-HIAA), (D) serotonin turnover (5-HIAA/5-HT), (E)
tyrosine, (F) dopamine (DA), (G) 3,4-Dihydroxyphenylacetic acid (DOPAC), (H)
dopamine turnover (DOPAC/DA), (I) tyramine and (J) 3MeOTyramine in raphe. The
mRNA expression level of (K) serotonin transporter (Slc6a4), (L) tryptophan hydroxylase
2 (Tph2), (M) monoamine oxidase A (MaoA) and (N) monoamine oxidase B (MaoB).
Monoamines and their metabolites shown as pmol/mg. Data represents mean + SEM,
#p < 0.05, #t#p < 0.001, ###Hp < 0.0001 — treatment effect, +p < 0.05 — genotype effect,
*p <0.05, **p < 0.01, ***p < 0.001 — post hoc test, two-way ANOVA (Bonferroni post
hoc test) (monoamines and their metabolites), Mann-Whitney U test (Slc6a4 and Tph?2).
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5.3.3. Negr1~~ mice display higher sensitivity to amphetamine
compared to WT mice

In the dose-response curve experiment, 6 mg/kg amphetamine induced highly
increased motor activity in both genotypes and therefore the 6 mg/kg dose was
considered to be too high for chronic experiment, as the behavioral sensitization
effect of amphetamine is well known (Scholl et al. 2009). Therefore, chronic
amphetamine experiment was performed by using 3mg/kg dose, which, if first
time injected, induced only tendency towards increased activity in dose-response
curve experiment (Figure 12 A—C). In the dose-response experiment, the distance
travelled was affected by the genotype (F2s53 = 65.31; p < 0.0001), while not
affected by the treatment (F;s3 = 2.881; p = 0.095) and genotype X treatment
interaction (F» 53 =2.004; p = 0.144) (Figure 12A). Other behavioral parameters,
such as distance in center and number of rearings were not significantly affected
neither by the genotype, treatment or genotype x treatment interaction (Figure
12B-C)

The 1st day of chronic amphetamine/saline injection was analyzed to see the
acute effect of 3 mg/kg amphetamine on mice. The distance travelled (m), was
affected by the treatment (F 36 = 13.94; p <0.001, Figure 12D), number of corner
visits, was affected by the treatment (Fi34 = 13.08; p = 0.001, Figure 12E) and
number of rotations, was affected by the treatment (Fi3s= 12.47; p = 0.001,
Figure 12F).
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Figure 12. Amphetamine dose curve (A—C) and chronic amphetamine experiment
(D-I). All dosage curve mice (cohort IIT) received a single injection of saline or ampheta-
mine on a dosage either 3mg/kg or 6mg/kg. Figures D—I represent chronic amphetamine
experiment mice (cohort IV). Data represents mean + SEM, *p <0.05, **p <0.01,
***%p < 0.0001, two-way ANOVA (Bonferroni post hoc test).
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In order to assess the impact of amphetamine on behavior, Negr/ 7~ and WT mice
received 10 days of amphetamine in the dose of 3 mg/kg. The administration of
amphetamine for 10 days induced significantly higher motor activity in Negrl '
mice compared to WT mice.

Days 1 and 9 were compared to see the difference of amphetamine effect bet-
ween those two days (Figure 12 G-I). Distance travelled in day 1 vs day 9, was
affected by the genotype (Fizs = 6.32; p = 0.001), treatment F;3 = 33.29;
p <0.0001) and genotype x treatment interaction (F;3s= 6.69; p<0.05) (Fi-
gure 9G), The number of corner visits in day 1 vs day 9 was affected by the
genotype (Fiss = 5.31; p = 0.027), treatment (Fi36 = 24.1; p < 0.0001) and
genotype x treatment interaction (Fi36=5.31; p <0.05) (Figure 12H) and number
of rotations in day 1 vs day 9 was affected by the genotype (Fi36=5.52; p <0.05),
treatment (F136=29.90; p < 0.0001) and genotype X treatment interaction (F; 36 =
5.53; p = 0.024) (Figure 12I).

Next our analysis included all 10 timepoints of the behavioral recordings:
amphetamine-treated Negr/ " mice had travelled, visited corners, and rotated more
compared to WT mice, whereas the control (saline) groups for both genotypes
did not show any differences in these activities (Figure 13A-F). Clockwise and
anticlockwise rotations were summed up in these experiments as there was no
difference in the direction of rotation. Three-Way Repeated-Measures ANOVA
showed that distance travelled was affected by the time (Fz4,6.6=5.65; p=0.001),
treatment (F; ;3 = 67.24; p< 0.0001) and genotype X treatment interaction
(F1,18=22.84; p<0.001) (Figure 13A). The number of corner visits showed signi-
ficant time (F32579= 5.06; p = 0.002), treatment (F; 3= 63.32; p< 0.0001) and
genotype x treatment effects (Fi 13 = 17.36; p < 0.001) (Figure 13B). Rotations
were also affected by the time (F36643=5.48; p=0.001), treatment (F;,;s=43.95;
p < 0.0001) and genotype x treatment interaction (F; ;s = 21.03; p <0.001)
(Figure 13C).

Analyzing the AUC showed that amphetamine increased the travelled distance
for both WT and Negrl ™~ mice (p < 0.0001; Figure 13D). Nevertheless, the tra-
velled distance was longer in Negr/~~ mice that received amphetamine compared
to their WT littermates (p = 0.016; Figure 13D). A similar situation was also seen
in case of corner visits (Figure 13B, E) and rotations (Figure 13C, F): while both
genotypes visited more corners as well as made more rotations (p < 0.001 for
WTs and p < 0.0001 for Negrl " mice), (Figure 13E) upon chronic amphetamine
administration. Besides that, in summary, the amphetamine induced more corner
visits (p = 0.012) and rotations (p= 0.032) in Negr/ '~ mice compared to their WT
littermates.
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Figure 13. NegrI™~ mice are more sensitive to chronic amphetamine administration.
Effect of chronic amphetamine on (A, D) distance travelled, (B, E) corner visits and (C, F)
rotations in open field test. Data represents mean = SEM, + — p< 0.01 — difference in
treatment in WT mice, # — p< 0.05 — difference in treatment in NegrI '~ mice (Tukey post
hoc test, A—C); *p < 0.05, ***p < 0.001, ****p < 0.0001 (Mann-Whitney, D-F). AUC,
area under curve.

The body weight of the mice was measured 10 days before amphetamine or saline
injections (marked as day —10). Body weight dynamics prior to the amphetamine
injection (day —10 until —3) showed significant genotype (Fi33=9.17; p=0.004)
and genotype X time interaction effects (F2,76 =5.97; p =0.004). WT mice showed
slight decrease in body weight, whereas Negrl " mice gained weight during the
first week of measurements (Figure 14C), at the time when handling due to daily
weighing was the only interfering activity. According to Bonferroni’s post hoc
test on day —10 the difference between the body weight of the WT mice and
Negrl™™ mice was statistically significant (p = 0.001). On day —7, the baseline
open field test was performed and on day —6 all the mice were single housed. The
difference in body weight was still statistically significant on day —6 (p = 0.018)
but was not anymore seen on day —3. The change of body weight during the first
week (days —10 vs day —3) was also calculated (Figure 14D). The average weight
loss for WT mice was 0.27 g and the average weight gain of Negr/™~ mice was
0.69 g. Mann-Whitney test showed that weight change differences between WT
and Negrl™~ mice were statistically significant (p = 0.008). The weight from the
beginning of the experiment to the end of the experiment (day —10 vs day 10) was
also calculated (Figure 14E), but there were no statistically significant changes in
the body weight change caused by amphetamine. There was, however, a signi-
ficant genotype effect (F136 = 11.62; p = 0.002) showing that Negr/~~ mice lost
less body weight than WT both upon saline and amphetamine injections.
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Figure 14. Effects of chronic administration of amphetamine (3 mg/kg) on the body
weight of mice. (A) Body weight changes of the saline groups and (B) body weight
changes of amphetamine groups. In C and D saline/amphetamine groups have not been
separated yet, the body weight change is a reaction for non-pharmacological environ-
mental manipulations. (C) Body weight dynamics measured during 1 week of period
before amphetamine injection (from day —10 until day —3) (D) Cumulative body weight
change before saline/amphetamine injections (from day —10 until day —3). (E) Body
weight change caused by chronic saline or amphetamine injections and behavioral testing
(from day 1 until day 10). Data represents mean = SEM. *p < 0.05, **p < 0.01,
***p < 0.001 (Bonferroni post hoc test, C-E), ++p < 0.01 — genotype effect.

If the data from saline groups was analyzed separately. Open field tests showed
genotype effects in the distance travelled in the center and rotations, as well as in
the number of rearings. The post hoc test showed no significant changes between
Negrl “~and WT mice for individual days (Figure 15A, B, C, D). For each mouse,
AUC was calculated, and the results analyzed using the Mann-Whitney U test
(Figure 15E, F, G, H) showed that Negr/™ mice performed significantly less
rearings compared to WT mice (p = 0.012) (Figure 141). The AUC of distance
travelled in the center of the box was significantly lower in Negr/'~ mice
(p =0.035) (Figure 15J).
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Figure 15. Effects of daily saline injections on activity of Negr1”~ and WT mice. The
saline-injected groups showed significant effects in the open field test in (A) distance
travelled there were time (Fo 162 = 2.14; < 0.05), genotype (Fi,1s = 4.91; < 0.05) effect
(B) rearings had genotype effect (Fi,153 = 20.63; p < 0.0001), (C) distance travelled in
center had time (Fo,162 = 3.701; p < 0.001) and genotype effect (F;, 5= 5.414; p < 0.05)
(D) rotations had time effect (F9,162 = 2.072; p < 0.05) (only saline-injected groups from
Figure 2A-D are displayed to visualize behavioral differences between genotypes
without pharmacological intervention). (E-H) The same parameters quantified as area
under the curve (AUC). Data represents mean + SEM, ++p < 0.01 — genotype effect,
*p <0.05, **p < 0.01 — post hoc test, two-way ANOVA (Bonferroni post hoc test).

According to these results we saw that baseline open field test (7 days before
injection started) and consequent housing in single cages induced the decrease in
the body weight of WT mice, whereas the body weight of Negri™ mice stayed
stable or even increased slightly during the same time period indicating reduced
anxiety of Negr!™ mice. During the course of daily chronic injections, housing
in single cages and testing, however, saline-receiving Negrl " mice became less
active in most of the behavioral parameters that were measured, including total
distance traveled and distance in the center. We saw that 10-day administration
of amphetamine induced significantly higher motor and stereotypic activity in
Negrl™" mice compared to WT mice, indicating a higher behavioral sensitivity to
amphetamine.

