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Introduction

1.1 Affective disorders
The term affective disorders encompasses all types and clinical pictures of both, anxiety and
depressive disorders. The lifetime prevalence of anxiety disorders was estimated to be 28.8%
in the U.S. (Kessler, Berglund et al. 2005). The global prevalence of anxiety disorders was
estimated to be 7.3%, meaning that one in 14 people suffers from the illness at any given time
(Baxter, Scott et al. 2013). Anxiety disorders lead to a severe reduction of quality of life and
are the 9th leading cause of disability. They are associated with a substantial economic burden,
estimated to be $46.6 billion in the 1990s in the US and 74€ billion by 2010 in Europe
(Greenberg, Sisitsky et al. 1999, Mendlowicz and Stein 2000, Hoffman, Dukes et al. 2008,
Gustavsson, Svensson et al. 2011, Baxter, Vos et al. 2014, Vos, Barber et al. 2015).

Figure 1: Top 25 causes of global years lived with disability in 1990 and 2013
YLD = years lived with disability. UI = uncertainty interval. COPD= chronic obstructive pulmonary disease (Vos,
Barber et al. 2015)

Depressive disorders present with a lifetime prevalence of about 15-20%, and about 15% of
the patients commit suicide (Nemeroff 1998, Fava and Kendler 2000, Kessler, Berglund et al.
2005). Major depression ranks 2nd in causes for years lived with disability in the Global Burden
1
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of Disease Study 2013 (Vos, Barber et al. 2015). In 1992, the economic burden of depression
was estimated at 43$ billion in the US and by 2010 113€ billion in Europe (Nemeroff 1998,
Gustavsson, Svensson et al. 2011). Depression is a frequent comorbidity not only with anxiety
disorders, but also with other illnesses such as cardiac disease, cerebrovascular disease and
diabetes (Evans, Charney et al. 2005), often resulting in a negative impact on the outcome
(Konstam, Moser et al. 2005, Faller, Stork et al. 2007, Serafini, Pompili et al. 2010).

Figure 2: Total cost of all disorders of the brain in Europe by type of cost
(Gustavsson, Svensson et al. 2011)

Due to this substantial contribution of affective disorders to the global burden of disease, it is
imperative to investigate possible causes and new treatment options.

1.1.1 Anxiety disorders
Anxiety disorders are defined by shared features of excessive fear and anxiety according to
the Diagnostic and Statistical Manual of Mental Disorders in its 5th edition (DSM-V, APA, 2013).

2
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Figure 3: Expression of fear, Charles Darwin, 1872

Fear is a reaction to a real or potential immediate threat, which serves several physiological
functions. The resulting physiological responses include heavier breathing, increased heart
rate and hyper-vigilance in preparation of a fight or flight reaction (Shariff and Tracy 2011).
The facial expression leads to widened eyes which increase the visual field and the speed of
eye movement (Susskind and Anderson 2008). Anxiety is the anticipation of a perceived future
threat and is often accompanied by increased muscle tension, heightened cautiousness and
avoidance behavior. Fear and anxiety can be appropriate, but when experienced excessively
or persistently over a longer period of time, the individual may suffer from an anxiety disorder
(DSM-V, APA, 2013).
The etiology of anxiety disorders results from gene-environment interactions between
candidate genes and stressful life events (Domschke and Deckert 2012). It involves biological
and psychological vulnerability in addition to faulty learn processes. Anxiety disorders show a
heritability between 32-67%, depending on the type of anxiety disorder (Domschke and
Deckert 2007). Anxiety disorders are classified by age of onset and the type of objects or
situations that elicit fear, anxiety or avoidance (DSM-V, APA, 2013):
-

separation anxiety – fear or anxiety about separation from attachment figures

-

selective mutism – inability to speak in social settings

-

specific phobias – fear of specific objects or environments, e.g. arachnophobia

-

social anxiety disorder – fear, anxiety or avoidance of social interactions

-

panic disorder – recurrent unexpected panic attacks and the permanent worry to have
more panic attacks

-

agoraphobia – fear or anxiety towards being in open spaces, enclosed spaces, being in
a crowd, using public transportation or being outside of one’s home alone

-

generalized anxiety disorder – persistent anxiety and concern about various parts of
life, which the individual finds difficult to control.
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Another subgroup of anxiety disorders are trauma and stress-related disorders including posttraumatic stress disorder (PTSD) and acute stress disorder. They result most likely from a
slightly different etiology. Specific traumatic events must precede the onset of PTSD and acute
stress disorder. Fear, anxiety or avoidance are especially, but not exclusively, related to
situations reminding of the trauma in these disorders.
Anxiety disorders are treated with psychotherapy and supportive pharmacological
interventions. According to the S3-Leitlinie Behandlung von Angststörungen (2014)
pharmacological interventions such as selective serotonin reuptake inhibitors (paroxetine),
serotonin-norepinephrine reuptake inhibitors (venlafaxine), tricyclic antidepressants
(clomipramine),

tricyclic

anxiolytics

(opipramol),

5HT1A

–agonists

(buspirone),

Benzodiazepines (Diazepam), calcium channel blocker (pregabaline) and reversible inhibitors
of monoamine oxidase A (moclobemide) are suitable.
The most common acute pharmacological intervention manipulates the GABAergic system
using benzodiazepines. Interestingly, five out of eight pharmacological interventions lead to
an increase in available serotonin or noradrenaline in the synaptic cleft, indicating a disruption
of the serotonergic (5-HT) and/ or noradrenergic (NA) system in anxiety disorders. Serotonin
and noradrenaline take their effect on corresponding receptors which, almost all, are part of
the G protein-coupled receptor family (see 1.2).
Anxiety disorders are frequently comorbid with major depressive disorder. This comorbidity
is associated with greater symptom severity and higher incidence of suicidality (Kaufman and
Charney 2000, Brown, Campbell et al. 2001). This might be due to particular genes
contributing to the development of both disorders (Nemeroff 2002) and partially overlapping
etiologies. Seligman 1975 proposed the theory of learned helplessness stating both humans
and animals may develop a clinical depression upon exposition to inescapable aversive stimuli
because after perceiving the aversive stimulus is inescapable both humans and animals cease
all attempts to escape them.

1.1.2 Depressive disorders
Depressive disorders present with “sad, empty, depressed or irritable mood” together with
somatic and cognitive changes that inhibit the individual to function normally (DSM-V, APA,
2013).
One important hypothesis of the etiology of depression is the stress-diathesis model. It
postulates that genetic factors contribute to biological vulnerability towards stressful life
events (e.g. physical disease, hormonal change or psychosocial factors), which initiate
biochemical changes in the brain leading to the development of depressive disorders
4
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(Nemeroff 1998, Caspi, Sugden et al. 2003). Recent reports postulate that the pathophysiology
of depression rests on gene x environment interactions leading to alterations in three major
monoamine systems: the serotonergic, noradrenergic and dopaminergic system (Dudley, Li et
al. 2011, Saveanu and Nemeroff 2012). Depressive disorders show heritability, with major
depressive disorder ranging from 37-42% (Ebmeier, Donaghey et al. 2006, Flint and Kendler
2014).
Depressive disorders can be classified according to duration, onset or presumed etiology
(DSM-V, APA, 2013):
-

disruptive mood dysregulation – persistent irritability and intolerance of frustration
with extreme behavioral dyscontrol (children up to 12 years old)

-

major depressive disorder – mood disturbance of at least 2 weeks involving changes in
affect, cognition and neuro-vegetative functions

-

persistent depressive disorder (dysthymia) – mood disturbance for over 2 years

-

premenstrual dysphoric disorder

The main goals of intervention in depressive disorders are symptomatic relief, thereby
reducing the likelihood of suicide, to reestablish social relations and economic productivity
and to prevent relapse. Depression treatment can be divided into three phases: acute,
maintenance

and

relapse

prevention,

all

including

psychotherapeutical

and

psychopharmacological interventions, depending on the severity of depression. According to
the S3-Leitlinie Unipolare Depression pharmacological interventions such as tricyclic
antidepressants (amitriptyline), selective serotonin reuptake inhibitors (citalopram),
reversible inhibitor of monoamine oxidase A (moclobemide), serotonin-norepinephrine
reuptake inhibitors (venlafaxine), alpha2-antagonists (mirtazapine), selective noradrenalindopamine reuptake inhibitors (bupropione), melatonin receptor agonists (agomelatine),
Lithium and phytopharmaceuticals (St.-John's-wort) are suitable.
Most pharmacological interventions interfere with serotonin, norepinephrine or dopamine
concentrations in the synaptic cleft or interact with serotoninergic or adrenergic G proteincoupled receptors. This fact gives rise to the importance of G protein-coupled receptors in
affective disorders.
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1.2 Animal models of psychiatric disease
One way to assess the relevance of specific candidate genes in psychiatric disorders is using
mouse models. Genetically altered mice, either transgenic mice, overexpressing a candidate
gene or knockout mice, with lowered or absent expression of a candidate gene can be
generated are evaluated in animal models of psychiatric disorders.

1.2.1 What is an animal model?
“Animal models represent experimental preparations developed in one species for the
purpose of studying phenomena in another species” – this simple definition of William
McKinney in 1984 still holds true, but requires more than initially obvious.
The basic problem with animal models of psychiatric disorders is the inability of animals to
unequivocally express their feelings, thus knowing whether a mouse is feeling afraid, anxious
or depressed is not possible for a human investigator. Additionally, major mental illnesses may
involve neuronal circuits unique to humans. It is however possible to observe rodent behavior
and physiological responses upon certain stimuli. Furthermore, brain anatomy, physiology,
and neurochemistry of i.e. mice are comparable to humans in many respects for example in
both species the striatum and prefrontal cortex are involved in spatial learning (Chrousos
1998, Woolley, Laeremans et al. 2013).
The reproduction of an entire human neuropsychiatric disorder in mice is therefore not
possible, but individual symptoms, causes and treatment responses can be modeled. So called
endophenotypes, quantifiable behavioral, anatomical, biochemical or neurophysiological
markers, make it possible to model multifactorial human behavior in animals to elucidate
gene-to-behavior pathways of human neuropsychiatric disorders (Gould and Gottesman
2006). Therefore, animal models try to mirror one or more components or endophenotypes
of the disorder, not the disorder in its entirety.
Animal models therefore serve two major purposes: (I) to verify hypothesis about the
mechanism of a disease and (II) to predict treatment outcome in humans.

1.2.2 Validity of animal models
Animal models have to fulfil certain requirements to be considered valid and reliable. Three
types of validity are especially important: face, construct and predictive validity (Willner 1984).
An animal model of psychiatric disorders has to replicate one or more symptoms of the human
disorder in order to display face validity (McKinney 1984). For example one mouse model of
depression, the Chronic Mild Stress model (CMS), allows the investigation of behavioral and
6
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physiological effects of chronic stress, using a parameter common with and resembling human
depression: decreased feeding and associated weight loss (Willner 1997). The more
similarities a model and a disorder share, the stronger the face validity (Willner and Mitchell
2002). Construct validity requires a hypothesized process or etiology underlying the human
disorder. Knowledge of human neuronal circuits can therefore strengthen construct validity if
the same neuronal structures are proven to be of importance in i.e. mice. Concerning anxiety
and fear research, it is hypothesized that antipredator behavior and its neuronal basis is
evolutionary conserved across species. The fight-flight-freeze system as well as the behavioral
inhibition system can be investigated across species and always elicits an approach-avoidance
conflict (Maximino, de Brito et al. 2010, Walz, Mühlberger et al. 2016). The third type of
validity, predictive validity, centers on the response to treatments effective in humans. If a
model shows similar results of an intervention as in a patient population, it supports its
predictive validity (Willner 1984). The Forced Swim Test, evaluating depression-like behavior,
displays strong predictive pharmacological validity. Drugs used to treat depression in humans
reliably increase time spend swimming in the Forced Swim Test (Lucki 1997). It is desirable
that a model shows a “true positive effect”, i.e. responding to an intervention effective in
humans and a “true negative effect”, i.e. not responding to interventions ineffective in
humans (Willner and Mitchell 2002). Additionally, animal models should mirror multiple
components of the human disorder i.e. behavioral symptoms, neurochemical and
neuroanatomical abnormalities and be robust, simple and of course reproducible.
It is imperative to recognize the limitations of an animal model mimicking only a part of a
complex disorder, rather than its entirety (Crawley 2007).

1.2.3 Evaluating fear and anxiety-related behavior
Current tests of anxiety-like behavior in rodents either asses learned fear or innate anxiety
behavior (Millan 2003). Since the mechanisms of inherent fear and anxiety are most likely well
conserved across species, construct validity is achieved.
Human symptoms of anxiety are worrying about potential threats in the future and avoidance
of places or situations that make a potential threat more likely to occur. In humans, anxious
behavior may for example arise in a dark alley, provoking worry about a possible criminal
event taking place. Subsequently this alley is avoided when possible or cautiously approached
when passage is necessary. While worrying is not quantifiable in mice, approach-avoidance
behavior is. Mice are given a choice between two rooms in an apparatus, one dark and small,
the other open, very bright and spacious. Mice show innate anxiety towards brightly lit spaces,
possibly due to a perceived increased visibility to potential predators, but also explore the
environment in search of resources, such as food, despite potential predation.
7
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If confronted with an unmistakable immediate threat, such as a criminal pointing a gun,
humans react with fearful behavior and may freeze on the spot. When presented with an
immediate threat such as a predator, animals react comparable with freezing behavior. The
freezing response is typically evoked by presenting the mouse with stimuli such as an
electroshock or a model of a predator. Face validity for anxiety and fear response is therefore
present (Adhikari, Topiwala et al. 2010).