5.3.4. Chronic administration of amphetamine increases
the level of tyrosine hydroxylase (Th) in VTA

To assess the level of dopamine system related genes in VTA, qPCR was per-
formed using both cohort VI (Figure 16A-D) and cohort IV mice (Figure 16E-I).
Post hoc tests showed that chronic amphetamine treatment significantly increased
the level of TH only in WT mice (p = 0.027). The level of TH was significantly
higher in the WT amphetamine group compared to the Negrl "~ amphetamine
group (p = 0.045) (Figure 16B). There were no other significant changes in the
level of dopamine system related genes (Dat, Drd2 and Comt) between the groups
of cohort I'V mice (Figure 16A, C, D).
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Mann-Whitney U Test was used to compare WT and Negr/ ™~ groups. In the
VTA, the level of Dat was significantly higher in Negr/~ mice (p = 0.010) (Figure
16E). The levels of Th (p = 0.019) (Figure 16F), MaoA (p = 0.009) (Figure 16H)
and MaoB (p = 0.005) (Figure 16I) were also statistically significantly higher in
the VTA of Negrl” mice compared to WT mice. There were no significant
changes in the level of Drd2 in the VTA of cohort VI mice (Figure 16G).
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Figure 16. The level of dopamine system-related genes in the VTA of the mice.
Relative mRNA expression levels of (A) dopamine transporter (Dat), (B) tyrosine
hydroxylase (7%), (C) dopamine receptor D2 (Drd2), (D) catechol-O-methyltransferase
(Comft) in Negrl™ mice and their WT littermates after 10 days of chronic saline or
amphetamine i.p. injection (cohort IV). The levels of (E) dopamine transporter (Dat),
(F) tyrosine hydroxylase (7h), (G) dopamine receptor D2 (Drd2), (H) monoamine
oxidase A (MaoA) and (I) monoamine oxidase B (MaoB) in uninjected NegrI™~mice and
their WT littermates kept in their home cages (cohort VI). Data represents mean = SEM,
*p <0.05, **p <0.01, two-way ANOVA (Bonferroni post hoc test).

5.3.5. Amphetamine increases the level of dopamine in DSTR

To identify the differences caused by chronic amphetamine administration bet-
ween WT and Negr!™~ two-way ANOVA [treatment (amphetamine or saline) x
genotype (WT or Negr! )] and Bonferroni post hoc test was used. The level of
dopamine and its metabolites were measured in VSTR and DSTR. In the DSTR
the level of DA was dependent on the treatment (Fi3 = 9.19; p = 0.005) and
Bonferroni’s post hoc test showed that chronic treatment with amphetamine
statistically significantly increased the level of DA in Negrl ™ mice (p = 0.026)
(Figure 17A). Dopamine turnover (3-MT/DA) in the DSTR was affected by the
genotype (Fi36 =5.30; p = 0.027) (Figure 17B), post hoc test showed no statisti-
cally significant changes between the groups. Immunohistochemical Dat staining
of DSTR and VSTR did also not show any significant differences between WT
and Negr!™™ mice (Figure 17C).
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In the VSTR, the level of DA had no significant changes between the groups
(Figure 17D). Dopamine turnover to 3-MT (3-MT/DA) was again affected by the
genotype (Fi34 = 12.51; p < 0.001) (Figure 17E). The level of DA metabolite
3-MT itself was affected by the treatment (Fi34 = 9.77; p = 0.004) (Figure 17F)
and post hoc test revealed that the level of 3-MT was significantly increased in
the Negrl™ group receiving amphetamine (p = 0.047) in comparison to the
saline-injected Negrl™". The level of 5-HT metabolite 5-HIAA was dependent
on both treatment (F; 34 =10.61; p=0.003) and genotype (Fi3=10.06; p=0.003)
(Figure 17G). In the VSTR, the levels of dopamine system related genes Dat
(p=0.011) (Figure 17H) and Comt (p = 0.014) (Figure 171) were significantly
higher in Negr/™ mice compared to WT mice.
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Figure 17. Effect of chronic amphetamine in the VSTR and DSTR. The level of
(A) dopamine (DA) and (B) dopamine turnover (3-MT/DA) in the DSTR. (C) Immuno-
histochemical Dat stainings of DSTR and VSTR. The level of (D) dopamine (DA),
(E) dopamine turnover (3-MT/DA), (F) 3MeOTyramine (3-MT), (G) 5-Hydroxyin-
doleacetic acid (5-HIAA), (H) dopamine transporter (Dat) and (I) catechol-O-methyl-
transferase (Comf) in the VSTR. Monoamines and their metabolites shown as pmol/mg.
Data represents mean + SEM, ##p < 0.01 — treatment effect, +p < 0.05, ++p < 0.01 —
genotype effect, *p < 0.05 — post hoc test, two-way ANOVA (Bonferroni post hoc test).
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5.3.6. Chronic amphetamine administration alters the level
of monoamines in Hip and chronic escitalopram treatment
causes weight difference of the Hip

Hip of the Negrl” mice weigh less compared to WT Hip (Figure 18C-D).
Amphetamine had no effect on the hippocampal weights of either Negr/™~ or WT
mice (Figure 18A-B). In the escitalopram treatment experiment, the weight of
Hip was dependent on genotype (Fi 51 =7.38; p=0.009) and there was a genotype
x treatment interaction (Fi 51 = 5.06; p = 0.030). The post hoc test showed that
Hip of the Negrl™ mice that received saline weigh less compared to WT saline
group mice Hip (p = 0.006) and Negr/ "~ escitalopram group Hip weigh signi-
ficantly more compared to Negrl '~ saline group Hip (p = 0.030) (Figure 18C). If
the weight of Hip was divided by the body weight of mice it was seen that the
Hip/body weight relationship was dependent on genotype x treatment interaction
(Fis1 = 8.01; p = 0.007). The post hoc test showed that this relationship was
significantly higher in the Negrl™ escitalopram group compared to Negrl '
saline group (p = 0.030) (Figure 18D).

0

g2 E4 o © 2T $0.0015 230 -~ 224 o' et 5s o5
£y oy R E%g' 2E & =& 5= 800010 2z i =
5330 W™ & ﬂ%‘% 59E o W £y Fn s W BBE & 2% O3
BBl T . e e gEgheom 2E i i Sl el

Figure 18. Hip of Negrl™ mice weigh less compared to WT mice and escitalopram
restores the weight of Hip of Negrl™~ mice. (A) The weight of the Hip of the mice after
receiving 10 days of saline or amphetamine. (B) Weight of Hip divided by the weight of
mice (after receiving 10 days of saline or amphetamine). (C) Weight of Hip of the mice
receiving 23 days of saline or escitalopram. (D) Weight of Hip divided by the weight of
mice (after receiving 23 days of saline or escitalopram). Data represents mean = SEM,
++p < 0.01 — genotype effect, *p < 0.05, **p < 0.01 — post hoc test, two-way ANOVA
(Bonferroni post hoc test).

The level of monoamines and their metabolites were measured in the Hip of mice
receiving either chronic treatment of amphetamine (Figure 19A—H) or esci-
talopram (Figure 191-P). In case of chronic amphetamine administration, the
level of tyrosine was dependent on treatment (F1 34 =7.78; p = 0.09). Bonferroni’s
post hoc test revealed that the level of tyrosine was significantly decreased by
amphetamine in the Negr!™ group (p = 0.039) (Figure 19A). The level of 3MT
was dependent of genotype (Fi 35 = 6.00; p=10.019) (Figure 19C) and the level of
tyramine was dependent on genotype X treatment interaction (Fi3s = 5.82;
p =0.021) (Figure 19D), but post hoc test showed no significant changes in case
of neither of them. The level of 5-HT was affected by the treatment (F;35=17.51;
p < 0.001), the post hoc test showed that amphetamine increased the level of
5-HT in the WT mice group (p = 0.005) (Figure 19E). The level of 5-HIAA was
dependent on the treatment (Fi35 = 4.18; p = 0.049) (Figure 19F), post hoc
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comparison did not indicate significant differences in Negr/™™ or WT mice
separately. The level of NA was affected by the genotype (F135=4.36; p =0.049)
(Figure 19G) and its metabolite NMN was affected by the treatment (F; 33 = 19.44,
p < 0.001), post hoc test showed that amphetamine increased the level of NMN
of the WT mice (p = 0.002) (Figure 19H).
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Figure 19. Effect of chronic administration of amphetamine (A—H) and escitalopram
(I-P) on the level of monoamines and their metabolites in the Hip. The levels of (A)
tyrosine, (B) dopamine (DA), (C) 3MeOTyramine (3-MT), (D) tyramine, (E) serotonin
(5-HT), (F) 5-hydroxyindoleacetic acid (5-HIAA), (G) noradrenaline and (H)
normetanephrine in the Hip of Negr/™ mice and their WT littermates after 10 days of
chronic amphetamine IP injections. The levels of (I) tyrosine, (J) dopamine (DA), (K)
3MeOTyramine (3-MT), (L) tyramine, (M) serotonin (5-HT), (N) 5-Hydroxyindoleacetic
acid (5-HIAA), (O) noradrenaline and (P) normetanephrine in the Hip of Negr/™ mice
and their WT littermates after 23 days of chronic escitalopram IP injections. Monoamines
and their metabolites shown as pmol/mg. Data represents mean + SEM, #p < 0.05, ###p <
0.001- treatment effect, +p < 0.05, ++p < 0.01 — genotype effect, *p < 0.05, **p <0.01 —
post hoc test, two-way ANOVA (Bonferroni post hoc test).
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In the chronic escitalopram experiment, the level of tyrosine was dependent on
genotype (F151 =4.25; p=0.045) (Figure 191), Bonferroni’s post hoc test showed
no significant changes. The level of 3-MT was affected by the treatment
(Fi51=10.36; p = 0.002) (Figure 19K). The levels of tyramine (Fis1 = 5.93;
p = 0.018) (Figure 19L), 5- HT (Fi51 = 5.40; p = 0.024) (Figure 19M), 5-HIAA
(F1.40=8.64; p=0.005) (Figure 19N) and NA (F; 50 =4.14; p=0.047) (Figure 190)
were dependent on the genotype. The level of NMN depended on both the treat-
ment (Fis50 = 4.57; p = 0.038) and genotype (Fis50 = 10.55; p = 0.002), the post
hoc test showed that the level of NMN was higher in the Negr/ ™ saline group
compared to WT saline group (p = 0.023) (Figure 19P).

5.4. High-fat diet induces pre-diabetes
and distinct sex-specific metabolic alterations
in Negri1-deficient mice (Paper 1V)

5.4.1. Negr1 deficiency induces lower intake of HF food
but higher body weight gain in male mice

In the cohort VII of mice, the mice were weighed weekly from age 10+1 weeks
during 9 weeks before the beginning of a HF diet; altogether the body weight was
tracked for 16 weeks. The variation in body weight was relatively high, therefore
no statistical genotype differences in body weight dynamics were detectable in
the current study. In general, both male and female Negr/ / mice tended to have
slightly lower body weight when on a standard diet (Figure 20B). When
consuming a HF diet, however, male Negr/ "~ mice tended to gain more body
weight compared to their WT littermates (Figure 20A). When mice consumed
regular chow there were no significant weight differences between genotypes
(Figure 20B). Male Negr! "~ mice consumed less HF food in the short-term food
preference test, in which the food was individually measured for 24 hours (Figure
20D). Correspondingly, a tendency for a lower HF food intake in male Negr! ™/~
mice was also observed in group-housing settings 2 weeks before the glucose
tolerance test (Figure 20E). Additionally, male Negrl "~ mice also consumed
smaller amounts of standard food, when the consumption of food was
individually measured during 96 hours (Figure 20C).
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Figure 20. Body weight dynamics and food intake measurements. The body weight
of the cohort VII mice was measured 10 weeks before the beginning of the HF diet. Mice
received the HF diet for 7 weeks. Body weight dynamics of (A) HF diet groups and
(B) standard chow group. Daily food intake measurements in single-housed mice prior to
the food preference test showed that (C) WT males consumed significantly more standard
food (days 1.—4.). (D) WT males also consumed significantly more HF food during the
food preference test (day 5) compared to the Negr! ™~ mice. (E) Food consumed (grams)
during 2 weeks (14 days) before the glucose tolerance test in the cohort VIII of mice. The
data points were calculated as food consumed per group of mice (n = 5 per group). Data
represents mean = SEM. *p <0.05, **p <0.01 (Mann-Whitney U test).

52



5.4.2. HF diet leads to higher levels of blood glucose in Negr1~~ mice,
whereas phenotype difference in glucose tolerance test
was apparent only in males

The HF diet elevated the level of basal blood glucose in both sexes, for male there
was a diet effect (p =0.002, F = 10.23) whereas females showed a genotype effect
(p<0.001, F=19.11). However, the basal level of glucose was statistically higher
in the HF diet fed Negrl”~ mice compared to the HF diet fed WT group
(p =0.036) in both sexes (Figure 21A). The HF diet increased the basal level of
blood glucose in Negrl ™~ male mice (p = 0.0117) (Figure 21B). In the female
group there was no diet-effect (F = 0.012), on the other hand, the genotype effect
was observed (F=19.11). The basal level of glucose was significantly higher in the
HF fed female Negrl ™~ group compared to the HF diet fed WT group (p = 0.001)
(Figure 21C).

For male mice, GTT was performed on the 6th week of the HF diet, and for
females on the 6th and 13th week of the diet. In GTT, AUC was calculated for
every mouse and two-way ANOVA and Tukey post hoc tests were used.

In male mice, the AUC of HF fed Negrl "~ mice was statistically significantly
higher compared to Negr! /" mice fed regular chow (p < 0.001) (Figure 21D). In
female mice, the AUC of the HF diet fed mice on the 6th week of diet was
statistically significantly higher compared to the regular chow group in both WT
(p = 0.002) and Negr!™~ (p = 0.018) mice (Figure 21E). In the 13th week the
results were similar to the 6th week; the AUC of female HF diet fed mice was
statistically significantly higher than regular chow fed mice in both genotypes:
WT (p=0.001), Negrl "~ (p=0.0003) (Figure 21F). When the different time points
were analyzed separately, the blood sugar levels of HF diet fed male mice were
significantly higher compared to HF diet fed WT mice at 30 min (p = 0.001) and
60 min (p = 0.003) time points (Figure 21G). The blood sugar levels of the HF
diet fed Negrl~ were significantly higher at 30 min (p < 0.0001), 60 min
(p <0.0001), 90 min (p < 0.001) and 120 min (p = 0.013) time points compared
to regular chow fed Negrl "~ mice (Figure 21G). In female mice, on the 6th week
of diet the blood sugar levels of the HF diet fed Negr! /" mice were significantly
higher at 30 min (p < 0.001) and 60 min (p = 0.017) time point compared to
regular chow fed Negrl "~ mice, and for the HF diet fed WT mice the blood sugar
levels were significantly higher at 30 min (p < 0.0001) and 60 min (p < 0.001)
time points (Figure 21H). On the 13™ week of the diet, the blood sugar levels of
the HF diet fed Negr!/™ female mice were significantly higher at 30 min
(p=10.011), 60 min (p = 0.003), 90 min (p <0.001) and 120 min (p = 0.004) time
points compared to regular chow fed Negr/ "~ mice (Figure 211). In the WT group
the blood sugar levels of the HF diet fed mice were significantly higher at 30 min
(p<0.0001), 60 min (p =0.002), and 120 min (p = 0.041) timepoints (Figure 211).
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Figure 21. The basal level of glucose and glucose tolerance test. Basal level of glucose
after 6 weeks of HF/standard diet when (A) both sexes were pooled together, (B) in the
male group, and (C) in the female group. (D, G) Glucose tolerance test was performed
for males after 6 weeks on the HF diet, and for females (E, H) after 6 and (F, I) 13 weeks
of HF diet. (D—F) The bioavailability of glucose was estimated by calculating the area
under the curve of plasma concentration (AUC) over the measured timepoints. (G-I)
Mean values of blood sugar at different timepoints. Data represent mean + SEM,
*p <0.05, **p < 0.01, ***p < 0.001, ****p <0.0001 (diet effect), ++p > 0.01 (genotype
effect), two-way ANOVA (Bonferroni post hoc test (basal level of glucose), Tukey post
hoc test (GTT).
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5.4.3. HF diet induces an altered profile of circulating
lipids sex-specifically in Negr1~- mice

The level of saturated fatty acids (SFA) was markedly increased in the HF diet
fed Negrl ™~ male mice group (p < 0.0001) (Figure 22A). The level of SFAs were
statistically significantly higher in the HF diet fed Negrl ™~ group compared to
regular chow fed Negr!/ ™~ mice (p = 0.017) and HF diet fed WT mice (p = 0.008)
(Figure 22A). In the female mice group the HF diet increased the level of SFAs
similarly for both genotypes (Figure 22B).

Serum levels of phosphatidylcholines (PC), acylcarnitines and sphingo-
myelins (SM) were measured. Out of 100 quantifiable PC and SM species 87
were significantly altered due to HF diet. Among acylcarnitines C18 and C18:1
were significantly increased by HF diet, but C0, C2, C3, C4, C14 and C18:2
decreased significantly. If C2 level was looked at both sexes separately, there
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were genotype effects only for females (p = 0.001) (Figure 22F). The level of C2
was statistically significantly lower in the regular chow fed Negr/ "~ female mice
group compared to the regular chow fed WT female mice group (p = 0.001)
(Figure 22F).

There were not any statistically significant changes in the ratio of C2/C0 in
male mice groups (Figure 22G). In female mice groups the HF diet decreased the
ratio of C2/CO in WT mice group (p < 0.0001) and in regular chow fed mice
group the ratio of C2/C0O was statistically lower in Negrl ™~ group (p = 0.047)
(Figure 22H). The HF diet increased the ratio of unsaturated PC/SFA in the WT
group for both males (p<0.001) (Figure22C) and females (p=0.046)
(Figure 22D). Although acylcarnitines with hydroxyacyl or dicarboxylic residues
were frequently below the limit of quantification or even below the limit of
detection their relative cumulative abundance among all acylcarnitines was
higher in HF diet (p < 0.0001).
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Figure 22. Effect of HF diet on the level of selected lipids and related ratios. Data
represents mean + SEM, *p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001, two-way
ANOVA (Bonferroni post hoc test).

5.4.4. HF diet induced an increase in circulating amino acids
in Negr1/~ mice, more prominently in males

To identify the differences caused by HF diet between WT and Negr! ™ two-way
ANOVA [diet (regular or HF) x genotype (WT or Negr! )] and Bonferroni post
hoc test was used. In WT animals, the HF diet had limited effect on serum amino
acid levels.

When analyzed both sexes separately the total level of amino acids was
statistically significantly increased only in the HF diet fed Negrl "~ male mice
group (p = 0.023) (Figure 23A), in females there were no statistically significant
changes (Figure 23B). The level of branched-chain amino acids (BCAA) was also
statistically significantly increased only in the HF diet fed Negr/ ™'~ male mice
group (p = 0.05) (Figure 23G). If different BCAAs were looked at separately, the
levels of Leu (p = 0.036) (Figure 23M) and Val (p = 0.031) were statistically
significantly increased in the HF diet Negrl " group. When we analyzed both
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sexes separately, the levels of Leu were significantly increased only in the HF
diet fed Negrl ™~ male mice group (p = 0.007) (Figure 23M). The HF diet increased
the level of Val in both WT (p = 0.023) and Negr/ "~ (p = 0.009) male mice.

In males the HF diet increased the level Lys (p = 0.005) (Figure 23K), in the
Negrl™ group. The level of Ala was not statistically significantly increased by HF
diet but in the Negr/ ™~ group it showed a tendency towards increase (p = 0.061)
(Figure 23I). In male group there were genotype effects for Gly (p = 0.011)
(Figure 23Q), all three were statistically significantly higher in the HF diet fed
Negrl ™ mice group compared to the HF diet fed WT mice group. In male WT
groups the HF diet decreased the level of Gly (p = 0.001) (Figure 23Q).
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Figure 23. Effect of HF diet on the level of amino acids. In WT animals the HF diet
had limited effect on serum amino acid levels. In Negrl~~ animals the HF diet increased
the total pool of amino acids in blood. Data represents mean + SEM, *p < 0.05, **p < 0.01,
**%p <0.001, ****p < 0.0001, two-way ANOVA (Bonferroni post hoc test).
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In females HF diet increased the level of Ala (p < 0.001) (Figure 23J), Lys (p =
0.006) (Figure 23L) in the Negr/ "~ group. The level of Lys was also increased in
the WT group (p = 0.036). In other amino acids there were no statistically
significant changes caused by the HF diet.

5.4.5. Altered profile of circulating organic acids in Negr1~~mice

A few organic acids, including the citric acid cycle intermediates, were quantified
in the blood serum in order to better identify the flux of metabolites. Male
Negrl™~ mice had significantly higher citrate (F = 5.5, p = 0.026) (Figure 24A),
beta-hydroxybutyrate (F = 13.1, p = 0.001) (Figure 24D), lactate (F = 14.7,
p <0.001) (Figure 24G), pyruvate (F = 4.9, p = 0.035), oxaloacetate (F = 5.0,
p = 0.034) than WT male animals. Female mice had a weak oxaloacetate decrease
due to diet (F = 4.7, p = 0.040), but other than that all diet and genotypes were
similar. When both genders were combined, citrate (F = 8.7, p = 0.005) (Figure
24C) and lactate (F = 4.3, p=0.050) (Figure 241) remained significantly elevated
in Negrl ™~ animals. Lactate ratio to glucose was lowered by HF diet in female
animals of both genotypes (F = 9.7, p = 0.005). In male, on the other hand,
genotype had a significant effect with Negr/ ™'~ having more lactate per glucose
(F=11.1,p=10.003).

a () ~

Figure 24. The levels of selected organic acids in males, females and in both sexes
combined. Data represents mean + SEM, *p < 0.05, two-way ANOVA (Bonferroni post
hoc test).
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5.5. Negr1”~ mice have increased levels of oxidative stress
related proteins in Hip (Cohort X) (unpublished)
The levels of oxidative stress related proteins were measured using western blot
analysis. Mann-Whitney U test showed that the levels of NOX2 (p=0.030, WT —

0.43 + 0.08, Negrl ™~ — 0.71 = 0.07) and GSH (p = 0.003, WT — 0.24 =+ 0.03,
Negrl™~—0.55 +0.08) (data not shown) are increased in the Hip of Negr/ ™~ mice.
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6. DISCUSSION

6.1. Expression of Lsamp and Negr1 in the monoaminergic
nuclei and pathways

One of the aims of the current study is to explore the brain monoaminergic system
in a mouse model deficient in either Negr! or Lsamp gene/protein for better
understanding whether these neural circuits could be responsible for the links
between Negrl and Lsamp polymorphisms and phenotypes of depression.