1.2.3.1

Innate anxiety

Anxiety-like behavior, the response to a potential threat, is typically investigated in the
context of innate responses to non-learned stimuli. Innate anxiety is mainly modeled by tests
based on approach-avoidance conflicts in mice. To elicit this conflict, the model environment
consists of sections that are “safer” opposed to sections that are more “dangerous”.
The Open Field, Dark-Light Exploration and Elevated Plus Maze Tests all provoke the approachavoidance conflict between exploration and avoidance of a novel environment. The
“anxiogenic” or “dangerous” areas in these tests are the exposed brightly lit center of the
arena in the Open Field, the brightly lit half of the dark-light arena and the open elevated arms
of the Elevated Plus Maze apparatus. Anxiety-like behavior is quantified by measuring the
amount of time exploring the aversive areas in the testing arenas to the total exploration time.
Increased defecation and urination are also indicative of increased anxious behavior (Hall
1934, Crawley and Goodwin 1980, Pellow and File 1986).
These tasks hold high construct validity, and various publications support a high
pharmacological predictive validity. Anxiety measures are reduced by the acute
administration of benzodiazepines in all three tests (Belzung, Misslin et al. 1987, Lister 1987),
anxiety measures in the Open Field Test are also sensitive to chronic treatment with SSRIs
(Borsini, Podhorna et al. 2002). The Social Interaction Test has even face validity for certain
types of social anxiety disorder (File 1980).

8
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Figure 4: Behavioral tasks assessing innate anxiety in mice
Tests based on approach avoidance behavior, the Open Field (a), the Elevated Plus Maze (b), the Circular Maze
(c) and the Dark Light Exploration Test (d) (Cryan and Holmes 2005)

1.2.3.2

Learned fear

Fear-like behavior to an immediate threat is typically investigated in the context of learning,
by training animals to perceive a particular stimulus as an immediate threat.
Since animals fear predators and injuries, exposure to predator odor or painful foot shocks
are used to model fear-like behavior.
Learned fear is most commonly assessed using contextual and cued fear conditioning as
developed by Pavlov in 1927. This paradigm of associative learning has been successfully
adapted for many species (Fanselow and Poulos 2005, Kim and Jung 2006). Fear conditioning
consists of three basic features: a neutral stimulus (tone, conditioned stimulus, CS), an actively
threatening aversive stimulus (foot shock, unconditioned stimulus, US) and a behavioral
consequence of the fear response (freezing, complete immobility except breathing). During
fear conditioning, the CS is paired to the US to facilitate associative learning in a distinct
conditioning context (conditioning chamber). Fear-like behavior is quantified by evaluating
freezing time during re-exposure to the conditioning chamber and the CS in a second, different
chamber.

9
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Figure 5: Fear conditioning paradigm
Schematic representation of contextual and cued fear conditioning. Mice are placed in a fear conditioning
chamber where after an exploration phase a conditioned stimulus (tone) is paired with an unconditioned
stimulus (foot shock). The animals learn to freeze to the context (the fear conditioning chamber) and the
conditioned stimulus in an altered surrounding (Izquierdo, Furini et al. 2016).

1.2.4 Evaluating depression-like behavior
As mice cannot self-report depressed mood, only certain endophenotypes of depression can
be assessed to evaluate depression-like behavior in rodents (Hasler, Drevets et al. 2004, Cryan
and Holmes 2005). Anhedonia, the loss of interest in pleasurable or rewarding behavior, is a
core symptom of depression and may be quantified using Sucrose Preference in mice. Mice
normally display distinct preference for a sucrose solution opposed to pure water (Strekalova,
Spanagel et al. 2004). Changes in appetite or disturbances of body weight may easily be
quantified by regularly weighing mice and their food. In the behavioral despair test or Forced
Swim Test rodents are exposed to the stressful threat of drowning. The time spent swimming
and climbing opposed to the time spent immobile is quantified. Immobility time decreases
with the administration of various antidepressants (Porsolt, Le Pichon et al. 1977). The Chronic
Mild Stress paradigm assesses the ability to cope with uncontrollable stressors, triggering
long-term behavioral and neuronal changes comparable to those in depressed patients.
Effects caused by the CMS paradigm may be reversed by chronic antidepressant treatment
(Willner, Towell et al. 1987, Willner 1997).
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1.3 G protein-coupled signaling
G protein-coupled receptors (GPCR) are the largest family of membrane receptors transducing
extracellular signals into the intracellular compartment. Their versatile members include
sensory receptors for light, taste and smell as well as receptors for neurotransmitters,
hormones, amino acids, chemokines and ions. Thereby, GPCRs control various physiological
processes and drugs targeting these receptors represent 40-50% of drugs currently on the
market (Dixon, Kobilka et al. 1986, Pierce, Premont et al. 2002, Lundstrom 2006, Lagerstrom
and Schioth 2008).
GPCRs consist of seven transmembrane domains and couple to heterotrimeric G proteins
(composed of an α-, a β- and a γ-subunit), which elicit intracellular downstream signaling upon
GPCR activation. Agonist binding leads to conformational changes of the intracellular loops of
the GPCR, promoting the exchange of GTP for GDP on the Gα-subunit, followed by the
dissociation of GTP-Gα and Gβγ. Both GTP-Gα and Gβγ activate or inhibit various downstream
effectors and second messenger pathways. GTP hydrolysis through intrinsic GTPase activity of
the Gα subunit and subsequent re-association with Gβγ and the receptor terminates G protein
signaling. Therefore, the rate of GTP hydrolysis at least partly determines the duration of GPCR
signaling (Gilman 1987, Patel 2004).
The first GPCR structure solved was bovine rhodopsin with a 2.8 Å resolution (Palczewski,
Kumasaka et al. 2000), followed by the human β2-adrenergic receptor bound to an inverse
agonist (Rasmussen, Choi et al. 2007, Rosenbaum, Cherezov et al. 2007). GPCR crystallography
holds several challenges, GPCRs exhibit poor thermodynamic and proteolytic stability as well
as problematic solubility (Rosenbaum, Rasmussen et al. 2009). In recent years, a total of 127
GPCR structures have been solved giving further insight into ligand binding modes, GPCR
activation, dimerization and allosteric modulation (Katritch, Cherezov et al. 2013, Stevens,
Cherezov et al. 2013, Zhang, Zhao et al. 2015).
G proteins can be classified into four subfamilies by their Gα subunits indicating their
predominant intracellular signaling cascade. Gαs proteins canonically stimulate the adenylyl
cyclases, which in turn leads to increased production of cyclic AMP, Gα i proteins inhibit
adenylyl cyclases and activate G-protein-coupled inward rectifying potassium (GIRK) cannels,
modulating neuronal excitability in the central nervous system (Lüscher and Slesinger 2010).
Furthermore, after presynaptic Gαi/o activation, the Gβγ subunit acts as an effector and
inhibits presynaptic N-type and P/Q-type Ca2+ channels, preventing Ca2+ influx and
neurotransmitter release (Atwood, Lovinger et al. 2014). Gαq proteins activate phospholipase
Cβ, which hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) to diacyl glycerol (DAG) and
inositol trisphosphate (IP3). DAG in turn activates protein kinase C (PKC) while IP3 increases
11
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cytosolic Ca2+ concentrations by activating IP3 receptors in the endoplasmatic reticulum.
Gα12/13 activates Rho guanine-nucleotide exchange factors (GEFs) (Gilman 1987).

1.3.1 G protein-coupled receptor regulation
GPCR regulation is activated upon receptor stimulation. Second messenger kinases like
protein kinase A (PKA) or protein kinase C (PKC) phosphorylate G protein-coupled receptors,
thereby inhibiting G protein signaling after agonist binding. G protein-coupled receptor
kinases (GRKs) phosphorylate active GPCRs promoting binding of β-arrestin to the
phosphorylated receptor and resulting in either clathrin-mediated endocytosis for either
degradation or dephosphorylation and resensitization (Pierce, Premont et al. 2002).
Furthermore, internalized GPCRs can initiate G protein independent GPCR signaling
(Calebiro, Nikolaev et al. 2009). GPCR signaling can also be modulated on the level of G
proteins. Regulator of G protein signaling (RGS) proteins accelerate the hydrolysis of GTP
bound to the Gα subunit, thereby leading to earlier termination of signaling (Magalhaes,
Dunn et al. 2012).

1.3.2 Regulators of G protein signaling
The protein family Regulator of G protein signaling (RGS) negatively regulates GPCR signaling
by acting as GTPase accelerating proteins (GAPs) towards Gαi and Gαq subunits. RGS proteins
bind to Gα and substantially increase its intrinsic GTPase activity promoting the re-association
of Gα and Gβγ and the termination of downstream GPCR signaling. The GAP mechanism of
RGS proteins is to stabilize the transition state conformation, lowering the free energy
necessary for the activation of GTP hydrolysis (Berman, Wilkie et al. 1996, Tesmer, Berman et
al. 1997).
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Figure 6: Fine tuning of GPCR signaling by RGS proteins
Schematic representation of the fine tuning of GPCR signaling by RGS proteins adapted from (Siderovski and
Willard 2005). Upon binding of an activating ligand, the GPCR releases GDP and binds GTP acting as a GEF. This
exchange results in the dissociation of Gβγ and Gα-GTP allowing the activation of downstream signaling.
Downstream effectors are activated until the GTP is hydrolyzed by the intrinsic GTP hydrolysis activity of the G α
subunit. Upon hydrolysis Gα-GDP rebinds Gβγ returning the system to the inactive state. The rate of GTP hydrolysis
can be significantly enhanced by RGS proteins, which act as GAPs for Gα subunits.

The discovery of the RGS protein family goes back to Sst2, a gene in Saccharomyces cerevisiae,
responsible for desensitization of yeast mating pheromones (Chan and Otte 1982). During the
1990s several laboratories identified a conserved RGS homology domain (RH domain, ~120
amino acids long) responsible for binding to the Gα subunit and mediating the GAP function
(De Vries, Mousli et al. 1995, Dohlman, Apaniesk et al. 1995, Druey, Blumer et al. 1996). The
RH domain consists of nine α helices forming an oblong bundle. Upon interaction with the
three switch regions of Gα, the transition state-like conformation of GTP hydrolysis is
stabilized, thereby reducing the energy necessary for GTP-hydrolysis (Tesmer, Berman et al.
1997, Tesmer 2009).
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Figure 7: The RGS fold of RGS4
Ribbon diagram illustrating the tertiary structure of RGS4. The RGS4 box consists of nine helices: α1 (yellow), α24 (orange), α 5-6 (pink) and α 7-9 (sage) adapted from (Tesmer, Berman et al. 1997). The majority of residues
interacting with Gα are on the bottom of the shown bundle.

Presently, 20 canonical RGS proteins acting as GAPs and additional 17 proteins containing a
nonfunctional RGS domain are known. They are divided into 8 subfamilies according to their
sequence homology and/ or non-RGS domains. RGS proteins are expressed in every cell type,
tissue or organ in humans and vertebrates.
A/RZ

GAIP, RGS19, RET-RGS1,
RGSZ1/RGS20, RGSZ2/RGS17
RGS3

B/R4
RGS1, 2, 4, 5, 8, 13, 16, 18, 21
C/ R7

RGS6, 7, 9, 11
RGS10

D/R12

RGS12
RGS14

RGS Proteins

E/RA

Axin, Conductin
P115-RhoGEF

F/GEF
PDZ-RhoGEF, LARG
GRK2, GRK3
G/GRK
GRK1, 4, 5, 6, 7
H/SNX

RGS-PX1, SNX14, SNX25
D-AKAP2

I/D-AKAP2
RGS22

Figure 8: RGS Proteins
Classification of mammalian RGS protein members into subfamilies and their protein structures showing
identified motifs and domains, adapted from (Bansal, Druey et al. 2007)
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The various domains and motifs in the structurally diverse RGS protein family point towards
the fact, that acting as a GAP for Gα is not the predominant function of these proteins
(Burchett 2000, Sethakorn, Yau et al. 2010). For instance, the canonical function of G proteincoupled receptor kinases (GRKs) is to phosphorylate the intracellular domains of activated G
protein-coupled receptors (Premont and Gainetdinov 2007), while A-kinase anchor proteins
(AKAPs) are scaffolding proteins determining the subcellular location of protein kinase A
(Greenwald and Saucerman 2011).
The R4 subfamily encompasses the smallest RGS proteins, containing only short peptide
sequences next to the RGS homology domain, except RGS3 which also contains a PDZ, a PEST
and an acidic domain. Despite being the smallest RGS proteins, their physiological functions
are numerous. RGS1 and RGS13 are important in processes related to B-lymphocyte
homeostasis and adaptive immune response, RGS4 regulates pain sensitivity and RGS18
modulates osteoclastogenesis (Bansal, Druey et al. 2007).
RGS2, the protein of interest in this thesis, is also a member of the R4 subfamily.