Several studies have shown associations between Lsamp and different neuro-
transmitter systems. Innos et al. have shown that deletion of Lsamp in mice in-
duces alterations in GABAergic and dopaminergic neurotransmission (Innos
et al., 2011; Innos et al., 2013a). It has been shown that Lsamp plays an important
role as a leader molecule in dopaminergic axons (Schmidt et al., 2014). In
addition, previous studies suggest that Lsamp is also involved in the serotonergic
systems of the brain. We have previously reported that mice with Lsamp-
deficiency have an increase in 5-HT turnover and changes in baseline 5-HT levels
in several brain regions (Innos et al., 2013a).

In this study, we show that Lsamp transcripts are expressed both in the dorsal
and median raphe nuclei, whereas the signal is slightly more intense in the dorsal
raphe. The expression of Lsamp gene promoters varies in distinct nuclei; while
both Lsamp 1a and 1b promoters are active in the dorsal raphe (Figure 4B), most
of the expression in the median raphe comes from 1b promoter and most of the
Lsamp expression in the caudal subgroup of raphe nuclei derives from la pro-
moter (Figure 4). That indicates to us that Lsamp is expressed in the brain areas
that receive input from raphe or send output towards raphe nuclei. Those stainings
support the hypothesis that decreased anxiety-like phenotype in Lsamp-deficient
mice could be regulated by changes in the serotonergic system. Both dorsal and
median raphe nuclei project to the dorsal and ventral striatum, but more signi-
ficantly to the ventral striatum. Additionally, dorsal raphe nuclei have a stronger
projection to the ventral striatum (Hassanzadeh and Behzadi, 2007). Serotonin
from the dorsal raphe nucleus activates a subpopulation of neurons in the bed
nucleus of the stria terminalis (BST) in mice (Marcinkiewcz et al., 2017) and a
prominent projection from the BST, which controls anxiety-related behaviors,
directly targets DR serotonergic neurons (Dorocic et al., 2014). Strong LSAMP
expression on the protein (Levitt, 1984) and transcript level (Reinoso et al., 1996)
has been shown in the ventral striatum (both in the nucleus accumbens and BST)
and we have meanwhile specified that most of the Lsamp expression in that area
comes from la promoter (Philips et al., 2015). It has been shown that 5-HT from
the dorsal raphe nucleus enhances fear and anxiety and activates a subpopulation
of corticotropin-releasing factor neurons in the BST in mice (Marcinkiewcz et al.,
2017). The serotonergic projection from DR also targets the basolateral nucleus
of the amygdala (Gao et al., 2002), which shows a strong Lsamp 1a isoform spe-
cific staining (Philips et al., 2015). Intense Lsamp 1b isoform specific staining
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has been shown in the central amygdala nucleus (Philips et al., 2015), which
displays a major projection from the amygdala to the DR region (Dorocic et al.,
2014). Basolateral nucleus of the amygdala and central amygdala nucleus, and
the increase or decrease of connectivity between these nuclei has been shown to
have an acute impact on anxiety-related behavior (Tye et al., 2011). Hippocampus
receives serotonergic projections both from the DR (Kocsis et al., 2006) and
median raphe nucleus (Cui et al., 2013). We have previously shown that the density
of cells exhibiting 1b promoter activity is remarkably higher in the subgranular
zone of the dentate gyrus in the hippocampal formation; la promoter, on the
contrary, is selectively active in the pyramidal and granule cell layers (Heinla
etal., 2015).

In human GWAS studies, the neural adhesion molecule encoding NEGRI
gene has been linked with both depression and obesity (Thorleifsson et al., 2009;
Speliotes et al., 2010; Hyde et al., 2016; Howard et al., 2018). Altered mono-
aminergic neurotransmission has also been linked with both obesity (Geiger
et al., 2009; Sjodin et al., 2010) and depression (Belujon & Grace, 2017) and these
conditions could be connected to the neural pathways that are guided and main-
tained in the presence of NEGR1 protein. The expression of Negr!/ has been
shown in both dopaminergic nuclei and projection areas such as substantia nigra
pars compacta, VTA, islands of Calleja in the VSTR (Singh et al., 2019) and in
the fasciculus retroflexus, which serves as a molecular scaffold for dopaminergic
axons that grow from the midbrain towards the habenula (Schmidt et al., 2014).
Additionally, Negrl has been identified as a differentially expressed gene across
5-HT neuron subtypes, whereas the expression of Negr!/ was highest in the
median raphe (Okaty et al., 2015).

In our earlier studies with Negrl, we have shown that compared to other brain
areas, the expression of NEGRI is sparse in the striatal areas, especially in the
DSTR of adult mice (Jagomaée et al., 2021). To estimate NEGR1 protein expres-
sion and impact in the dopaminergic signaling in the striatal area, we performed
Negrl and tyrosine hydroxylase co-stainings in the striatal area (results not shown
in the dissertation, see paper II). We found that Negr! in the striatum is highly
expressed in the fibers and moderately on cell bodies where Negr! also shows
co-localization with tyrosine hydroxylase, indicating that Negr/ is expressed in
the same cells where dopamine is synthesized. This staining indicated that at least
some amount of the NEGRI1 protein in the striatum is not synthesized in the cell
bodies in the striatum but is expressed on the axon bundles projecting through it.
The more specific identification of these bundles remains to be clarified in future
studies.

Next, we also studied potential expression of NEGR1 in the region from mid-
brain to pons, by using triple immuno-stainings for tryptophan hydroxylase,
tyrosine hydroxylase and NEGR1 (results not shown in the dissertation, see
paper II). Additionally, to striatum, we found co-expression of tyrosine hydroxy-
lase and NEGRI1 also in the VT A/substantia nigra region. Our findings of more
prevalent NEGRI1 expression in the median raphe compared to dorsal raphe are
in line with the findings from Okaty et al. (2015) and stainings available in the
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Allen Brain Atlas. In the median raphe, NEGRI1 is present in both the tyrosine
hydroxylase and tryptophan hydroxylase-positive cells, whereas in the dorsal
raphe, the expression of NEGR1 is minor (results not shown in the dissertation,
see paper II).

In conclusion, we show that Lsamp is expressed both in the dorsal and median
raphe nuclei and the expression of Lsamp gene promoters varies in distinct nuclei.
NEGRI1 protein is present in both dopaminergic and serotonergic pathways; in
the tyrosine hydroxylase-positive cells in both striatum and midbrain and in the
raphe where NEGR1 is mostly present in the median raphe.

6.2. Effects of escitalopram on
the Lsamp- and Negr1- deficient mice

We challenged the monoaminergic neurotransmission of mice lacking Negr! or
Lsamp and their WT littermates with chronic injection of escitalopram. The
behavior of these mice was tested, and brain monoamines and gene expression
were measured from the brain consequently.

In previous studies we have shown that the average body weight of Lsamp
deficient mice tends to be 5-10% lower compared to their WT littermates (Innos
etal., 2011). In this study, we also saw that Lsamp deficient tended to have lower
baseline bodyweight compared to WT littermates but after escitalopram treatment
the weight difference is lost. But we did not detect any statistically significant
post hoc differences due to high variance of the data (Figure 5). Nevertheless, the
observation that 5-HT turnover was increased in most of the brain areas tested in
Lsamp deficient mice fits well with the current view that increased 5-HT activity
is linked to reduced body weight (Voigt and Fink, 2015).

Lsamp-deficient mice showed signs of reduced anxiety, increased exploratory
activity and behavioral disinhibition, entering more frequently to both open and
closed arms, as well as making more head dips, both protected and unprotected
(genotype effects, Figure 6A, B, C). During the first five minutes in the open field
test, chronic escitalopram treatment significantly increased exploratory activity
in both genotypes (Figure 6F). In the elevated plus-maze, escitalopram signi-
ficantly increased entries to the closed arms in Lsamp-deficient mice (Figure 6A).
Lsamp-deficient mice displayed a specific behavioral pattern in the tail suspen-
sion test that was not dependent on the injected substance: a significantly higher
number of short (1-2 s) episodes of immobility compared with their WT litter-
mates (Figure 6J). The meaning or physiological basis of short immobility epi-
sodes remains to be clarified in the future studies.

In this study we found that Lsamp-deficient mice had higher levels of 5-HIAA,
the main 5-HT metabolite, in the raphe region and in the dorsal striatum.
(Figure 7B). Therefore, as demonstrated in the two independent studies (Innos et
al 2013a; Bregin et al, 2020), elevated 5-HT turnover in the brain is typical for
the pharmacologically unaffected Lsamp-deficient animals (saline group) both
after acute and chronic injections. In the current experiment, this effect was
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significantly detected only in the Hip of WT mice (Figure 7B). Escitalopram
decreased 5-HIAA levels in the raphe region, DSTR, and Hip of Lsamp-deficient
animals. Escitalopram also decreased 5-HT turnover in the raphe, VSTR, DSTR
and Hip of Lsamp-deficient animals. These findings confirm our earlier findings
that the 5-HT turnover in the brains of Lsamp-deficient animals is increased
(Innos et al., 2013a, Innos et al., 2013b). Increased activity in the elevated plus-
maze following SSRI treatment in the current study was associated by a decrease
in 5-HT turnover levels, demonstrating less anxiety in Lsamp-deficient animals.
Human studies have shown that people with panic disorder (Esler et al., 2007)
and MDD (Barton et al., 2008) who are not taking medication had higher levels
of brain 5-HT turnover. High brain 5-HT turnover may also be a significant
biological substrate for both MDD and panic disorder, as evidenced by the fact
that 5-HT turnover in these patients significantly decreased after receiving SSRI
medication, and by the symptomatic improvement that followed (Esler et al.,
2007; Barton et al., 2008).

In this study, we also investigated the effect of chronic escitalopram treatment
on Negrl-deficient mice, another member of IgLON superfamily. Differently
from Lsamp-deficient mice, Negrl deletion did not induce alterations in the
behavior of mice after chronic administration of escitalopram. (Table 2). How-
ever, we found that escitalopram could rescue the significantly smaller volumes
of hippocampi that Negr! "~ mice have compared to WT (Figure 18), the pheno-
type that we have shown earlier (Singh et al, 2019). This result is intriguing, espe-
cially as it has been demonstrated earlier that depression-related changes in the
hippocampal volume could be prevented by antidepressant treatment (Czéh et al.,
2001). Still, several other studies indicate that hippocampal atrophy is persisting
despite treatment of depression and long-term remission (Sapolsky, 2001). It is
questionable if Negrl™” mice could be model for depression despite the strong
links of the human NEGRI gene with depression phenotypes in accumulating
studies, because higher levels of NEGR1 have been described in the tissues and
body fluids of depressed patients. However, it is likely that Negr! is regulating
pathways that are linked with depression and therefore its role in the reactivity to
escitalopram deserves further studies.

Similarly, to Lsamp-deficient mice, escitalopram induced a decrease in 5-HT
turnover in both genotypes of mice, but this effect was highly significant only in
the raphe of Negrl ™ mice (Figure 11). This indicates an overlapping function of
these homologous proteins. In Negr/ '~ mice, however, we could not see an in-
creased 5-HT, which was evident in Lsamp~~ mice. Furthermore, escitalopram
induced a robust decrease in dopamine turnover only in Negr! ' mice; this effect
was amplified by the increased baseline turnover of dopamine (DOPAC/DA) in
the Negrl™ raphe compared to WT. In fact, the significant treatment effect
suggests that escitalopram induced the elevation of 5-HT in the raphe of both
Negrl™” and WT mice, but the significant elevation of dopamine was induced
only in the raphe of WT mice, suggesting that alterations in the dopamine system
could affect the serotonergic neurotransmission in Negr!~' raphe. We detected
dopamine-related changes in the raphe of Negrl '~ mice that were not seen in
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Lsamp™ mice suggesting distinct functions of these proteins in specific mono-
aminergic pathways. Accumulating evidence suggests that serotonergic system
has an impact on the activity of dopaminergic neurons in the striatum (Navailles
& De Deurwaerdére, 2011), thus, the altered interplay of dopamine and 5-HT
might also be responsible for the altered sensitivity to amphetamine in Negr/ '
mice, possibly indicated by the increased 5-HT metabolite 5-HIAA in the VSTR
of Negrl™ mice (Table 3).

Differently from Lsamp-deficient mice, in Negr/-deficient mice we saw an
upregulation of the serotonin transporter (Slc6a4) (Figure 11) which is the main
target of escitalopram in the raphe of Negr/™ mice. In Lsamp-deficient mice we
detected a significant elevation in MaoA transcript expression specifically in the
raphe area, which is in line with the most prominent elevation of 5-HIAA in this
area in Lsamp-deficient mice. Moreover, the levels of DOPAC, another product
of MaoA, were also elevated only in the raphe of Lsamp-deficient mice. Both
5-HIAA and DOPAC were restored to the levels of WT mice by escitalopram
treatment. These findings together with the elevation of MaoA transcript in the
raphe suggest elevated activity of serotonin transporter (SERT) in Lsamp-
deficient mice. Although elevated brain 5-HT turnover is influenced by the SERT
genotype in human patients (Barton et al., 2008), we did not detect any alterations
in serotonin transporter gene (Slc6a4) mRNA expression in the raphe area of
Lsamp-deficient mice. Nevertheless, the activity of SERT is most probably
increased in Lsamp-deficient mice since the SERT blocker escitalopram reverses
their 5-HT turnover (Table 4).

Table 2. Comparison of the behavioral effect of escitalopram on Lsamp- and Negrl-
deficient mice.

Lsamp Negrl
Elevated plus maze
Closed arm entries In Lsamp™" mice, escitalopram No significant post hoc
administration significantly effects
increased the number of closed arm
entries.
Open field test
Distance travelled in | In WT mice, escitalopram No significant post hoc
first 5 minutes administration significantly effects
increased the distance travelled.
Corner visits in first 5 |In Lsamp™~~ mice, escitalopram No significant post hoc
minutes administration significantly effects
increased the number of corner
visits.
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Table 3. Comparison of the effect of escitalopram on the monoamine levels of Lsamp-
and Negrl-deficient mice. Some results shown in this table are not shown in the disser-
tation result section, for more information see paper I (Bregin et al., 2020).

Lsamp

Negrl

Monoamines in
Hip

5-HIAA

Escitalopram reduced 5-HIAA levels
in both groups but notably, to a greater
extent in in Lsamp ™~ mice.

No significant post hoc
effects

5-HT turnover

Escitalopram administration reduced
5-HT turnover significantly in
Lsamp™" mice.

No significant post hoc
effects

Monoamines in
raphe

Serotonin (5-HT)

Chronic escitalopram reduced the level
of 5-HT significantly in Lsamp ™~
mice.

No significant post hoc
effects

5-HIAA

In Lsamp™" mice receiving saline,
5-HIAA level was significantly higher
than in WT groups. Escitalopram
reduced the level of 5-HIAA
significantly in Lsamp™~ mice.

No significant post hoc
effects

5-HT turnover
(5-HIAA/5-HT)

Escitalopram treatment decreased
5-HT turnover significantly only in
Lsamp™" mice. However, the baseline
5-HT turnover was significantly higher
in Lsamp-deficient mice receiving
saline compared to the WT mice
receiving saline.

Escitalopram significantly
decreased the 5-HT
turnover in the Negri ™"~

group.

Dopamine (DA)

No significant post hoc effect

Escitalopram significantly
increased the level of DA
in the WT group.

DOPAC

Lsamp™ mice had a significantly
higher level of DOPAC. Escitalopram
decreased the level of DOPAC
significantly in Lsamp™ mice.

In Negrl™ mice,
escitalopram significantly
decreased the level of
DOPAC.

DA turnover
(DOPAC/DA)

No significant post hoc effect

DA turnover was
significantly higher in the
Negrl™ saline group
compared to the WT
saline group and
escitalopram significantly
decreased the DA turnover
in the Negrl™ group.
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Table 4. Comparison of the gene expression levels of Lsamp- and Negr-deficient mice.

Lsamp Negrl

MaoA Significantly increased in the No significant change
Lsamp™™ mice raphe area.

Slc6a4 No significant change Significantly increased in the
Negrl™~ mice raphe area.

Dat Significantly decreased in the VTA | Significantly increased in the VTA.
(Innos et al, 2013).

In conclusion, deficiency of either Negrl or Lsamp causes several changes in the
level of monoamines. While the Lsamp affects more the level of 5-HT and its
metabolites, Negrl is more associated with dopamine system and affects more
the level of dopamine and its metabolites. In Lsamp~~ we saw increased 5-HT
turnover, which was reduced by the escitalopram, higher 5-HT turnover has also
been described in the individuals with depression and also is decreased by the
SSRI treatment. Any imbalance in the level of monoamines can lead to a wider
range of changes in the brain that can eventually lead to development of
psychiatric disorders.

6.3. Effects of amphetamine in the Negr1-deficient mice

Since we saw changes in the turnover of dopamine particularly in Negr/-deficient
mice compared to controls, we tested the effect of amphetamine on these mice.
Amphetamine increases dopaminergic and noradrenergic neurotransmission, and
its effect could highlight potential impairments in dopaminergic signalling in
Negr-deficient mice.

6.3.1. Increased behavioral sensitization to amphetamine and
upregulation of Dat transcript in Negr1~/- mice

We studied whether Negr/-deficient mice show altered sensitivity to chronic
amphetamine treatment. Ten-day administration of amphetamine induced signifi-
cantly higher motor and stereotypic activity in Negrl "~ compared to WT mice,
indicating a higher behavioral sensitivity to amphetamine (Figure13) (Table 5).
It has been shown earlier that time-dependent changes in behavioral sensitization
to amphetamine are associated with time-dependent changes in amphetamine-
stimulated DA release in the striatum (Paulson & Robinson, 1995).
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Table 5. Comparison of the behavioural effects of amphetamine in Lsamp- and NegrI-
deficient mice.

Acute amphetamine Chronic amphetamine
Negrl —/— vs WT | Tendency towards decreased sensitivity |Increased time-

to the acute amphetamine in Negrl™~ dependent sensitivity to

mice in dose response experiment chronic amphetamine

(6 mg/kg) and on the first day of chronic | (10 days) in Negrl ™"
amphetamine administration (3 mg/kg) |mice (current study,

(current study, Kaare et al., 2022) Kaare et al., 2022)
Lsamp —/— vs Decreased sensitivity to the acute not available
WT amphetamine in Lsamp ™'~ mice both in

case of 5 mg/kg and 7.5 mg/kg but not
2.5 mg/kg (Innos et al., 2013)

Transcripts encoding proteins regulating dopaminergic neurotransmission were
mostly significantly increased in the striatum and VTA of Negr/ "~ mice. Namely,
Dat transcripts were significantly upregulated both in the VTA and VSTR in
Negrl™™ mice at baseline (Figures 16 and 17). The Dat plays a central role in the
regulation of dopaminergic signaling; Dat overexpressing transgenic mice
demonstrate markedly increased locomotor responses to amphetamine compared
with WT animals (Salahpour et al., 2008). Likewise, reduced Dat expression has
been shown to diminish amphetamine’s locomotor stimulatory effects (Cagniard
et al., 2014). Furthermore, similarly to our current finding in the VSTR in Negr!
mice, an increase in the amount of DA released by amphetamine has been shown
in the Dat overexpressing mice (Salahpour et al., 2008). Transcripts encoding
tyrosine hydroxylase, MaoA and MaoB were also upregulated in the VTA,
whereas Comt was upregulated in the VSTR at baseline (Figures 16 and 17).
From our previous studies we have shown that deletion of other [IgLONSs, both
Lsamp (Table 5) and Ntm, induces reduced sensitivity for the acute amphetamine
in mice (Innos et al, 2013, Singh et al, 2018a). Moreover, this phenotype is the
only overlapping phenotype in mice deficient for either Lsamp or Ntm and the
insensitivity phenotype is magnified in Lsamp '"Ntm "~ double mutant mice.
Indeed, in the current study we could not see clear genotype difference in behavior
of amphetamine groups, however our data indicates tendency toward reduced
sensitivity in case of acute administration of amphetamine, therefore I[gLON family
of neural adhesion molecules could be collectively responsible for the fine tuning
of neural circuits involved in both acute and chronic responses of amphetamine.