1.3.3 Regulator of G protein signaling 2
In mice and humans, the RGS2 locus is located on chromosome 1 and contains five exons.
Encoded is a 212-amino acid long, 2
̴ 4 kDa protein containing one RGS domain of
approximately 120 amino acids flanked by an ̴80-residue N-terminal domain and a short Cterminal tail. The N-terminal domain of RGS2 has membrane targeting function as well as
proposed importance in associating RGS2 with other components of the G protein signaling
complex. This structure characterizes RGS2 as a class B/R4 RGS protein (Siderovski, Heximer
et al. 1994, Siderovski, Hessel et al. 1996). The structure of RGS2 in complex with AIF4+
activated Gαq was solved in 2013, giving insight into the Gαq selectivity of RGS2 (Nance, Kreutz
et al. 2013).
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Figure 9: Structural illustration of RGS2 in complex with Gαq
RGS2 in green, Gαq in blue, GDP in orange, AIF4+ in yellow adapted from (Nance, Kreutz et al. 2013)

RGS2 shows GAP selectivity towards Gαq in vitro, due to a unique tilt of RGS2 when bound to
Gαq and a strong interaction between RGS2 and the long alpha helical domain of Gαq (Heximer,
Watson et al. 1997, Nance, Kreutz et al. 2013). However, some studies report an interaction
of RGS2 with Gαi/o. In dopaminergic neurons RGS2 reduces the coupling efficiency of GAGAB
receptors and associated GIRK channels, thereby mediating the inhibitory postsynaptic effects
of Gαi/o coupled receptors (Labouebe, Lomazzi et al. 2007). This could indicate that the
interaction of RGS2 with specific GPCRs can shift the GAP activity of RGS2 to Gαi/o coupled
signaling processes (Ingi, Krumins et al. 1998, Heximer, Srinivasa et al. 1999, Han, Mark et al.
2006, Labouebe, Lomazzi et al. 2007). Additionally, RGS2 has been reported to impair Gαs
function by directly inhibiting adenylyl cyclase isoforms III, V and VI (Sinnarajah, Dessauer et
al. 2001) and preventing signaling via phospholipase Cβ by sterically hindering its access to
Gαq (Anger, Zhang et al. 2004).
RGS2/Rgs2 is ubiquitously expressed in human and rodent tissues (Kehrl and Sinnarajah 2002)
and has various cellular functions. Osteoblast proliferation under stress conditions i.e. after
fracture is hypothesized to be RGS2 dependent (Roy, Nunn et al. 2006) and immune response
is impaired upon RGS2 deletion (Oliveira-Dos-Santos, Matsumoto et al. 2000). Several studies
in humans and mice have also reported a role of RGS2/Rgs2 in cardiac remodeling, arrhythmia
and blood pressure regulation (Riddle, Schwartzman et al. 2005, Wieland, Lutz et al. 2007, Gu,
Cifelli et al. 2009, Tsang, Woo et al. 2010, Zhang and Mende 2014).
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1.3.3.1

RGS2 in the brain and its contribution to psychiatric disease

1.3.3.1.1

Human findings

In genetic association studies polymorphisms in and flanking the RGS2 gene were associated
with higher incidence of several neuropsychiatric disorders. Lower RGS2 expression was
associated with higher incidence of the respective disorder (Semplicini, Lenzini et al. 2006).
Reports were made for increased symptoms of post-traumatic stress disorder (Amstadter,
Koenen et al. 2009), increased suicidal ideation after a traumatic event (Amstadter, Koenen
et al. 2009) and increased number of suicides (Cui, Nishiguchi et al. 2008). Furthermore, RGS2
was reported to be associated with a higher incidence of panic disorder, generalized anxiety
disorder and social anxiety disorder (Leygraf, Hohoff et al. 2006, Smoller, Paulus et al. 2008,
Koenen, Amstadter et al. 2009, Otowa, Shimada et al. 2011, Stein, Keshaviah et al. 2014,
Hohoff, Weber et al. 2015). Even reduced treatment response to sertraline of patients
suffering of social anxiety disorder is associated with RGS2 polymorphisms (Stein, Keshaviah
et al. 2014). However, results unable to replicate these findings were also reported (Mouri,
Hishimoto et al. 2010, Strug, Suresh et al. 2010, Hettema, Sun et al. 2013), suggesting RGS2 to
be one among several genes contributing to human anxiety.
Two polymorphisms tagging the gene of microRNA hsa-miR-22 were nominally associated
with panic disorder. Subsequently hsa-miR-22 was shown to regulate the expression of several
candidate genes of panic disorder including RGS2 (Muinos-Gimeno, Espinosa-Parrilla et al.
2011). A polymorphism upstream of the gene of a microRNA (hsa-miR-4717-5p) regulating
RGS2 was also mildly associated with higher incidence of panic disorder (Hommers, Raab et
al. 2015). microRNA
Conversely, there are also publications reporting no significant association (Mouri, Hishimoto
et al. 2010, Hettema, Sun et al. 2013), suggesting, that RGS2 to be one among many factors
involved and thereby only account for part of the effect.
1.3.3.1.2

Mouse model

In 2000 Oliveira-Dos-Santos and coworkers could delete exons 4 and 5 of the Rgs2 mouse
genome thereby Rgs2 heterozygous and homozygous knockout mice were created.
Homozygous Rgs2-/- mice were viable, however Rgs2 deletion could be linked to increased
anxious behavior (Oliveira-Dos-Santos, Matsumoto et al. 2000, Lifschytz, Broner et al. 2012).
Rgs2 was furthermore identified as part of a quantitative trait locus for anxiety-related
behavior (Yalcin, Willis-Owen et al. 2004), and increased RGS2 expression was observed upon
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treatment with oxytocin resulting in anxiolysis (Okimoto, Bosch et al. 2012). Additionally,
homozygous and heterozygous deletion of Rgs2 triggered depression-like behavior in mice
(Lifschytz, Broner et al. 2012).
RGS2 is expressed throughout all areas of the brain. Prominent expression has been reported
in the hippocampus, cortex, striatum, ventral tegmental area and the amygdala (GrafsteinDunn, Young et al. 2001, Ingi and Aoki 2002, Taymans, Wintmolders et al. 2002). Intermediate
early genes have been linked to activity-dependent plasticity in the brain (French, O'Connor
et al. 2001, Minatohara, Akiyoshi et al. 2015). Upon stimuli evoking intermediate early gene
response and/ or synaptic plasticity, RGS2 expression was reported to be rapidly upregulated
in cortex, striatum and hippocampus (Ingi, Krumins et al. 1998). Amphetamine administration
and treatment with haloperidol as well as risperidone lead to an increase of RGS2 expression
in the rat striatum (Burchett, Volk et al. 1998, Robinet, Geurts et al. 2001, Taymans,
Wintmolders et al. 2002, Taymans, Leysen et al. 2003).
In the hippocampus, RGS2 affects short-term synaptic plasticity. With increasing RGS2
expression, paired pulse depression (PPD) is triggered and subsequent neurotransmitter
release is possible. Consequently, low RGS2 levels lead to paired pulse facilitation (PPF) and a
lower probability of neurotransmitter release. Since pertussis toxin prevents PPF in neurons
of Rgs2-/- mice, the effect is most likely mediated by modulation of presynaptic Gαi/o signaling
(Han, Mark et al. 2006). After presynaptic Gαi/o activation, the Gβγ subunit acts as an effector
and inhibits presynaptic N-type Ca2+ channels (Figure 10). Thereby, calcium influx and
associated neurotransmitter release is prevented (Ikeda 1996, Jarvis and Zamponi 2001,
Kajikawa, Saitoh et al. 2001). RGS2 is also able to decrease P/Q-type Ca2+ channel inhibition
via Gαi/o in vitro, supporting the hypothesized mechanism (Mark, Wittemann et al. 2000). In
conclusion, RGS2 modulates synaptic strength.
The amount of spines in neurons is an established marker for the total number of synapses
and subsequently for synaptic plasticity (Moser 1999). In hippocampal CA1 neurons of
Rgs2-/- mice, less apical and basilar spines of dendrites were detected compared to Rgs2-/+
mice (Oliveira-Dos-Santos, Matsumoto et al. 2000). However, these findings were not
confirmed comparing hippocampal neurons from Rgs2-/- and WT mice (Han, Mark et al. 2006).
Furthermore, after excitation with Schaeffer collaterals, Rgs2-/- CA1 neurons showed a
reduced collective basal electrical activity (Oliveira-Dos-Santos, Matsumoto et al. 2000),
suggesting an importance of Rgs2 in synaptic development and neuronal activity.
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Figure 10: RGS2 regulation of synaptic signaling
Activation of presynaptic GPCRs releases Gβγ to inhibit N-Type Ca2+ channels suppressing neurotransmitter
release. Upregulation of Rgs2 expression blocks Gβγ inhibition of N-Type Ca2+ channels thereby facilitating
neurotransmitter release. Rgs2 inhibits postsynaptic GABAB receptor activated GIRK currents by promoting Gβγ
deactivation. Adapted from (Gerber, Squires et al. 2016)

Opposing results regarding the impact of Rgs2 on canonical long-term potentiation (LTP) in
the hippocampus have been reported. While (Oliveira-Dos-Santos, Matsumoto et al. 2000)
observed no effect of Rgs2 on hippocampal LTP by comparing Rgs2-/- and Rgs2-/+ mice,
Hutchison and coworkers reported augmented LTP comparing hippocampal neurons of
Rgs2-/- and WT mice (Hutchison, Chidiac et al. 2009). Increased hippocampal LTP is linked to
improved learning and memory and reduced LTP to impaired learning and memory (Cercato,
Colettis et al. 2014, Stuchlik 2014, Gruart, Leal-Campanario et al. 2015). However, spatial
learning and memory as tested with the Morris Water Maze, however, was comparable
among Rgs2-/- and Rgs2-/+ mice (Oliveira-Dos-Santos, Matsumoto et al. 2000).
In the ventral tegmental area (VTA), RGS2 decreases the ability of GABAB receptors to activate
GIRK channels at the post-synaptic membrane (Figure 10). Gαi/o mediated activation of GIRK
channels leads to postsynaptic inhibition, by triggering an inhibitory postsynaptic potential. It
was suggested, that regulating RGS2 expression patterns due to stimuli could be part of a
tolerance mechanism relevant in addiction (Labouebe, Lomazzi et al. 2007).
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1.4 MicroRNAs
Epidemiological studies have suggested that environmental factors such as psychological or
physiological stress contribute to psychiatric morbidity (see 1.1.1 and 1.1.2). Environmental
factors may affect gene expression levels by epigenetic mechanisms including histone
modifications, DNA methylation and post-transcriptional regulation by microRNAs. The
relevance of microRNAs in psychiatric disorders is investigated using in vitro and in vivo
methods in patients and animal models. (Issler and Chen 2015). MicroRNA hsa-miR-4717-5p,
regulating the expression of RGS2, in an in vitro luciferase assay, was mildly associated with
panic disorder with comorbid agoraphobia in a human patient case control sample (Hommers,
Raab et al. 2015).

1.4.1 Discovery
Nucleic acids were first discovered in the 1900s by Friedrich Miescher (Dahm 2005).
Subsequently the mechanism of RNA mediated translation, from DNA via mRNA to protein,
was identified (Crick 1958). However, this “canonical” function of RNA is not its only one. In
recent years, it was discovered that about 97% of RNA genes transcribe to non-coding RNA
(Eddy 2001, Mattick 2001, Mattick 2003, Mattick and Makunin 2006). The first non-coding
RNA (ncRNA), described in 1965, was alanine transfer RNA (tRNA) recovered from baker`s
yeast (Holley, Apgar et al. 1965). Subsequently other classes of ncRNAs where identified such
as tRNAs, ribosomal RNAs (rRNA), small interfering RNAs (siRNA) and microRNAs (miRNA).
NcRNAs have various functions, rRNA is part of the ribosome facilitating protein synthesis,
tRNA enables translation of mRNA to protein, siRNA and microRNA regulate posttranscriptional gene expression.
MicroRNAs are small single stranded endogenous RNA molecules, about 22 nucleotides long.
They play an important role in translational regulation (Ambros 2004). The first microRNA
described was the 22 nt RNA lin-4 in C. elegans. Lin-4 drives the postembryonic development
of C. elegans by temporarily decreasing the level of LIN-14. The lin-4 gene encodes for two
small RNAs of about 22 and 61 nt in length (Lee, Feinbaum et al. 1993). The 61 nt RNA species
was assumed to fold into a stem loop and suggested to be the precursor of the 22 nt RNA
species. Both lin-4 RNAs showed antisense complementarity to several sites in the 3`UTR of
the lin-14 gene. The proposed model of post transcriptional regulation was a pairing of lin-4
RNAs to the 3`UTR of lin-14 mRNA and the subsequent repression of lin-14 translation (Lee,
Feinbaum et al. 1993, Wightman, Ha et al. 1993).
With the discovery of let-7, regulating lin-41, in C. elegans and the identification of gene
homologs of let-7 in human and other animals it was proven that the regulatory ability of lin4 is not species specific nor unique (Pasquinelli, Reinhart et al. 2000, Reinhart, Slack et al.
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2000). In recent years the number of annotated microRNAs in the database mirBase
continuously increased, in 2016, 2588 human mature microRNAs were described.

1.4.2 Biogenesis and function

Figure 11: General microRNA pathway
MicroRNAs are predominantly transcribed by RNA polymerase II resulting primary microRNA transcripts (primiRNA). The pri-miRNA is cleaved by a microprocessor including Drosha and DGCR8. This process produces the
precursor microRNA hairpin (pre-miRNA). Exportin 5 exports the pre-miRNA out of the nucleus where the premiRNA is processed by the Dicer complex. Dicer cleaves the hairpin loop and one strand of microRNA is loaded
onto Argonaute forming the microRNA Induced Silencing Complex (miRISC). miRISC is then able to regulate the
gene expression through mRNA degradation or translation inhibition (Finnegan and Pasquinelli 2013).

MicroRNA genes are predominantly transcribed by RNA polymerase II. The resulting long
primary microRNA (pri-microRNA) contains the mature microRNA sequence (Kim, Han et al.
2009, Winter, Jung et al. 2009) and is processed by a type-III endonuclease Drosha and its
cofactor DGCR8, generating 60-70 nt long hairpin precursor microRNAs (pre-microRNA).
Exportin 5 transports the pre-microRNA from the nucleus to the cytoplasm, where the 21-24
nt long duplex microRNA is cleaved by Dicer, another type-III endonuclease. The microRNA is
then incorporated into the RNA induced silencing complex (RISC) by loading the mature
microRNA sequence onto Argonaut 2. This miRISC complex is guided to specific mRNAs by
imperfect base pairings between mature microRNA and mRNA, provoking mRNA
destabilization and degradation or mRNA translational repression through steric hindrance,
finally leading to down-regulation of protein expression (Huntzinger and Izaurralde 2011,
Pasquinelli 2012). Due to the ability of microRNAs to target mRNAs through imperfect base
pairings, every microRNA has several possible targets, putatively leading to regulation of more
than half of the human genome (Bartel 2009, Friedman, Farh et al. 2009).
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1.4.3 MicroRNA in psychiatric disorders
Post-mortem studies of patients with major depressive disorder, suggest an important role
for two microRNAs in the brain. Hsa-miR-1202 was reduced in prefrontal tissues of patients
suffering from major depressive disorder (MDD) and blood levels of hsa-miR-1202 increased
upon antidepressant treatment only in responding patients, possibility allowing to use
hsa-miR-1202 as a biomarker. Bioinformatic analysis and in vitro studies revealed GRM4
(metabotropic glutamate receptor 4) as a target gene of hsa-miR-1202 (Lopez, Lim et al. 2014).
In raphe nuclei of suicide victims with MDD hsa-miR-135 was markedly reduced. In subsequent
experiments, using mouse models and in vitro studies mmu-miR-135 was identified to be
essential for chronic stress resilience and antidepressant efficacy. Sert and Htr1a genes were
identified as target genes via luciferase assay (Issler, Haramati et al. 2014).
Brain specific miR-128b was shown to regulate fear extinction in a mouse model using
lentiviral overexpression and sponge knockdown of miR-128b in the prefrontal cortex (Lin,
Wei et al. 2011). The Notch pathway and miR-34a were identified to regulate fear memory
consolidation. Confirmed by virus-induced overexpression in the amygdala, miR-34a was able
to inhibit stress induced anxiety via target gene Crfr1 (Dias, Goodman et al. 2014).
Presently, while a large number of microRNAs were implicated in psychiatric disorders by
animal models or human studies, most microRNAs require further experimental validation and
mechanistic evaluation to interpret their pathological relevance for psychiatric disorders
(Hommers, Domschke et al. 2015).
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2

Aim of the study

Anxiety and depressive disorders present with increasing prevalence in the last decade, yet
their etiology is still poorly understood. Numerous candidate genes have been identified,
however, few are sufficiently validated. One candidate gene, RGS2/Rgs2, was previously
implicated in human and rodent anxiety as well as rodent depression-like behavior.
Furthermore, Rgs2 was implicated in molecular processes of learning and memory, however
opposing reports leave the role of Rgs2 in learning and memory unclear.
The aim of the present study is to further elucidate behavioral alterations in RGS2 knockout
mice, in order to strengthen the base of human studies and indicate possible therapeutic
developments.
Four main questions were addressed in this thesis:
1.

Is emotional learning altered in Rgs2-/- mice? Does Rgs2 affect learning and memory in
non-aversive paradigms?

2.

Does Rgs2 play a role in acute and chronic stress coping?

3.

Does Rgs2 play a role in anxiety and depression-like behavior?

4.

Which underlying molecular mechanism could be responsible for observed behavioral
changes upon Rgs2 deletion?
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Materials

3.1 Chemicals and reagents
chelex-100

Bio-Rad Inc., Hercules, USA

dimethylsufoxide (DMSO)

AppliChem GmbH, Darmstadt, Germany

dNTP Set 100 mM

Thermo Fischer Scientific, Waltham, USA

Dulbecco's Modified Eagle Medium

PAN Biothech, Aidenbach, Germany

ethidium bromid solution (1%)

AppliChem GmbH, Darmstadt, Germany

fetal calf serum

PAN Biothech, Aidenbach, Germany

L-glutamine

PAN Biothech, Aidenbach, Germany

methanol

AppliChem GmbH, Darmstadt, Germany

mirvana MicroRNA mimics

Thermo Fischer Scientific, Waltham, USA

N-lauroylsarcosin sodium salt

Sigma Aldrich, St. Louis, USA

para formaldehyde

Merck KGaA, Darmstadt, Germany

peqGOLD universal agarose

PeqLab, Erlangen, Germany

Proteinase-K

Sigma Aldrich, St. Louis, USA

RNasin

Promega, Madison, USA

sodium chloride (NaCl)

AppliChem GmbH, Darmstadt, Germany

sucrose

Sigma Aldrich, St. Louis, USA

Taq DNA Polymerase, recombinant

Thermo Fischer Scientific, Waltham, USA

TaqMan® gene expression assays

Thermo Fischer Scientific, Waltham, USA

Gene

Assay ID

Adra2a

Mm00845383_s1

Adra2b

Mm00477390_s1

Adra2c

Mm00431686_s1

Adrb1

Mm00431701_s1

Adrb2

Mm02524224_s1

Cck

Mm00446170_m1

Cckar

Mm00438060_m1

Cckbr

Mm00432329_m1

Crhr1

Mm00432670_m1

Drd2

Mm00438545_m1

Drd3

Mm00432887_m1

Drd4

Mm00432893_m1

Gabbr1

Mm00444578_m1

Gabbr2

Mm01352554_m1

Gapdh

Mm99999915_g1

Htr1a

Mm00434106_s1
24

Materials and Methods

Htr1b

Mm00439377_s1

Htr2a

Mm00555764_m1

Htr2c

Mm00434127_m1

Nps

Mm03990645_m1

Npsr1

Mm00558817_m1

Npy

Mm01410146_m1

Npy1r

Mm00650798_g1

Npy2r

Mm01956783_s1

Npy5r

Mm02620267_s1

Rgs2

Mm00501385_m1

TaqMan® Universal Master Mix II, no UNG

Thermo Fischer Scientific, Waltham, USA

trypsin EDTA

PAN Biothech, Aidenbach, Germany

penicillin/streptomycin

PAN Biothech, Aidenbach, Germany

3.2 Technical equipment
1100 HPLC system

Agilent, Santa Clara, USA

5000mL beaker

Hartenstein, Würzburg, Germany

5415D centrifuge

Eppendorf, Hamburg, Germany

BP-2000 Blood pressure analysis system

Visitech Systems, Ape, USA

C1000TM thermal cycler

Bio-Rad Inc., Hercules, USA

CFX384 Real-Time PCR detection system

Bio-Rad Inc., Hercules, USA

cryo box

Hartenstein, Würzburg, Germany

Dark-Light Exploration apparatus

TSE Systems, Bad Homburg, Germany

electrochemical detector

Macherey-Nagel, Düren, Germany

Elevated Plus Maze

TSE Systems, Bad Homburg, Germany

EnVision 2104 Multilabel Reader

PerkinElmer, Waltham, USA

Fear Conditioning Chamber

TSE Systems, Bad Homburg, Germany

Intellicage apparatus

New Behavior AG, Zürich, Switzerland

minispec LF50 mq 7.5 NMR analyzer

Bruker BioSpin GmbH, Billerica, USA

NanoDrop 2000c Spectrophometer

PeqLab, Erlangen, Germany

Next Seq 500 system

Illumina Inc., San Diego, USA

Open Field

TSE Systems, Bad Homburg, Germany

Radiofrequency Identification Transponders

Planet ID GmbH, Essen, Germany

reversed-phase column 100-3C18 nucleosil

Macherey-Nagel, Düren, Germany

Ultra-Turrax Homogenizer (IKA T 10 basic)

IKA, Staufen im Breisgau, Germany

universal 320 R centrifuge

Hettich, Tuttlingen, Germany
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3.3 Consumable supplies
384-well plate

Bio-Rad Inc., Hercules, USA

96-well plate

Sarstedt, Nümbrecht, Germany

96-well plate, white

Thermo Fischer Scientific, Waltham, USA

cryo vials

Thermo Fischer Scientific, Waltham, USA

culture dishes

Sarstedt, Nümbrecht, Germany

culture flasks

Sarstedt, Nümbrecht, Germany

falcon tubes (15 and 50 ml)

Corning Inc. Reynosa, Mexico

PCR tubes

Hartenstein, Würzburg, Germany

pipette tips RNAse free

Biozym GmbH, Oldendorf, Germany

pipette tips

Eppendorf, Hamburg, Germany

reaction tubes (1.5 and 2 ml)

Eppendorf, Hamburg, Germany

surgical disposable scalpel

Feather Safety, Okasa, Japan

3.4 DNA- and protein ladders
100bp DNA ladder

NEB, Frankfurt am Main, Germany

3.5 Commercial kits
Luc-Pair™ Duo-Luciferase Assay Kit 2.0

GeneCopoeia, Rockville, USA

NucleoSpin® miRNA kit

Macherey-Nagel, Düren, Germany

SuperScript® II reverse transcriptase kit

Thermo Fischer Scientific, Waltham, USA

3.6 Cell Lines
Hek293AD Cells

Thermo Fischer Scientific, Waltham, USA

3.7 Cell culture medium
Unless otherwise indicated, chemicals are given in (%) designated volume per volume (v/v).
Complete Dulbecco's Modified Eagle Medium (DMEM):
DMEM supplemented with:

4.5 g/L

glucose

2 mM

L-glutamine

10 %

fetal calf serum

100 U/mL

penicillin

100 μg/mL

streptomycin

4.5 g/L

glucose

pure DMEM:
DMEM supplemented with:
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2 mM

L-glutamine

4.5 g/L

glucose

2 mM

L-glutamine

40 %

fetal calf serum

10 %

DMSO

Freezing medium:
DMEM supplemented with:

3.8 Plasmids
RGS2 3´UTR (MmiT054664-MT06)

GeneCopoeia, Rockville, USA

Control 3´UTR (CmiT000001-MT06)

GeneCopoeia, Rockville, USA

3.9 Solutions and buffers
Unless otherwise indicated, chemicals are given in (%) designated volume per volume (v/v)
TAE Buffer:

40 mM

Tris

20 mM

CH3CO2H

1 mM

EDTA

pH 8.5
Transmitter buffer:
HPLC mobile phase

150 mM

H3PO4

500 μM

DTPA

90% 0.65mM octanesulfonic acid

Digestion Buffer:

Proteinase K solution

10 %

methanol

0.5 mM

trimethylamine

0.1 mM

EDTA

0.1 M

NaH2PO4

2.5 ml

Na-laurylsarcosin

1 ml

NaCl 5M

2.5 g

Chelex 100

ad 50 ml

H20

10 mg/ml

in H2O

3.10 Software
CFX ManagerTM Software

Bio-Rad Inc., Hercules, USA

FCS software

TSE Systems, Bad Homburg, Germany

GraphPad Prism 7

GraphPad Software Inc., La Jolla, USA

Intellicage (Designer, Controller and Analyzer)

New Behavior AG, Zürich, Switzerland

minispec analysis, minispec plus 4.1.5

Bruker BioSpin GmbH, Billerica, USA
27

Materials and Methods

Pymol

Schrödinger, Cambridge, USA

VideoMot 2

TSE Systems, Bad Homburg, Germany
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4

Methods

4.1 Animals
All animals were kept at the Center for Experimental Molecular Medicine (ZEMM) at the
University of Würzburg on a regular 12 h light/ 12 h dark cycle in a temperature (21 ± 0.5°C)
and humidity (50 ± 5%) controlled environment with food and water ad libitum. All
experiments were performed during the light phase between 9.00 am and 3.00 pm. Male and
female mice, wildtype C57BL/6J and Rgs2 knockout on C57BL/6J background, generously
provided by J. Penninger (Oliveira-Dos-Santos, Matsumoto et al. 2000), aged 8-12 weeks were
used for all experiments. Mice were housed in same-genotype groups of 2-3 animals per cage,
except for IntelliCage and Barnes Maze tests, for which mice were held in mixed genotype
groups of ten mice per cage. All were offspring of homozygous wildtype and homozygous
Rgs2-/- matings.
All animal protocols were in line with the provisions of the Animal Protection Law according
to the Directive of the European Communities Council of 1986 (86/609/EEC), and have been
reviewed as well as approved by the District Government of Lower Franconia and the
University of Wuerzburg.