6.3.2. Altered molecular reactivity to the amphetamine
in the brains of Negr1~/~ mice

The expected effect of amphetamine on the turnover of DA was similar in the
striatum in both Negrl ™ mice and their WT controls. In our current study, signi-
ficantly increased DA levels after 10-day administration of amphetamine were
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evident in the DSTR in Negr/ "~ mice. However, the DA metabolite 3-MT was
elevated in the VSTR in Negrl ™ mice, indicating that DA release was increased
there as well. Increased levels of the Comt transcript in the VSTR are further
fitting with the higher dopamine release along with higher DA turnover in the
VSTR in Negr!™ mice (Figure17). The difference that we see between DSTR and
VSTR, could indicate a differential effect of amphetamine on the DA release and
uptake in DSTR and VSTR (Avelar et al., 2013; Siciliano et al., 2014) (Figure 17).

The baseline levels of DA itself were not found to be altered in the brain areas
of Negrl™ mice, however, several significant alterations in several brain areas of
the Negr/™™ mice suggest increased turnover of DA but also increased turnover
of serotonin. Increased turnover of DA to 3-MT was evident in both dorsal and
VSTR. Interestingly, serotonin metabolite 5-HIAA was increased only in the
VSTR of Negrl™™ mice. Although amphetamine suppressed 5-HIAA in both
genotypes, the 5-HIAA still remained higher in Negr/™ mice. The upregulation
or the tendency for upregulation of monoamines and their metabolites in saline-
injected Negrl~~ mice was most evident in the Hip area. The results from mice
receiving saline chronically from amphetamine study and escitalopram study
could be regarded as replicates (Figure 19) and they indicate genotype differences
between knockout and control groups in two distinct age groups; the age of mice
at the end of escitalopram study was 3 months and the age of mice in the end of
amphetamine study was 5 months. Significantly higher levels of 3-MT, tyramine,
5-HT, 5-HIAA, noradrenaline and normetanephrine in Negr/~~ mice compared
to WT could be detected tyrosine.

Increased Dat and tyrosine hydroxylase in the midbrain after amphetamine
have been described earlier in wild type animals (Shilling et al., 1997; Dietz et al.,
2005), likewise, in the current study, amphetamine induced an increase in tyro-
sine hydroxylase and a tendency for increased levels of Dat, Comt and Drd2 in
WT mice in the VTA. In Negrl” mice, on the contrary, these transcripts showed
a tendency for reduction after amphetamine, indicating altered molecular reactivity
to amphetamine in the brains of Negr/ ™ mice (Figures 16). Similarly, in the Hip
of WT mice, amphetamine significantly increased the levels of 5-HTand norme-
tanephrine and induced a tendency for increase of several monoamines including
dopamine. In the Hip, however, the changes that amphetamine induced in mono-
amine profile were quite different in Negr/ '~ mice; the only significant effect of
amphetamine was the reduced level of tyrosine (Figure 19).

The stronger behavioral effect of amphetamine in Negr/~"~ mice could have
also been modulated by the trace amine associated receptor 1 (TAARL1) that has
been shown to serve as a direct intracellular target for amphetamines in dopa-
minergic neurons (Underhill et al., 2019). TAARI1 is stimulated by amphetamine,
but also by a variety of trace amines and monoamines, which are upregulated in
the brains of Negr/™ mice, such as tyramine and 3-MT. The increased levels of
endogenous agonists could have an impact on the sensitivity of TAAR1, which
could in turn, influence the effects of amphetamine.
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6.3.3. Negr1~/~mice display reduced sensitivity to stress and show
less activity during chronic injections/testing

In the chronic amphetamine study, the genotype differences appeared already
prior to injections, as the open field test for baseline activity (7 days before injec-
tions started) and a consequent housing in single cages induced the expected
decrease in the body weight of WT mice, whereas the body weight of Negr! ™
mice stayed stable or even increased slightly during the same time period
(Figure 14) resulting in the disappearance of previously significant body weight
difference between genotypes. This indicates that Negr/™~ mice were less
sensitive to the single-housing stress similarly to the phenotype we have pre-
viously described in Lsamp ™~ mice (Innos et al., 2012). In the baseline open field
test, Negr/ "~ mice spent significantly more time in the center of the open field,
indicating higher exploratory activity and reduced anxiety (the results of this
experiment have been published in Singh et al., 2019). During the course of daily
chronic injections, housing in single cages and testing, however, saline-receiving
Negrl™™ mice became less active in most of the behavioral parameters that were
measured, including total distance traveled and distance in the center (Figure 14).
Interestingly, Negr/™~ mice performed significantly less rearings both during
baseline testing (Singh et al., 2019) and during the course of chronic testing/
injections in the current study. Previous studies have found that damage to the
Hip impairs rearing due to failures in spatial memory, where novelty detection is
impaired (Barth et al., 2018). The hypothesis that reduced rearing in Negrl '
mice could be the expression of impaired hippocampal morphology is supported
by accumulating data of reduced size of Hip in Negr/™ mice and numerous mole-
cular and cellular alterations in the hippocampi of Negrl ™ mice (Singh et al.,
2018; Singh et al., 2019; Noh et al., 2019).

6.4. Negr1 deficiency-induced alterations in the
monoaminergic neurotransmission could explain links of
NEGR1 with both depression and obesity phenotypes

Depression and obesity are leading public health concerns worldwide. Shared
genetic risk factors between depression and obesity have been reported, which
could be mediated through shared etiological pathways, such as dysfunction of
the hypothalamic—pituitary axis (Bornstein et al., 2006; Ouakinin et al., 2018;
Leidmaa et al., 2020). Imbalance of monoaminergic neurotransmission in the brain
areas, such as mesolimbic pathways (Belujon & Grace, 2017), raphe (Fazecas
et al., 2021) and Hip have been shown to underlie depressive conditions. This
study showed that Negr/ " mice display a time-dependent increase in behavioral
sensitization to amphetamine associated with changes in amphetamine-stimu-
lated DA release in the ventral and DSTR, indicating altered reactivity of meso-
limbic pathways in mice lacking NEGR1 protein. Mesolimbic pathways under-
lying reward processing were our special interest as dysfunctional reward
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processing that has been described both in depressive patients (Admon &
Pizzagalli, 2015; Ng et al., 2019) and obese subjects (Kenny, 2011; Volkow et al.,
2011). Thus, there could be a shared mechanism underlying both obesity and
depression. Anhedonia, one of the core symptoms of depression, has been linked
to dysfunctions in the reward system, and in particular the DA system (Yadid
et al., 2008). Therefore, we next studied hedonic eating and metabolism in
Negrl™" mice. More specifically, our purpose was to add evidence that would
enable us to determine whether the impact of NEGR1 is established mainly
through its function as a cell adhesion molecule in the hypothalamus, or whether
it also has a distinct role in the systemic metabolism, which could, in turn,
contribute to the etiology of psychiatric disorders.

6.5. Body weight and metabolic profile of Negri1-deficient
mice on HF diet

6.5.1. Effects of HF diet on the body weight and food consumption
of Negri-deficient mice

In the final part of the current study, we found that both male and female Negr/ ™~
mice tended to have slightly lower body weight when on a standard diet, in accor-
dance with an earlier study in Negr/™ mice (Lee et la., 2012). Male Negrl
mice also consumed smaller amounts of standard food when measured indi-
vidually for 96 h. A HF diet leads to body weight gain in both genotypes and both
genders. Surprisingly, genotype difference occurred only in male mice (Figure 20).
The WT males tended to gain less body weight when on HF diet compared to
Negrlf/’ male mice; however, this effect was not related to higher amounts of
consumed food. On the contrary, the WT males consumed higher amounts of HF
food in the food preference test, in which the consumed food was individually
measured for 24 h. Furthermore, male Negr/ '~ mice had a tendency to eat less
HF food but nevertheless gain more weight also in group-housing settings. Our
data indicate that Negri-deficiency induces alterations in the efficiency of energy
storage.

Interestingly, the initial approach to and consumption of the HF food during
the first hours of the food preference test was not altered in Negr/~~ mice. Mea-
suring the acute consumption of energy-dense and palatable HF food allows us
to estimate the changes in the reward processing (hedonic liking/wanting), as well
as the acute homeostatic mechanisms that regulate the control of food intake
(Leidmaa et al., 2020). Negr/~'~mice seem to have a normal hedonic appetite and
the corresponding satiety induction in the beginning of the food preference test.
During a longer exposure to HF food (24 h), however, the Negrl " males reduce
their energy intake more than the WT. This could be explained by the impaired
glucose tolerance and corresponding metabolic alterations in these mice, dis-
cussed in the next paragraph. Reduced food intake could be an attempt to
compensate for the metabolic challenge present in the Negrl ™ males, particularly
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during the HF diet exposure. Previous studies have also shown that a restricted
feeding schedule increases Negrl (22%) in the arcuate nucleus/ventromedial
hypothalamus of rats (Boender et al. 2014), and that NEGR1 protein is increased
in the lateral hypothalamus of fasted chicks (Liu et al., 2019). NEGRI in certain
hypothalamic nuclei might, therefore, lead to increased appetite, which would be
in line with our findings of decreased food consumption in Negr! " mice. These
effects may be site-specific, however, as administration of NEGR1 ectodomains
into the paraventricular nucleus of the hypothalamus is shown to induce an
opposite effect: a 20% decrease in food intake in rats (Venkannagari et al., 2020).
Reduced intake of HF food during the first 24 hours could also be a sign of altered
reward processing, which, however, needs further research.

6.5.2. HF diet alters the glucose tolerance of
male Negri-deficient mice

The role of NEGRI in glucose homeostasis has been previously demonstrated in
many instances. Schlauch et al. (2020) have shown by GWAS studies that, besides
obesity in the general population, NEGR1 gene also associates with BMI in type 2
diabetes patients, with abnormal glucose levels and impaired fasting glucose. A
direct impact on serum glucose levels has been demonstrated in Negr!/™ mice
with a >1.3-fold increase in serum glucose and insulin levels (Joo et al., 2019).
While the level of leptin was substantially higher, the level of insulin-sensitizing
adipokine adiponectin was lower in the Negrl " mice (Joo et al., 2019).

Our experiments in this study indicate that, when on the standard diet, males
and females from both genotypes have similar basal glucose levels (Figure 21).
HF food, however, leads to higher levels of blood sugar in Negrl ' mice, as
reported by earlier studies. In male mice, HF diet resulted in altered glucose tole-
rance only in Negrl ' mice. In females, HF diet altered glucose tolerance in both
genotypes, and no genotype effect appeared after either 6 weeks or 13 weeks.
Although males are more likely to develop insulin resistance and hyperglycemia
in response to nutritional challenges (Tramunt et al., 2020), impaired glucose
tolerance is more prevalent in women (Mauvais-Jarvis et al., 2018). The gender
dependence of glucose metabolism is in fact a complex outcome of many factors,
such as muscle mass, muscle-to-fat ratio, and the nature of dysfunction in insulin
signaling (Mauvais-Jarvis et al., 2018). It should also be noted that the animals in
our experiment did not develop diabetes, although the glucose tolerance test indi-
cated a significant impairment in glucose homeostasis under some experimental
conditions. With WT male mice having a slightly elevated basal glucose, and
females performing worse in the glucose tolerance test, current results are in
accordance with previous reports.
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6.5.3. Gender-specific changes in the metabolism of lipids of
Negri-deficient mice caused by HF diet

The HF diet is expected to overload fatty acid metabolism in one way or another.
If ketogenic, HF would upregulate beta-oxidation, ketogenesis, and gluconeo-
genesis. If the HF diet has enough carbohydrates, a large portion of dietary fats
would be stored as fat and none of the previously mentioned metabolic pathways
need to be activated.

We observed nearly unanimous increases in serum PC and SM lipids due to
the HF diet. Acylcarnitines at the same time decreased, with the exception of
stearyl- and oleyl-carnitine, which increased. According to the manufacturer,
palmitoyl, stearyl, and oleyl residues are the most dominant lipids in the HF diet
formula. A high load of long-chain acyl residues increased various species of
lipids, while the amount of free carnitine and short-chain acylcarnitines decreased
due to activity and low substrate specificity of carnitine-acyl transferases. Hence,
the pattern of changes due to the HF diet was as expected (Figure 22).

Hydroxylated acylcarnitines and acyl residues with two carboxylic acids could
not be properly quantified in most samples. Therefore, the observed relative
increase in the total amount of all hydroxylated and dicarboxylic acyl residues
may be erroneous. Even more, an overload of acyl residues is expected to activate
omega oxidation, which generates dicarboxylic acids and, thereby, alleviates the
overload of lipid catabolism pathways. Ketone bodies appeared not to be in-
creased by HF diet, and the individual acylcarnitines, as well as their ratios, did
not imply that beta-oxidation and ketogenesis intensified because of our dietary
intervention.

The fact that serum lipoproteins have gender-dependent reference values is
common knowledge in clinical chemistry. Variations in male and female serum
PC species, besides cholesterol and triglycerides, have also been shown previ-
ously (Rauschert et al., 2017). Higher beta-hydroxybutyrate levels in females on
a standard diet have been reported before as well (Cochran et al., 2018). Thus,
the gender differences in lipids found here are in accordance with previously pub-
lished data. Somewhat surprisingly, the genotype effect on lipid profile appeared
to be marginal in our experiment.

6.5.4. Gender-specific changes in the metabolism of amino acids
of Negr1-deficient mice caused by HF diet

In WT animals, the diet had a limited effect on serum amino acid levels (Figure 23).
In Negrl™" animals, particularly in males, the HF diet increased the total pool of
amino acids in blood. It did not seem to be related to the essentiality of gluco-
genicity of the amino acids. The most significant was the increase for Lys, Thr,
Ala, Ser, and His. With the reduced relative abundance of proteins in the HF diet,
the increased level of essential amino acids (Lys, Thr, and His, in particular)
implies increased protein breakdown in the body. Indeed, decreased muscle mass
has been demonstrated in another strain of Negr/ ™ mice (Joo et la., 2019) and
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the same result was replicated in the current study, suggesting that Negr/ "~ mice
might also be prone to the protein breakdown in the case of standard feeding.

If the increased protein breakdown is accompanied by increased amino acid
usage in peripheral tissues, Ala and Gln should increase in serum because of
shuttling of the amino group to the urea production in the liver. Female mice had
arelative increase in Ala, but males, on the contrary, showed a weakly significant
decrease in GIn. Additionally, the urea cycle intermediates (Arg, Cit, Orn) and
their ratios did not indicate an overload of the urea cycle. The ratio of short-chain
acylcarnitines and BCAA decreased with HF diet for both sexes, which indicates
that, although BCAA levels increase, they are not catabolized into short-chain
acyl radicals, which would be a necessary step in their oxidation.

The decrease in Glu and Gln on HF while nearly all other amino acids are
either unchanged or increased might be a meaningful anomaly. Most logically,
Glu could be transaminated to alpha-ketoglutarate, enter the tricarboxylic acid
cycle, and be used for energy, either directly or indirectly via gluconeogenesis.
Indeed, there was a tendency of reduced levels of alpha-ketoglutarate and oxaloa-
cetate in animals consuming the HF diet.

Interestingly, Ala and Ser have elevated concentrations in Negrl/”~ on HF,
although they are closely related to pyruvate and 3-phosphoglycerate, serving as
potential substrates for gluconeogenesis. Ala generation in the periphery/muscles
may simply exceed its use in the liver. This notion is supported by the fact that
lactate, another gluconeogenesis substrate closely related to Ala and pyruvate, is
not increased by the HF diet. However, comparing Ala and Gln levels and Ser-
and alpha-ketoglutarate-related amino acids, there seems to be a preference to use
carbons in alpha-ketoglutarate form rather than any gluconeogenic substrate.
Alpha-ketoglutarate would be converted to oxaloacetate, which, besides being a
starting point for gluconeogenesis, can be converted to aspartate by trans-
amination. The latter is needed for the urea cycle and elimination of excessive
nitrogen from increased amino acid catabolism. Gluconeogenesis from pyruvate
also goes over oxaloacetate, but requires energy investment for pyruvate carbo-
xylation, and may, therefore, be less economic.

In male Negr!” animals, Leu and Val are increased. BCAAs are generally
upregulated in glucose intolerance (Wang et al., 2011) and, particularly, Leu is
known to regulate glucose and protein metabolism (Liu et al., 2014). Whether the
BCAA increase stems from protein breakdown and contributes to glucose into-
lerance or whether their higher level is maintained to counter peripheral glucose
resistance cannot be answered from this study. Interestingly, high Leu should
inhibit protein breakdown and enhance protein synthesis (Lynch et al., 2014).

Altogether, Negrl ™ mice, particularly males, break down proteins in the body
in order to be able to use some amino acids, while others accumulate. This re-
programming of metabolism does not seem to overload amino acid catabolic
pathways but causes reduced muscle fiber size phenotype. This reprograming
also reduces metabolic flexibility and paves the way to glucose intolerance.
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6.5.5. Gender-specific changes in the metabolism of citric
of Negr1-deficient mice caused by HF diet

The citric acid cycle is a central mitochondrial pathway, which is closely related
to catabolic and anabolic pathways of many biomolecules, including fatty acids,
amino acids, and glucose. Above, we discussed how certain amino acids in
Negrl™™ mice are more important gluconeogenic source than in WT mice. An
important note and maybe the root of all metabolic alterations are the increased
citrate levels in Negr/™ mice. High citrate is a signal of energy excess which
activates fatty acid synthesizing enzymes allosterically (Kornacker et al., 1965;
Munday et al., 2002); on the other hand, citrate inhibits glycolytic enzymes. Thus,
even on a normal diet, Negr/~ mice are biased towards fatty acid synthesis and
have reduced glycolytic efficiency. Alpha-ketoglutarate, succinate, malate, and
oxaloacetate did follow citrate’s pattern only in male mice, though. In Negrl ",
a part of citrate is diverted away from the citrate cycle into lipid synthesis. The
latter is intense in hepatocytes and might cause the fatty liver phenotype if up-
regulated (Figure 24).

A GWAS suggests that insulin suppresses NEGR1 in adipocytes and the
synthetic glucocorticoid dexamethasone induces NEGR1 expression (Walley et al.,
2012). Insulin is known to enhance fatty acid synthesis from citrate; whether it
does so via NEGR1 or independently, we cannot answer, but our results are in good
accordance with these findings. Another study on monozygotic twins discordant
for type 2 diabetes found NEGRI being upregulated in adipocytes of type 2
diabetic twins (Nilsson et al., 2014). Here, the insulin level is expected to be high,
but adipocytes do not recognize it properly. Upregulation of NEGRI in relative
insulin deficiency suggests that NEGR1 has a functional role in how insulin
regulates the activities of enzymes of glycolysis, citric acid cycle, and/or lipo-
genesis. Even more, Joo et al. (2019) have shown that Negr/ deficiency induces
abnormal fat deposition in various peripheral cells, especially fat and liver tissue
cells.

Still, Negrl™~ did not display increased levels of acyl residues that would be
expected if high citrate diverges from glycolysis into lipid synthesis. As the
synthesis also demands high amounts of ATP and reductive NADPH, it may be
ineffective. Therefore, on a normal diet, the mice do not gain excessive fat or
body weight and display a normal serum lipid profile. If glycolysis is inhibited,
more amino acids are catabolized for energy production, leading to a risk of
muscle wasting. HF diet impairs glucose utilization even further (Jana et al.,
2019); thus, the Negrl™~, who already have trouble with glucose usage, are forced
to utilize amino acids as a source of energy (Figure 25).

To expand our knowledge of how the metabolic shift present in Negrl ™~ could
be linked with the brain endophenotypes of Negr!/ ", the western blot estimating
proteins related to the cellular energetics in the brain tissue was performed. A
statistically significant increase of glutathionylated proteins and NOX2 enzyme
was found in the Hip of Negr/™"~ but not in the frontal cortex of the same mice.
NOX2 is NADPH oxidase, which is a superoxide generating enzyme that is
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forming reactive oxygen species (ROS). In previous studies it has been shown
that superoxide overproduction as a result of NOX2 activation leads to the loss
of inhibitory capacity of parvalbumin interneurons (Schiavone et al., 2009). NOX2
is also one factor that has been implicated in causing inflammation associated
with a HF diet. A study with NOX2 knockout mice on a HF diet showed that NOX2
knockout mice do not experience all the deleterious metabolic and inflammatory
effects in the body and brain caused by HF diet to the same degree as WT mice
(Costford et al., 2014). There is also another study where a mouse model was
genetically engineered with the intent of inhibiting NOX2 solely within macro-
phages. Similar to the first study, these macrophage-deficient NOX2 knockout
mice were placed on a HF diet, the results showed that macrophage-deficient
NOX2 knockout mice were protected from the deleterious effects of a HF diet
(Pepping et al., 2017). Those two studies showed that the deletion of NOX2 can
have a protective benefit against the effects of obesity in the context of a HF diet.
In our study we saw an increased level of NOX2 in Negrl ™~ mice, at the same
time we saw that in Negr/ " mice, HF diet promotes prediabetes and fat accumu-
lation. These results support the hypothesis that higher levels of NOX2 can
promote worse outcomes of HF diet and lower levels of NOX2 in WT animals
protect them from deleterious effects of HF diet. GSH is an antioxidant and is
capable of preventing damage to important cellular components caused by ROS.
These results further suggest that systemic metabolism in Negr! /" organisms is
shifted towards ineffective metabolic alterations that may produce more oxidative
stress and Hip may be especially sensitive compared to other brain regions.