4.1.1 Genotyping of mice
Genotyping was performed using a polymerase chain reaction (PCR) on ear-punch biopsies of
Rgs2-/-, Rgs2-/+ or Rgs2+/+ (wildtype) mice. Ear punch biopsies were lysed in 50 µl digestion
buffer and 3 µl proteinase K solution while shaking at 55 °C for 3 h. Lysates were vortexed,
centrifuged for 1 min at 15700 x g and then boiled at 100 °C for 8 min. To remove insoluble
material, lysates were again centrifuged at 15700 x g for 8 min. The supernatant was diluted
1:5 for PCR analysis. PCR was performed using Taq DNA polymerase. Primers detect the Rgs2
wildtype allele at 583 bp and the Rgs2 mutant allele at 693 bp (Oliveira-Dos-Santos,
Matsumoto et al. 2000).
Primers:
Wildtype allele:

FW-CCG AGT TCT GTG AAG AAA ACA TTG
RW-GGG ACT CCT GGT CTC ATG TAG CAT

Rgs2-/-

mutant allele

FW-GCT AAA GCG CAT GCT CCA GAC
RW-GGC CCA CAT TTA CAC GAA CC

For the polymerase chain reaction 4 µl diluted lysed ear-punch biopsy (template) were added
to the following PCR reaction mix.
The PCR reaction mix contained:
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1 µl

10µM forward primer

1 µl

10µM reverse primer

2 µl

2mM dNTP

2 µl

Taq buffer

1 µl

50mM MgCl2

0.2 µl 5U/µl Taq DNA polymerase
The compete mixture was then processed in the PCR thermal cycler as follows.
PCR Protocol:
(1) initialization step:

94°C – 2 min

(2) denaturation step:

94°C – 30 sec

(3) annealing step:

57°C – 30 sec

(4) elongation step:

72°C – 40 sec

(5) final elongation step:

72°C – 7 min

(6) final hold:

16°C - ∞

(2) to (4) were repeated for 40 reaction cycles
In a polymerase chain reaction, a specific part of a DNA molecule is amplified repeatedly. This
method was originally developed to amplify coding sequences of interest. In a PCR tube the
template DNA is amplified using sequence complementary forward and reverse primer,
deoxynucleoside triphosphates and a thermostable polymerase. The reaction is initiated by
the initialization and denaturation step, during these steps the hot start polymerase is
activated and the hydrogen bonds between the double strand DNA helix are dissolved. Now
the single strand DNA is accessible so that, in the annealing step, the forward and reverse
primer can attach to the sequence complementary single strand DNA. In the elongation step
the polymerase attaches the complementary deoxynucleoside triphosphates to re-complete
the double strand DNA molecule. These cycles are repeated 30-40 times to repeatedly amplify
the selected DNA sequence.

4.1.1.1

Agarose gel electrophoresis

In order to separate DNA fragments after PCR, agarose gel electrophoresis was used. 2.5 %
agarose (w/v) was melted in TAE buffer, after cooling the mixture to about 50 °C 0.005 %
ethidium bromide was added. The gel was then poured into a gel tray with comb in place. A
100 bp DNA ladder was used as standard. DNA was separated according to molecular size
using an electrophorese chamber at a constant voltage of 120 V with TAE as running buffer.
DNA fragments were visualized under ultraviolet light (300 - 360 nm) via fluorescence of
intercalated ethidium bromide.
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4.1.2 Analysis of body composition
Non-invasive nuclear magnetic resonance (NMR) analysis of living and awake mice were
carried out using a Bruker Minispec LF50/mq7.5 analyzer (Trujillo Viera, El-Merahbi et al.
2016). Prior to analysis, each mouse was weighted to allow correction of lean, fat and free
fluid mass measurements to total body weight. Mice were directed into an animal restrainer
and put into the minispec probe. Mass of lean, fat as well as free fluid were determined
according to (Kunnecke, Verry et al. 2004). Data were the mean of three repeated
measurements for each mouse.

4.1.3 Blood pressure measurements
Tail blood pressure was determined using a non-invasive blood pressure analyzer for mice
(Krege, Hodgin et al. 1995). The tail blood pressure and heart rate were determined using
transmission photoplethysmography, meaning the light transmitted through the tail is
analyzed. This is possible due to changed light scatter corresponding to changed vessel size
upon pressure waves triggered by each heartbeat. Animals were trained for four consecutive
days to habituate to the measurement process, measurements on the fifth day were then
evaluated. Each measurement process consisted of 15 individual blood pressure
measurements per mouse. The first 5 measurements were discarded due to habituation to
the restraint during the measurement process. Blood pressure and heart rate were then
averaged of 3-6 selected valid measurements of the remaining 10 measurements per animal.

4.1.4 Behavioral tests
Behavioral tests were divided in three experimental subgroups.
Experiment 1:
Mice were randomly assigned to a non-stressed control group (CTR male: 18 Rgs2-/- and 18
WT, female: 18 Rgs2-/- and 18 WT) or an acute stress group (FC male: 25 Rgs2-/- and 25 WT,
female: 18 Rgs2-/- and 18 WT). FC mice were subjected to contextual and cued fear
conditioning and underwent short-term fear memory tests 24h after conditioning.
Subsequently, 18 CTR and 18 FC mice per genotype and sex were tested for innate anxiety
using three different tests based on approach-avoidance conflict to evaluate the impact of
acute stress on innate anxiety: elevated plus maze (EPM), dark/light box (DLB) and open field
(OF), while 7 male mice per genotype were subjected to fear conditioning and fear memory
tests at 24h, 7d and 14d to assess both short- and long-term fear memory as well as fear
extinction. The experimental design is depicted in Figure 12.
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Figure 12: Experimental schedule of fear conditioning, short-term and long-term fear memory and
extinction as well as acute stress susceptibility testing
Time course of the test battery applied to elucidate the impact of acute stress on innate anxiety. FC: Fear
Conditioning; EPM: Elevated Plus Maze; DLB: Dark-Light Exploration; OF: Open Field Locomotion

Experiment 2:
Male (10 Rgs2-/- and 10 WT) and female (10 Rgs2-/- and 10 WT) mice were tested for visuospatial learning and memory in the Barnes maze, which takes advantage of mildly aversive
stimuli (i.e. bright light) to provide motivation to locate an escape chamber. An additional
independent cohort of 10 male Rgs2-/- and 10 male WT mice was subjected to a place
preference paradigm in the IntelliCage to assess reward motivated spatial learning and relearning (reversal) in a non-aversive home cage setting.
Experiment 3:
Mice were randomly assigned to a non-stressed control group (CTR: 10 mice per genotype and
sex) or a chronic stress group (CMS: 10 mice per genotype and sex). The CMS group was
subjected to 3 weeks of chronic unpredictable mild stress as depicted in Figure 13, while the
control group was kept undisturbed in their home cage. Subsequently, CTR and CMS groups
were tested in the DLB, SI and FST to investigate the impact of chronic mild stress on innate
anxiety, social behavior and depression-like behavior as depicted in Figure 13.
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Figure 13: Experimental schedule of chronic stress susceptibility testing
Time course of the test battery to elucidate the impact of Chronic Mild Stress on innate anxiety, social behavior
and depression-like behavior. CMS: Chronic Mild Stress; DLB: Dark-Light Exploration; SI: Social Interaction; FST:
Forced Swim Test

4.1.4.1

Contextual and Cued Fear Conditioning

An automated fear conditioning chamber was used to investigate associative fear learning and
memory (Fischer, Radulovic et al. 2007). During conditioning (day 0), mice were subjected to
a 2-min habituation phase followed by the presentation of an auditory cue (4 kHz tone; 80 dB,
conditioned stimulus, CS) for 30 s, co-terminating with a 0.6 mA scrambled foot-shock
(unconditioned stimulus, US) during the last 2 s. Mice received two CS-US pairings with an
inter-trial interval of 90 s. The second CS-US pairing was followed by a 30 s delay phase before
mice were returned to their home cage. On day 1, mice were tested for contextual fear
memory by exposition to the original conditioning chamber for 5 min. Two hours later, cued
fear memory was evaluated in a modified environment. Mice were habituated to the modified
environment for 2 min and then presented with the auditory cue 4 times for 30 s with an intertrial interval of 5 s. During the entire experiment, behavioral responses were automatically
recorded via infrared light barriers and a webcam. The infrared light barriers are comprised of
a light emitting and a light receiving point. They are mounted into the apparatus at ground
level to allow the tracking of the animal position and horizontal movement. Additionally, a
second set of light barriers is mounted at an adjustable height above the cage floor to detect
vertical activity. Once a mouse is placed into the test chamber some light barriers are blocked,
and the position and movement of the mouse are tracked. The distance traveled, rearing
(vertical activity), activity (the duration of movement above a speed threshold of 2 cm/s),
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maximum speed and time freezing (complete immobility for a duration of > 2s) were
quantified.

4.1.4.2

Elevated Plus Maze

The Elevated Plus Maze Test was performed as described previously. (Pellow and File 1986,
Hogg 1996, Carobrez and Bertoglio 2005, Komada, Takao et al. 2008). In short, the Elevated
Plus Maze consisted of two open arms (30 x 5 cm, 50 lx illumination) and two closed arms
(30 x 5 x 15 cm, 5 lx illumination) extending from a common central area (5 x 5cm), elevated
60 cm above ground level. The maze was and semipermeable to infrared light to allow the
visualization of black mice on a non-aversive black apparatus (Post, Weyers et al. 2011). Mice
were individually placed in the central area facing an open arm and allowed to explore the
maze for 10 min. The 10 min session was recorded using a CCD camera mounted to the ceiling
and behavior was automatically tracked using VideoMot2 Software. Time spent in the open
arms, number of open arm entries as measures of anxiety-like behavior, number of open and
closed arm entries combined and total distance traveled to measure general exploratory
behavior were quantified.

4.1.4.3

Dark-Light Exploration

Dark-Light Exploration Test was conducted as previously described (Crawley and Goodwin
1980, Bourin and Hascoet 2003). The apparatus consisted of an opaque white box
(50 x 50 x 40 cm) with a black insert comprising of one third of the total box size with a
rectangular opening (7 x 5 cm) at floor level. The insert was semipermeable to infrared light
to allow the visualization of black mice in a dark surrounding. Illumination of the dark
compartment was between 0-5 lx whereas the light compartment was illuminated at about
100 lx. Mice were individually placed in the dark compartment and allowed to explore freely
for 10 min. The session was recorded using a CCD camera mounted to the ceiling and behavior
was analyzed using automated tracking software VideoMot2. The number of transitions
between the two compartments, the time needed to first enter the lit compartment (latency)
as well as time spent in the lit compartment were quantified to evaluate anxiety-like behavior.
Additionally, the total distance traveled was monitored in order to assess general exploratory
behavior.

4.1.4.4

Open Field Locomotion

The Open Field Test assesses general exploratory behavior and anxiety-like behavior in
rodents. The Open Field Test was conducted as previously described (Hall 1934, Prut and
Belzung 2003, Seibenhener and Wooten 2015). The Open Field consisted of an opaque square
box (50 x 50 x 40 cm) semipermeable to infrared light with an illumination of 100 lx in the
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center of the Open Field to 50 lx at the walls of the apparatus (Post, Weyers et al. 2011). The
black semipermeable material made it possible to visualize black mice on non-aversive black
surrounding using infrared light not visual to mice. Mice were individually placed in one corner
of the Open Field. The movement was automatically tracked and analyzed using a CCD camera
positioned above the center of the box and VideoMot2 Software. The software was used to
evaluate the distance traveled as a measure of general locomotor activity, as well as the time
spent in the central zone of the arena as a measure of anxiety-like behavior.

4.1.4.5

Barnes Maze

The Barnes Maze test evaluated spatial learning (Barnes 1979, Rosenfeld and Ferguson 2014).
The maze was a dark gray PVC disk with a diameter of 122 cm, elevated 80 cm above ground
(TSE, Bad Homburg, Germany). 40 evenly spaced round openings with 50 mm in diameter
were located at the outer margin of the disk. At the base of one hole an escape chamber was
mounted. The spatial learning task was to locate and enter the escape chamber. Mice were
given fifteen 2 min trials to locate the escape chamber. Upon entering the escape chamber,
the trial ended. If the mouse was unable to locate the escape chamber in the 2-min period, it
was gently guided by the experimenter to facilitate the learning process. After these fifteen
trials reversal learning was tested. Therefore, the escape chamber was moved to the opposite
hole on the maze. Mice were given five 2 min trials to learn the new position of the escape
chamber. Each trial was recorded using a CCD camera mounted to the ceiling. All trials were
carried out on 6 consecutive days, three to four trials on each day with an inter trial interval
of approximately 30 min. Parameters considered were the time needed to locate the hole with
the escape chamber (target latency), the number of wrong holes searched to before reaching
hole with the escape chamber (primary errors), the time needed to enter the escape chamber
(escape latency). Additional parameters considered were distance traveled until reaching the
hole with the escape chamber (distance) and percent time spent in the correct target quadrant
of total time (time in target quadrant). All parameters were evaluated in each trial using
automated tracking software VideoMot2 by TSE Systems.

4.1.4.6

Intellicage

4.1.4.6.1

Apparatus

The IntelliCage apparatus was used to assess place preference learning. Male C57BL/6J and
Rgs2-/- mice (n = 10 per genotype) were housed in mixed genotype groups of 10 mice per
IntelliCage. During testing, animals had free access to shelters and standard mouse food. The
IntelliCage provided access to water in each of the four conditioning chambers, fitted into the
cage corners, accessible by one mouse at a time. In every corner two drinking bottles were
available via two round openings (13 mm in diameter) outfitted with motorized doors. A
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circular radiofrequency identification (RFID) antenna identified each mouse at the entrance to
the conditioning corner. The duration of the corner visit was monitored by a temperature
sensor. During a corner visit, number and duration of nosepokes at each door were quantified
using infrared-light-beam sensors. Drinking behavior was evaluated by quantifying the
duration of licking episode, the number of licks and total contact time with the bottle caps. All
parameters were monitored and controlled using a central PC running IntelliCage software
(Designer, Controller and Analyzer version 2.17.0.0, New Behavior AG). The Designer software
was used to program the place preference learning task.
4.1.4.6.2

Place preference

Five days prior to testing, radiofrequency identification transponders were implanted
subcutaneously in the dorso-cervical region of each mouse under isoflurane anesthesia. Prior
to the place preference paradigm mice were habituated to the IntelliCage. Habituation started
with a four-day free adaptation phase. During this time all doors were open and allowed free
access to all eight drinking bottles. This was followed by a four-day nosepoke adaptation
phase. During this phase all doors were closed and drinking was only possible when mice
performed a nosepoke. This nosepoke opened the door for a 7 second drinking period once
per corner visit.
After IntelliCage adaptation phase the place preference, a reward motivated spatial learning
paradigm, started. Mice were randomly assigned to one corner where drinking, via nosepoke,
was possible. In the other three corners, doors always remained closed. After 6 days of the
place preference learning, the corner in which the water reward was previously given was
switched to the opposite corner, termed place preference reversal. Re-learning of the newly
assigned corner was tested for an additional 3 days (adapted from (Albuquerque, Haussler et
al. 2013).

Figure 14: Time course of IntelliCage experiments

4.1.4.7

Unpredictable Chronic Mild Stress

The Chronic Mild Stress paradigm was performed as previously described (Katz 1981, Willner,
Towell et al. 1987, Monleon, D'Aquila et al. 1995). The used stressors were adapted according
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to options available in the animal facility (Zhu, Wang et al. 2014). The following stressors were
used in a fixed weekly schedule; tilted cage (45 °), removal of nesting material, overnight food
deprivation, overnight water deprivation followed by 1-hour exposure to an empty bottle,
change of cage mate for 2 hours, overnight light, 15 min restraint and soiled cage overnight.
Animals housed in groups of two mice per cage were subjected to the Chronic Mild Stress
paradigm for 27 consecutive days (3 weeks). Behavior was evaluated after 3 weeks of stress.

4.1.4.8

Sucrose Preference Measurements

Sucrose Preference was conducted as previously described (Monleon, D'Aquila et al. 1995). In
short, a two bottle approach giving mice the free choice to drink either plain water or a 1 %
sucrose solution was used. The fluid intakes were evaluated over 48 h, after 24 h the two
bottles were switched to avoid a place preference bias. Sucrose Preference was then
calculated as % sucrose intake of total fluid intake.

4.1.4.9

Crawley´s Sociability and Preference for Social Novelty

The Sociability and Preference for Social Novelty Test (Social Interaction Test) was conducted
as previously described (Moy, Nadler et al. 2004, Kaidanovich-Beilin, Lipina et al. 2011). The
testing apparatus was made from clear Plexiglas and consisted of a rectangular three-chamber
box (20 x 40 cm each) with dividing walls containing small doors (5 x 3cm) allowing free access
to each chamber. Two identical plastic cup-like containers, perforated to allow nose contact
but prevent fighting, were placed inside each side chamber.
During phase one (adaptation phase) both doors were closed and a subject mouse was placed
in the middle chamber to habituate for 5 min. During phase two (sociability test) a mouse
(stranger 1) having had no prior contact with the subject mouse, was placed inside a plastic
cup in one side chamber while the other chamber contained an empty plastic cup. Both doors
were then opened and the subject mouse was allowed to explore freely for 10 min. The
location of stranger 1 was alternated between animals. In phase 3 (social novelty test), a
second mouse (stranger 2) was placed in the previously empty plastic cup. The subject mouse
was again allowed to explore freely for 10 min.
Each phase was recorded using a CCD camera mounted to the ceiling and recordings were
quantified using tracking software VideoMot2. The total time spent in each compartment, the
distance traveled in each compartment and the total distance to control for general
locomotion were quantified for each phase of the test.

37

Materials and Methods

4.1.4.10

Forced Swim Test

The mouse Forced Swim Test was adapted and used to assess behavioral despair as an
indicator of depression-like behavior (Porsolt, Le Pichon et al. 1977, Can, Dao et al. 2012). Mice
were placed in a 5000 ml glass beaker filled with 3000 ml water at 25-27 °C. Behavior was
recorded for 6 min using a webcam. The time spent immobile or floating during the last 4 min
of the test, as well as the time passed to first float (latency) was evaluated.

4.2 Cell culture techniques
HEK293AD cells were used for all experiments (Shein and Enders 1962).

4.2.1 Freezing cells
A 250 ml flask with confluent cells was washed with DPBS, cells were trypsinized and resuspended in complete DMEM. After centrifugation at 390 x g for 7 min at 4 °C, the
supernatant was removed and the cell pellet was re-suspended in 5 ml freezing medium. The
cell suspension was immediately aliquoted into five 2 ml cryo vials. The vials were stored in a
cryo box overnight at -80 °C. On the next day, the vials were transferred into a storage box in
the -80 °C freezer.

4.2.2 Thawing cells
Frozen cells were thawed at 37 °C in a water-bath. Once only a small ice crystal was left in the
cryo vial, the cell suspension was transferred into 5 ml pre-warmed complete DMEM. After
centrifugation at 390 x g for 7 min at 4 °C, the cell pellet was re-suspended in 10 ml of complete
DMEM and transferred into a 250 ml flask at incubated at 37 °C, and 7 % C02.

4.2.3 MicroRNA mediated expression repression
4.2.3.1

Computational methods

Three web-based microRNA target prediction tools were used to predict microRNA regulation
of RGS2 gene expression through binding at its the 3’UTR: TargetScanHuman 6.2 (Grimson,
Farh et al. 2007), DIANA microT-CDS (Paraskevopoulou, Georgakilas et al. 2013) and miRanda
(Betel, Koppal et al. 2010). Annotation and mature microRNA sequences were acquired from
miRBase release 21 (Kozomara and Griffiths-Jones 2014) and miRNAConverter of miRSystem
was employed to convert names between different miRBase versions (Lu, Lee et al. 2012).
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4.2.3.2

Luciferase reporter assay

Target gene expression regulation by microRNAs was assessed using a dual firefly/renilla
luciferase assay. “Luciferase vectors” contained the 3´UTR of RGS2 fused to the cDNA of the
firefly luciferase (RGS2 vector). No 3`UTR fused to the firefly luciferase (control vector) was
used as a control. MirVana microRNA mimics, small chemically modified double stranded
RNAs that mimic endogenous microRNAs and allow functional microRNA analysis, were cotransfected with either RGS2 or control vectors into HEK293AD cells. Thereby the microRNA
interaction with the 3´UTR can repress firefly luciferase expression.

4.2.3.3

DNA-Transfection

HEK293AD cells were seeded in complete DMEM into a 96-well plate 4 hours prior transfection
to reach approximately 60 % confluency. Each well was transfected with 40 ng of RGS2 or
control vector plasmid and 3 pmol of a mirVana microRNA mimic. For the transfection the
vector plasmid and the mirVana microRNA mimic were mixed with 8.25 µl pure DMEM and
0.15 µl Attractene. After a 10 min incubation period to allow formation of transfection
complexes 10 µl of vector/mimic/Attractene/DMEM mix was added to each well.
To eliminate plate to plate variations, each plate contained measurements for RGS2- and
control-vector for the same microRNA and a micro-RNA untransfected control to allow
normalization. Additionally, each plate contained a negative control using a plant specific
microRNA, ath-159a.

4.2.3.4

Quantification of luciferase activity

Cells were incubated for 40-48 h post transfection. Luciferase activity was quantified by an
EnVision 2104 Multilabel Reader using the LucPairTM Duo-Luciferase Assay Kit according to the
manufacturer’s protocol. In short, culture medium was removed and cells were washed once
with PBS. Then 14 µl of lysis buffer were added to each well. After 15 min incubation on an
orbital shaker at room temperature, 70 µl of FLuc Assay Working solution were added.
Following a 5 min incubation period at room temperature firefly luminescence was
determined in the EnVision Reader. After completing firefly luciferase measurement, each
well was spiked with 70 µl RLuc Working Solution and incubated for 5 min at room
temperature. Then renilla luminescence was quantified by the EnVision Reader.
Luciferase expression suppression for each microRNA was calculated as follows. Luciferase
activity was normalized to renilla activity for each well to correct for cell density and
transfection efficiency in each well, yielding relative luciferase activity and technical triplicates
were averaged. Relative luciferase activity of each microRNA was normalized to the relative
luciferase activity of un-transfected (H2O) control (maximal activity). To calculate normalized
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luciferase activity, the maximal activity of each microRNA co-transfected with the RGS2 vector
was normalized to the activity of that microRNA co-transfected with the control vector
containing no 3`UTR to correct for unspecific microRNA-vector interaction.

4.3 MicroRNA Sequencing
Animals were sacrificed using cervical dislocation, the brain was surgically dissected and the
hippocampus was frozen using liquid nitrogen and stored at -80°C. Total RNA was extracted
using NucleoSpin® miRNA kit according to manufacturer’s protocol. In the extraction step lysis
buffer amount was adapted according to the amount of tissue. Total RNA concentrations were
determined using UV-VIS spectrophotometry (NanoDrop®).
The library (adapter ligated microRNAs) for next generation sequencing was prepared using
NEB Next Small RNA Library Prep for Illumina (Set 1 and 2) according to manufacturer’s
protocol. Size selection was performed using a 6% Novex® TBE PAGE gel with SYBR® Gold
Nucleic Acid Gel Stain, the 140bp band corresponded to the Adapter-ligated microRNA
constructs and was isolated. The sequencing was performed in a Next Seq 500 system using a
Nest Seq 500 Kit v1 which includes a Paired End 75 Mid output flow cell.
The resulting reads were mapped an a microRNA expression profile was generated using the
miRExpress algorithm (Wang, Lin et al. 2009).

4.4 High pressure liquid chromatography
2-month-old Rgs2-/- and wildtype mice were sacrificed using isofluran inhalation and perfused
for 10 min using PBS. The hippocampus and the prefrontal cortex were dissected, immediately
frozen using liquid nitrogen and stored at -80 °C until further analysis. Dissected frozen brain
regions were homogenized in transmitter buffer on dry ice using an Ultra-Turrax Homogenizer
in a CO2 atmosphere, and centrifuged at 20879 x g for 12 min, the supernatant was transferred
into Eppendorf-caps and stored at -20 °C until analysis. For HPLC analysis the supernatant was
diluted 1:10 in transmitter buffer and 50 µl were injected into the HPLC system. Monoamine
neurotransmitters Serotonin (5HT), Dopamine (DA), Norepinephrine (NE) and their
metabolites 3-Methoxy-4-hydroxyphenylglycol (MHPG), 3,4-Dihydroxyphenylacetic acid
(DOPAC), 5 Hydroxyindoleacetic acid (5HIAA), Homovanillic acid (HVA) were quantified using
an Agilent 1100 HPLC system consisting of a reversed-phase column 100-3C18 nucleosil and
an electrochemical detector at 0.75 V as previously described (Riederer & Burger, 2009). The
amount of neurotransmitters and corresponding metabolites were normalized to the amount
of brain tissue. The amount of the three neurotransmitters (DA, 5HT, NA), as well as their
respective metabolic turnover ratios ((HVA + DOPAC) / DA; 5HIAA / 5HT; MHPG / NA)) were
evaluated (Okada, Tachibana et al. 2013).
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4.5 Quantitative gene expression analysis
Animals were sacrificed using cervical dislocation, their brains and/or their hearts were
surgically dissected. Whole hearts, or dissected hearts (atria and ventricle), prefrontal cortices
and hippocampus were frozen using liquid nitrogen and stored at -80°C until further analysis.
Total RNA was extracted using NucleoSpin® miRNA kit according to manufacturer’s protocol.
In the extraction step lysis buffer amount was adapted according to the size of the respective
tissue.
Total RNA concentrations were determined using UV-VIS spectrophotometry (NanoDrop).
Reverse transcription of RNA to cDNA was performed using SuperScript® II reverse
transcriptase kit.
For reverse transcription the following components were necessary for each sample:
1 µg

RNA in 9 µl RNase free water

2 µl

oligo dt

1 µl

10 mM dNTP

This mixture was heated at 70°C for 10 min to allow denaturation of RNA and oligo dt and then
cooled on ice for at least one minute. Each sample was then spiked with the enzyme solution
containing:
4 µl

5x first strand buffer

2 µl

100mM DDT

0.9 µl RNase free water
0.1 µl RNasin
1 µl

superscript II reverse transcriptase

Samples were incubated at 42°C for 60 min for reverse transcription. The superscript II reverse
transcriptase was then inactivated by heating at 70°C for 10 min.
100 ng cDNA were used for each quantitative real time PCR. Quantitative real time PCR was
performed in a CFX384 Real-Time PCR detection system using TaqMan® Universal Master Mix
II and appropriate qPCR primers. TaqMan®-probes are hydrolysis probes consist of a specific
oligonucleotide sequence fused to fluorescent tag and a quencher. During polymerization the
exonuclease activity of the Taq polymerase degrades the probe, thereby separating the
fluorophore from the quencher allowing quantification of the amount of DNA template via
fluorescence.
The PCR reaction mix contained:
5 µl

20ng/µl cDNA
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1 µl

20x TaqMan gene expression assay

10 µl 2x TaqMan universal master mix
4 µl

nuclease free water

PCR Protocol:
(1) initialization step:

95°C – 10 min

(2) denaturation step:

95°C – 15 sec

(3) annealing step:

60°C – 60 sec

(4) final hold:

16°C - ∞

(2) to (3) 40 reaction cycles

4.6 Statistical analysis
Statistical analysis was performed using GraphPad Prism 6.01. Students-t- tests, regular TwoWay ANOVA or repeated measures ANOVA were performed as needed. Bonferroni’s multiple
comparisons test was used if group effects or interactions were significant. If not indicated
otherwise, a p-value below 0.05 was considered to be statistically significant. Data are shown
as mean ± standard error of the mean.
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Male and female mice were evaluated separately in all tests due to the variability of behavior
in female mice on account of their estrous cycle (Palanza 2001) and due to the differential
stress vulnerability of male and female mice (Adamec, Head et al. 2006, Weinstock 2007).