A Negr1 ++ BODY RESERVES B Negr++ BODY RESERVES

Protein Glycogen FAT Protein Glycogen FAT
NORM DIET HF DIET
Protein Amino Acids Protein Amino Acids
Gluconeo- Gluconeo-
genesis genesis
Carbs Glucose ENERGY Carbs Glucose ENERGY
Fatty acid Fatty acid
synthesis synthesis
Lipids Lipids Lipids Lipids
C  Negrl-- BODY RESERVES D Negr1 /- BODY RESERVES
Protein Glycogen FAT Protein Glycogen FAT
NORM DIET HF DIET
Protein Amino Acids Protein Amino Acids
Gluconeo- Gluconeo-
genesis genesis
Carbs Glucose ENERGY Carbs Glucose ENERGY
Fatty acid Fatty acid
synthesis synthesis
Lipids Lipids Lipids Lipids

Figure 25. A hypothetical and simplified scheme of the metabolic differences in WT
(Negrl*™*) (A, B) and Negrl™~ (C, D) mice on a normal diet (A, C) and high-fat diet
(B, D). Increased size and green color indicate increased metabolic flux, reduced arrow
size and red color indicate inhibited process.

74



6.6. Concluding remarks and future prospects

In conclusion, in the current study we showed that Negrl and Lsamp, members
of the IgLON gene family, are strongly associated with behavioral and biochemi-
cal changes in the mice that are analogous to changes described in psychiatric
patients. Negrl also showed strong sex dependent associations with regulation of
body metabolism and obesity. In several studies it has also been shown that
depression and obesity can have shared etiology, and in our study, we saw that
Negrl is a gene that has an impact on both.

In the future, the role of NEGRI in systemic metabolism should be studied
further. In this study we studied the level of glucose and performed GTT analysis
on Negrl™~ and WT mice on a HF diet, but the levels of insulin and insulin
tolerance should also be measured. Since we saw differences between male and
female mice, the sex differences should also be studied further. For example,
measurement of sex hormones in the context of HF diet and also the level of other
enzymes related to metabolism (glucagon, leptin, adiponectin etc.).

75



CONCLUSIONS

Both NEGR1 and LSAMP have distinct impact on the monoaminergic
neurotransmission. As the impact of NEGRI1 is stronger for the dopaminergic
system, this neural transmission system could affect both depressive and obesity-
related phenotypes linked with NEGRI gene.

1. LSAMP is expressed in the raphe, whereas the distribution of Lsamp is
isoform specific in the dorsal and median raphe nuclei. Lsamp la and 1b
promoters are active in the DR (dorsal raphe); most of the expression in MnR
(median raphe) comes from 1b promoter, whereas most of the Lsamp
expression in the caudal subgroup of raphe, such as raphe magnus (RMg)
derives from la promoter.

2. In Lsamp-deficient mice, chronic escitalopram induces alterations in behavior
and changes in brain biochemistry that are highly analogous to the changes
described in major depressive disorder patients. We also detected significant
upregulation of MaoA gene in the raphe area of Lsamp-deficient mice, which
can be a response to the higher activity of serotonin transporter (SERT)
protein, as indicated by higher serotonin (5-HT) turnover, which transport
more 5-HT from the synapse, leading to increased supply of 5-HT to MaoA.

In Negrl™ mice, reduction of 5-HT and DA turnover induced by chronic
escitalopram is enhanced in raphe nuclei. Escitalopram could rescue reduced
hippocampal weight in Negr/ " mice.

3. Negrl™ mice show a time-dependent increase in behavioral sensitization to
amphetamine associated with increased dopamine turnover in both dorsal
(DSTR) and ventral striatum (VSTR). Upregulation of transcripts encoding
for dopamine and SERT and higher levels of several monoamines, and their
metabolites was evident in distinct brain areas of Negrl ™ mice.

4. Negrl™ mice have a higher protein catabolism than WT mice. With higher
usage of amino acids, the energy from carbohydrates and lipids can be
diverted into reserves, e.g., formation of fat stores. The high-fat (HF) diet does
promote prediabetes and fat accumulation in Negrl ” mice, which indicates
that the metabolic pathways are already activated by the absence of Negrl.
Our data show that Negr! is one of the genetic factors that, together with other
signaling molecules (e.g., sex hormones) and consumed diet, contributes to
the balance of systemic metabolism, including glucose homeostasis.

Figures 26 and 27 summarize the findings of this theses concerning the tran-
scripts in monoaminergic synapses.
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Figure 26. Serotonergic synapse. Schematic overview of LSAMP in a serotonergic
synapse (A) and changes in the serotonergic synapse caused by LSAMP-deficiency (B).

Green arrow indicates an increase.
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Figure 27. Serotonergic and dopaminergic synapse. Schematic overview of NEGRI1
in serotonergic (A) and dopaminergic (B) synapse. Changes in the serotonergic (C) and
dopaminergic (D) synapse in the case of NEGR1-deficiency. Green arrow indicates an
increase.
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SUMMARY IN ESTONIAN

NEGR1 ja LSAMP toime psiihhiaatrilistele hiiiretele on vahendatud
monoamiinergilise nirviiilekande ning siisteemse metabolismi
mojutamise kaudu

NEGRI1 ja LSAMP kuuluvad molemad IgLON perekonna adhesioonimolekulide
hulka. IgLONid méngivad olulist rolli rakkude vahelisel adhesioonil, neuriitide
viljakasvul ning siinapside moodustumisel. Inimestel on seostatud muutuseid
IgLON geenides mitmete erinevate psiihhiaatriliste hiiretega. Ulegenoomsetes
GWAS uuringutes on NEGRI geeni tugevalt seostatud depressiooniga. Samuti
on leitud seoseid teiste psiihhiaatriliste hiiretega. Depressiooni monoamiini
hiipoteesi alusel on depressiooni siimptomite pohjuseks héired monoamiin-
ergilistes narviiilekande siisteemides. Kuigi mitmed tdendid viitavad sellele, et
depressiooni tekkega on seotud ka mitmed teised rajad, mdngivad monoamiinid
siiski olulist rolli meeleolu hiirete tekkes ning on poéhilisteks hetkel kasutuses
olevate antidepressantide sihtmérkideks (Belujon et al., 2017). On niidatud
muutuseid Negrl ekspressioonis peale mitmete antidepressantide manustamist,
mille sihtmérgiks on monoamiinergilised neurotransmitterid. Lisaks psiihhiaatri-
listele hiiretele on NEGR1 geeni seostatud ka iilekaalulisusega. Ulegenoosetes
GWAS uuringutes on NEGR1 geeni korduvalt seostatud kehamassi indeksiga,
mis viitab sellele, et NEGR1 omab rolli keha kaalu reguleerimisel ja iilekaalu-
lisuse tekkel. Samuti on nédidatud seoseid LSAMP-i ning psiihhiaatriliste hdirete
vahel. LSAMP valgu taseme tdusu otsmikukoores on ndidatud nii skisofreenia
kui ka depressiooni patsientidel vorreldes tervete kontrollidega. Hiirtel on néi-
datud, et suurenenud Lsamp tase on seotud vdahenenud aktiivsuse, suurenenud
drevuse ning akuutse hirmu reaktsiooniga.

Hoolimata tugevast seosest Negrl ja depressiooni vahel, pole veel uuritud
Negrl puudulikkusega hiire serotonergilist ja dopamiinergilist slisteemi. Arves-
tades seda, et NEGR1 geen inimesel seostub nii depressiooni kui iilekaalulisu-
sega, on to0 eesmargiks uurida Negrl-puudulikkusega hiire mudelis nii keha-
kaalu fenotiiiipi, depressiooni ja kehakaalu regulatsiooniga seotud biokeemilisi
radasid ning tdpsemalt hinnata Negr! puudulikkusega hiire monoamiinergilisi
radu, kasutades selleks amfetamiini ja estsitalopraami. Veel on antud t60 ees-
mairgiks uurida Lsamp puudulikkusega hiire serotonergilist siisteemi, kasutades
selleks estsitalopraami.

Hiiremudelit kasutades leidsime, et nii LSAMP kui NEGR1 on ekspresseeru-
nud serotonergilistes rakkudes ning kroonilise SSRI estsitalopraami manusta-
mine tingib nii Lsamp- kui Negrl-puudulikkusega hiirtel ajus erineva mono-
amiinide profiili muutuse vorreldes nende metsiktiilipi pesakonnakaaslastega.
Kui Lsamp vilja liilitamise jérgselt domineerib korgem serotoniini kéive, siis
NEGR1 puudulikus hiires ndgime muutusi esmajoones dopamiinisiisteemis.
Samuti nditasime me MaoA taseme tdusu Lsamp puudulikkusega hiirte raphe piir-
konnas.
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Veel nditasid tulemused, et Negr/-puudulikkusega hiirel esineb ajast-sdltuv
suurenenud kditumuslik sensitiseerumine amfetamiini suhtes, mis on seotud
suurenenud dopamiini vabanemisega nii dorsaalses kui ka ventraalses striaa-
tumis. Mitmetes aju piirkondades oli méirgata nii dopamiini kui serotoniini trans-
porterite ekspressiooni taseme tdusu Negrl-puudulikkusega hiirel, samuti oli
Negri-puudulikkusega hiirel suurenenud mitmes ajupiirkonnas mitmete mono-
amiinide ning nende metaboliitide tasemed. Kroonilise estsitalopraami katse
nditas, et Negr/-puudulikkusega hiirtel oli voimendunud estsitalopraami poolt
pOhjustatud serotoniini ning dopamiini ringkdigu vihenemine. Samuti oli niha,
et estsitalopraam voib leevendada Negrl-puudulikkuse poolt pShjustatud hipo-
kampuste kaalu vihenemist.

Metaboloomika uuringud Negr!-puudulikkusega hiirtega néitasid, et 6 nadalat
korge rasvasisaldusega toitu pohjustas Negr!-puudulikkusega hiirtel suurenenud
gliikoosi taseme tdusu veres. Gliikoosi tolerantsuse testis (GTT) pohjustas kdrge
rasvasisaldusega toit genotiilibi erinevusi ainult isastel hiirtel. Negrl-puudu-
likkusega isastel hiirtel esines vihenenud tolerantsus gliikoosile ning samuti esi-
nes neil hargnenud ahelaga aminohapete (BCAA) taseme tdus veres. Uldine
metaboolne profiil viitab sellele, et Negrl-puudulikkusega hiirte metabolism
kaldub gliikkoneogeneesi, rasvhapete de novo siinteesi ja korgema valkude kata-
bolismi suunas, seda kdike vdimendab veel omakorda kdrge rasvasisaldusega
toit.

Kokkuvdttes nditab kdesolev uurimistdd, et nii Negrl kui ka Lsamp puudu-
likkusega hiirtel esinevad kditumuslikud ning biokeemilised muutused, mis on
sarnased muutustele, mis esinevad psiihhiaatriliste hiiretega patsientidel ning
IgLON adhesioonivalkude mdju psiihhiaatrilistele héiretele toimib vdhemalt
osaliselt 1abi monoamiinergiliste ithenduste mdjutamise. Meie leid, et NEGRI1
mojutab lisaks aju biokeemiale ka siisteemset metabolismi, kinnitab, et psiihhi-
aatrilisi stindroome peaks késitlema kui kogu keha homdostaasi héireid.
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