5.1 General health
Alterations in general health of laboratory mice might interfere with behavioral testing.
Oliveira-Dos-Santos and coworkers examined vibrissae, eyes, rearing/standing, muscle tone,
righting reflex, balance, ear reflex, hearing, response to light and olfaction of Rgs2-/- and
Rgs2+/- mice (Oliveira-Dos-Santos, Matsumoto et al. 2000). Additionally, motor coordination
using the Rotarod test and exploratory behavior using circadian and Open Field activities were
examined. Male and female Rgs2-/- mice showed no abnormalities in all tests. To corroborate
these findings in the present study and ensure Rgs2-/- mice had no physical impairments
confounding behavioral output, body weight, food intake and body composition as well as
home cage activity were evaluated. In line with the previous findings Rgs2-/- mice were
expected to show unaltered general health.
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5.1.1 Body Weight, Food Intake and Body Composition

Figure 15: General health assessment
General health was determined by quantification of (A) body weight (B) food intake and (C-E) body composition.
Body composition was determined using NMR analysis and yielded data for (C) fat mass, (D) free fluid mass and
(E) lean mass. Data are mean ± SEM, n=17-21/genotype and sex for body weight measurements, n=10-11
cages/genotype and sex for food intake measurements and n= 6-9/genotype for body composition
measurements. WT are depicted in black bars, Rgs2-/- are depicted in white bars. * indicates p<0.05 in t-tests.

2-month-old (+/- 5 days) Rgs2-/- mice showed reduced body weight compared to same sex WT
mice (Figure 15A). Reduced body weight might be due to decreased food intake. As shown in
Figure 15B, Rgs2-/- mice consumed less food during one week compared to same sex WT. Body
composition as assessed by nuclear magnetic resonance imaging revealed reduced lean tissue
in male but not female Rgs2-/- mice (Figure 15C-E).
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Figure 16: Home cage activity
Male mice were housed in the IntelliCage for a 4-day period. Evaluated were the mean number of corner visits
as an indicator of home cage activity. Data are mean ± SEM, n=10-12/genotype, WT are depicted in black circles,
Rgs2-/- are depicted in white circles.

Home cage activity was assessed using the IntelliCage by counting the number of corner visits
of each mouse over a four-night period, revealing comparable activity in male Rgs2-/- and WT
mice (Figure 16). Female mice were not evaluated in the IntelliCage.
Results regarding weight, food intake and body composition did not corroborate previous
findings and were not in line with the expected results. However, home cage activity was
unaltered, as expected. Since movement and activity of Rgs2-/- mice were not impaired,
observed changes in weight, food intake and body composition were expected not to alter
behavioral measures.

5.1.2 Blood pressure and heart rate
Several publications reported a hypertensive phenotype of Rgs2-/- mice (Heximer, Knutsen et
al. 2003, Tang, Wang et al. 2003). Systolic and diastolic blood pressure, as well as heart rate
were therefore evaluated using the non-invasive tail-cuff method. The hypothesis was that
systolic and diastolic blood pressure are elevated in Rgs2-/- mice.
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Figure 17: Blood pressure and heart rate measurements
Awake mice were tested in a non-invasive tail cuff system to evaluate blood pressure and heart rate. Illustrated
are (A) systolic and (B) diastolic blood pressures, as well as (C) heart rate. Data are mean ± SEM, n=2325/genotype and sex WT are depicted in black bars, Rgs2-/- are depicted in white bars. * indicates p<0.05 in ttests.

Systolic and diastolic blood pressure were comparable for male and female Rgs2-/- mice
compared to same sex WT (Figure 17A-B). However, the heart rate was decreased in Rgs2-/mice compared to WT for both sexes (Figure 17C).
The hypertensive phenotype of Rgs2-/- mice was not confirmed using the tail-cuff method.
However, a bradycardic heart rate was observed.
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5.2 Memory and Learning
A previous publication reported comparable spatial and conditional learning in Water Maze
and passive avoidance experiments of homozygous Rgs2-/- mice compared to heterozygous
Rgs2-/+ mice (Oliveira-Dos-Santos, Matsumoto et al. 2000). Additionally, several publications
suggest increased innate anxiety in Rgs2-/- mice (Oliveira-Dos-Santos, Matsumoto et al. 2000,
Lifschytz, Broner et al. 2012). The etiology of anxiety disorders involves interactions between
candidate genes and stressful life events (see 1.1.1). Whether Rgs2 is a candidate gene of fear
learning and memory was assessed using the Pavlovian contextual and cued fear conditioning
paradigm. This paradigm tests short term fear memory, long term fear memory and fear
memory extinction. It was hypothesized that aversive learning, specifically fear learning
including short and long-term fear memory, are increased in Rgs2-/- mice.

5.2.1 Aversive learning and memory
Contextual and cued Pavlovian fear conditioning is a task assessing the ability to associate an
aversive, fear inducing, experience (an electric foot shock) with a distinct environmental cue
(distinct tone). The main measures are (I) how fast mice create (learning) and (II) how long
mice retain the aversive association (memory). How fast mice create the association was
tested in the conditioning session. How long mice can retain this association was evaluated
(A) 24h after the conditioning session, thereby assessing short term fear memory in context
and cue tests and (B) one and two weeks after the conditioning session, thereby assessing
long term fear memory and fear extinction learning in context and cue tests. The evaluated
parameter was the relative freezing time (percent freezing time of total time). Freezing is
defined as complete immobility except breathing. Relative freezing time was expected to be
increased among Rgs2-/- mice in each phase of the test indicating increased fear learning and
memory of Rgs2-/- mice. 25 male mice per genotype and 18 female mice per genotype were
tested for fear learning and short term fear memory. 7 male mice per genotype were tested
for long term fear memory and fear extinction learning.
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5.2.1.1

Short-term fear memory

Figure 18: Short term fear learning and memory
Mice were subjected to a fear conditioning paradigm. (A/D) Time course of conditioning phase with two toneshock pairings, (B/E) context memory test 24h after conditioning, (C/F) time course of cue memory test 26h after
conditioning. Figures A-C illustrate results of male mice, D-F of female mice. Data are mean ± SEM, n=1925/genotype and sex, WT male are depicted in black circles, Rgs2-/- male are depicted in white circles. WT female
are depicted in black squares, Rgs2-/- female are depicted in white squares * indicates p<0.05 in ANOVA main
effects, + indicates p<0.05 in Bonferroni’s post hoc test.

Relative freezing times did not differ between genotypes during the 2min baseline exploration
phase and the first CS presentation in male mice. However, male Rgs2-/- mice showed higher
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levels of relative freezing time compared to WT after the first presentation of a foot shock
(US) in the conditioning session (Figure 18A). Likewise, female Rgs2-/- mice displayed almost
absent and similar relative freezing time compared to WT mice during the baseline exploration
phase, as well as the first presentation of the CS in the conditioning session (Figure 18D). After
the first foot shock (US), female Rgs2-/- mice showed increased relative freezing time
compared to WT during the second presentation of the CS. These results indicate faster fear
learning in male and female Rgs2-/- mice exposed to aversive stimuli in the conditioning
session as expected.
In the contextual fear memory test 1 day later, male Rgs2-/- mice showed higher relative
freezing time compared to WT (Figure 18B). However, female Rgs2-/- mice showed comparable
relative freezing time in the context memory test compared to WT (Figure 18E), indicating a
sex specific enhanced contextual fear memory in male Rgs2-/- mice.
In the cue memory test, both male (Figure 18C) and female (Figure 18F) Rgs2-/- mice displayed
increased relative freezing time upon presentation of the conditioned tone (CS) in an altered
surrounding. For both sexes, relative freezing did not differ between genotypes during the
2min baseline exploration phase. However, relative freezing time was increased in male
Rgs2-/- mice compared to WT controls during the 1st and 2nd CS presentation, but remained
comparable during the 3rd and 4th CS. Likewise, female Rgs2-/- mice displayed elevated freezing
time upon presentation of the 1st, 2nd and 3rd CS. These data, as expected, suggest augmented
short-term cued fear learning and memory in male and female Rgs2-/- mice.
Taken together, these results suggest deletion of Rgs2 to promote faster fear learning and
increased short term fear memory.
Table 1: ANOVA and T-Test results for short-term fear learning and memory

Conditioning

Cue

Context

effect
Genotype x time
Genotype
Time
Genotype x time
Genotype
Time

Genotype

male
F(4;188)/(1;47) significance
9.382
p < 0.0001
24.69
p < 0.0001
18.76
p < 0.0001
3.272
p < 0.01
6.383
p < 0.05
27.92
P < 0.0001

female
F(4;204)/(1.34) significance
1.87
p = 0.1192
6.224
p < 0.05
13.68
p < 0.0001
2.556
p < 0.05
8.55
p < 0.01
20.68
p < 0.0001

t(47) = 3.578

t(34) =1.150
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5.2.1.2

Long-term fear memory and extinction learning

Figure 19: Long term fear memory and extinction learning
Male mice were tested in context and cue tests 24h, 1 week and 2 weeks after conditioning. (A) time course of
relative freezing time in context tests and (B) time course of relative freezing time in cue tests. Data are mean ±
SEM, n=7/genotype, WT are depicted in black circles, Rgs2-/- are depicted in white circles. * indicates p<0.05 in
ANOVA main effects, + indicates p<0.05 in Bonferroni’s post hoc test.

Male Rgs2-/- mice tested for short and long term fear memory, showed higher relative freezing
time in context memory tests 24h, one and two weeks after conditioning compared to WT
(Figure 19A).
In cue memory tests (Figure 19B), an increase of cue freezing time 24h after conditioning
(p<0.05) was observed in Rgs2-/- - mice compared to WT, while one and two weeks later there
was no difference. Rgs2-/- mice showed a reduction of relative freezing time 1 week (p<0.05)
and 2 weeks (p<0.05) after conditioning compared to 24h after conditioning, indicating
extinction of cued fear memory over time. WT mice did not show a reduction of relative
freezing time over 2 weeks, arguing for long term memory of cued fear in WT mice.
Taken together, these results confirm the hypothesis of increased long term contextual fear
memory in Rgs2-/- mice. However, they indicate faster cued fear extinction or extinction
learning and no increase in long term cue memory of male Rgs2-/- mice compared to WT. These
results suggest deletion of Rgs2-/- to promote faster cued fear extinction learning and
increased long term contextual fear memory.
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Table 2: ANOVA results for long-term fear memory and extinction learning

Context memory

Cue memory

5.2.1.3

effect
Genotype x time
Genotype
Time
Genotype x time
Genotype
Time

F(2;71)/(1;71)
0.9342
5.387
2.232
3.970
0.001
1.331

significance
p = 0.3977
p < 0.05
p = 0.1148
p < 0.05
p = 0.9679
p = 0.2706

Gene expression analysis

Various stimuli triggering neuronal plasticity modulate the mRNA expression level of Rgs2 in
several brain regions, rendering Rgs2 to be an intermediate early gene (Burchett, Volk et al.
1998, Ingi, Krumins et al. 1998). Whether Rgs2 mRNA expression is altered by fear
conditioning was assessed using quantitative real time PCR. The hippocampus and frontal
cortices of WT mice were dissected one and six hours after the conditioning phase of
contextual and cued fear conditioning and Rgs2 mRNA expression was analyzed. The
hypothesis was, that FC triggers an increase in the mRNA expression level of Rgs2.

Figure 20: Rgs2 mRNA expression levels upon fear conditioning
Time course of relative mRNA expression changes evaluated by quantitative real time PCR upon fear
conditioning. (A/C) Time course of hippocampal mRNA expression, (B/D) time course of prefrontal cortex mRNA
expression. Data are mean ± SEM, n=6/genotype, males are depicted in circles, female are depicted in squares.
*
indicates p<0.05 in t-tests.

In male mice, fear conditioning mildly reduced Rgs2 mRNA expression levels in the
hippocampus 1h and 6h after the conditioning phase (Figure 20A). In frontal cortices (Figure
20B), Rgs2 expression levels were increased 1h after conditioning and further increased at 6h.
Female mice showed no change of Rgs2 mRNA expression levels in hippocampal preparations
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1h or 6h after conditioning (Figure 20C), however 6h after conditioning Rgs2 expression levels
were reduced in frontal cortices (Figure 20D).
These results suggest FC stress to be sufficient to elicit Rgs2 mRNA expression change,
however Rgs2 mRNA levels were not only increased but also decreased after FC stress.
Deletion of Rgs2 may thus alter dynamic regulation of GPCR signaling upon stressful stimuli in
a sex-specific manner.

5.2.2 Spatial learning
Previous results indicated comparable spatial learning in the Water Maze for Rgs2-/- compared
to Rgs2-/+ mice (Oliveira-Dos-Santos, Matsumoto et al. 2000). However, this test is considered
very stressful and stress has been shown to affect learning, especially in mice with increased
innate anxiety (Harrison, Hosseini et al. 2009). Both fear learning and cue extinction learning
were increased in Pavlovian contextual and cued fear conditioning of Rgs2-/- mice (see 5.2.1).
It was hypothesized, that Rgs2-/- mice show increased aversive emotional learning with
unaltered learning in other non-aversive paradigms. The Barnes Maze was conducted to
evaluate spatial learning and a place preference paradigm in the IntelliCage was used to
investigate reward motivated spatial learning. Since the Barnes Maze is less stressful than the
Water Maze (Paul, Magda et al. 2009, Sharma, Rakoczy et al. 2010), the confounding effect of
stress is reduced. Ten mice per genotype and sex, housed in mixed genotype groups since
weaning, were tested.
The Barnes Maze consists of a circular platform with 40 evenly spaced holes at the outer
margin. Mice are trained to locate one target hole and remember its location. Underneath the
target hole and escape chamber in mounted. The mouse is trained to enter this escape
chamber. Each trial lasts for 2 min. If the mouse fails to locate the escape chamber within this
time, it is guided to the escape chamber by the experimenter. Each mouse was given 15 trials
to locate and enter the escape chamber (acquisition phase), subsequently the escape chamber
is moved to the opposite hole on the Barnes Maze and mice were tested to relearn the new
location (reversal phase). In the acquisition phase spatial learning is assessed, in the reversal
phase cognitive flexibility.
The following parameters were considered: (I) the time it takes to locate the target hole
(target latency), (II) the number of wrong holes searched before locating the target hole
(primary errors), (III) the time needed to enter the escape chamber (escape latency), (IV) the
distance traveled until reaching the target hole (distance) and (V) the relative time spent in
the correct target quadrant (time in target quadrant). Faster learning would be indicated by
reduced target latency, escape latency, primary errors and distance as well as by increased
time in target quadrant.
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Figure 21: Spatial learning in female mice
Mice were tested in the Barnes Maze for spatial learning. (A) Time course of escape latency, (B) time course of
target latency, (C) time course of number of primary errors, (D) time course of distance travelled and (E) time
course of relative time spent in the target quadrant. A1-A5 illustrate the time course of the acquisition phase in
3 trial blocks, R1 and R2 the reversal phase. Data are mean ± SEM, n=10/genotype, WT are depicted in black
squares, Rgs2-/- are depicted in white squares. * indicates p<0.05 in ANOVA main effects, + indicates p<0.05 in
Bonferroni’s post hoc test.

During the acquisition phase (A1-A5), female mice of both genotypes acquired the spatial
learning task as shown by a time-dependent reduction of escape latency, target latency,
primary errors and distance traveled (Figure 21A-D), as well as, increased time in the correct
target quadrant (Figure 21E). However, female Rgs2-/- mice reached the target hole with
significantly less primary errors (Figure 21C). Additionally, female Rgs2-/- mice traveled
significantly shorter distances on the maze until escaping into the target hole (Figure 21D) and
spent more time in the correct target quadrant (Figure 21E). These results indicated increased
spatial memory of female Rgs2-/- mice.
Upon switching the target hole to the opposite hole of the maze (reversal phase, R1-R2), the
escape and target latencies, number of primary errors and distance of both genotypes
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transiently increased. Both genotypes relearned the new location of the correct hole. In the
reversal phase, cognitive flexibility was comparable between female Rgs2-/- and WT mice.
Table 3: ANOVA results for spatial learning

Escape latency
(s)
Target latency
(s)
Primary errors
(#)
Distance
(cm)
Time in target
quadrant
(%)

effect
Genotype x time
Genotype
Time
Genotype x time
Genotype
Time
Genotype x time
Genotype
Time
Genotype x time
Genotype
Time
Genotype x time
Genotype
Time

F(4;76)/(1;19)
3.305
8.094
6.575
0.6455
0.1434
2.673
1.056
2.681
9.923
5.744
0.4343
27.83
0.8127
0.1483
8.784
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significance
p < 0.05
p < 0.05
p < 0.0001
p = 0.6317
p = 0.7091
p < 0.05
p = 0.3840
p = 0.1180
p < 0.0001
p < 0.001
p = 0.5178
p < 0.0001
p = 0.5209
p = 0.7044
p < 0.0001

female
F(4;72)/(1.18)
significance
0.4867
p = 0.7454
1.637
p = 0.217
21.50
p < 0.0001
1.043
p = 0.3912
0.105
p = 0.7496
14.75
p < 0.0001
1.303
p = 0.2772
16.37
p < 0.001
13.45
p < 0.001
1.29
P = 0.282
15.79
p < 0.001
36.26
p < 0.0001
1.317
P = 0.2718
6.344
p < 0.05
7.872
p < 0.0001
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Figure 22: Spatial learning in male mice
Mice were tested in the Barnes Maze for spatial learning. (A) Time course of the escape latency, (B) time course
of target latency, (C) time course of number of primary errors, (D) time course of distance travelled and (E) time
course of relative time spent in the target quadrant. A1-A5 illustrate the time course of the acquisition phase in
3 trial blocks, R1 and R2 the reversal phase. Data are mean ± SEM, n=10/genotype, WT are depicted in black
circles, Rgs2-/- are depicted in white circles. * indicates p<0.05 in ANOVA main effects, + indicates p<0.05 in
Bonferroni’s post hoc test.

Male mice acquired the spatial learning task, as indicated by a time dependent decrease of
target latency, primary errors, distance and escape latency (Figure 22A-D) and an increase of
time spent in the correct target quadrant (Figure 22E). While the escape latencies were
comparable between genotypes at the acquisition trial blocks A1-A4, WT mice required less
time to escape into the target hole at A5, compared to Rgs2-/- mice (Figure 22A). Conversely,
Rgs2-/- mice showed a trend for less primary errors compared to WT mice (Figure 22C). Target
latencies and time in the correct target quadrant were similar between genotypes (Figure 22B
and E). These results suggest mildly increased spatial memory in male Rgs2-/- mice.
During the reversal phase, target latencies, number of primary errors and distance of both
genotypes were transiently increased and both genotypes learned to locate the new position
of the escape chamber. However, there was no difference in learning behavior between male
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WT and Rgs2-/- mice in the reversal phase. This indicates comparable cognitive flexibility of
male Rgs2-/- and WT mice.
Taken together, Rgs2-/- mice exhibit increased spatial learning, rendering increased learning
not specific for aversive emotional learning. This effect is pronounced in female Rgs2-/- mice,
whereas in male Rgs2-/- mice the effect is mild. Cognitive flexibility was not altered in Rgs2-/mice.

5.2.3 Reward learning and memory
To further test the hypothesis, that increased learning in Rgs2-/- mice is specific for aversive
emotional fear related learning, a reward motivated spatial learning task, a place preference
paradigm in the IntelliCage was used. Since increased learning in the Barnes Maze was mild
and not as clear in male Rgs2-/- mice, only male mice were tested in the IntelliCage apparatus.
Ten male mice per genotype, housed in mixed genotype groups since weaning, were tested in
two IntelliCages. Since the IntelliCage apparatus tests learning in a homecage environment,
stress due to handling and novel environments was minimized.
The place preference paradigm assesses the ability to associate a rewarding experience
(access to a water bottle) with a spatial location at one of four corners in the IntelliCage
(assigned corner). A door at each corner prevents free access to water bottles. To open these
doors, mice have to perform a “nosepoke” registered by a light beam sensor to open the door,
resulting in a 7s drinking period after which the door closes again. The main measure is the
relative number of “incorrect nosepokes” to gain access to a water bottle in the three corners
not assigned. The hypothesis was that Rgs2-/- mice to show comparable reward motivated
spatial learning, making an equivalent number of “incorrect nosepokes”.
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Figure 23: Place preference learning
Male mice were tested for reward motivated spatial learning using an IntelliCage apparatus. A1-A6 show the
time course of relative incorrect nosepokes during of the 6-day place preference phase, R1-R3 show the time
course of relative incorrect nosepokes during the 3-day reversal phase. The dotted line indicates the 75% random
level. Data are mean ± SEM, n=10/genotype, WT are depicted in black circles, Rgs2-/- are depicted in white circles.
*
indicates p<0.05 in ANOVA main effects, + indicates p<0.05 in Bonferroni’s post hoc test.

Both genotypes achieved nosepoke error rates below the 75% random level and showed
improved error rates over the 6-day testing period, indicating successful acquisition of the
learning task. While incorrect nosepokes did not differ between genotypes on days 1-3,
Rgs2-/- mice made less incorrect nosepokes at days 4-6 compared to WT (Figure 23A),
indicating increased learning of male Rgs2-/- mice. Upon switching the reward corner to the
opposite side (place preference reversal), both genotypes again acquired the learning task
over the 3-day testing period again with error rates comparable between genotypes (Figure
23B), indicating similar cognitive flexibility.
Taken together, results did not confirm the hypothesis that increased learning upon deletion
of Rgs2 is specific for emotional aversive paradigms, as it was also increased in the tested
reward learning paradigm. Consistent with results of the Barnes Maze, cognitive flexibility was
not enhanced.
Table 4: ANOVA results for place preference learning
Incorrect
nosepokes
(#) A1-A6
Incorrect
nosepokes
(#) R1-R3

effect
Genotype x time
Genotype
Time
Genotype x time
Genotype
Time

F(5;85)/(1;17)
2.169
14.15
10.01
0.4899
1.109
3.586
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significance
p = 0.065
p < 0.01
p < 0.0001
p = 0.617
p = 0.3071
p < 0.05
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5.3 Acute stress and its impact on innate anxiety
Acute stress can potentiate anxious behavior and induce fear generalization or exacerbate
anxiety-like behavior (Grillon, Duncko et al. 2007, Greenwood, Thompson et al. 2014,
Vanderheyden, George et al. 2015). Previous reports suggest RGS2 to modulate innate anxiety
in humans and mice (Oliveira-Dos-Santos, Matsumoto et al. 2000, Leygraf, Hohoff et al. 2006,
Lifschytz, Broner et al. 2012, Stein, Keshaviah et al. 2014). It was therefore investigated,
whether deleting Rgs2 impacts anxiety-like behavior and whether stress elicited by fear
conditioning (FC) potentiates anxiety-like behavior in Rgs2-/- and WT mice. The role of Rgs2 in
innate anxiety was assessed using three tests based on the approach-avoidance conflict
between exploring a novel environment and the aversive properties of a novel surrounding
(EPM, DLB and OF). The impact of FC stress on innate anxiety was assessed using the same
three tests, after mice had been subjected to the FC paradigm. The first part of the hypotheses
was, that deletion of Rgs2 increases anxiety-like behavior, and the second hypothesis was,
that FC stress potentiates anxiety-like behavior more strongly in Rgs2-/- mice than in WT mice
due to higher stress susceptibility.

5.3.1 Elevated Plus Maze
The Elevated Plus Maze Test elicits an approach avoidance conflict between the open and
closed arms of the maze. The closed arms are surrounded by high black walls, have low
illumination and represent the saver less aversive part of the maze. The open arms are brightly
illuminated and reveal the elevation of the maze above ground, thereby representing the
more aversive part of the maze. The assessed parameters were (I) the relative time spent on
the open arms, (II) the number of times the mouse enters the open arms (open arm entries)
and (III) the total distance traveled on the maze. Decreased relative time spent on the open
arms and decreased open arm entries indicate increased anxiety-like behavior. Decreased
total distance traveled on the maze indicates novelty-induced locomotion reflecting anxietylike behavior. Rgs2-/- mice were expected to show increased innate anxiety as well as a
stronger reaction to FC-induced stress further increasing anxiety-like behavior.
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Figure 24: Elevated Plus Maze upon acute stress
Mice were tested in the Elevated Plus Maze 24h after exposure to acute fear conditioning stress (FC) or after
being kept in their home cage (CTR). (A/D) Illustrated are relative time spent on open arms, (B/E) number of open
arm entries and (C/F) total distance traveled. Data are mean ± SEM, n= 16-19/genotype and sex, CTR groups are
depicted in plain bars, FC groups are depicted in hatched bars, male mice are depicted in black, female mice are
depicted in white. * indicates p<0.05 in ANOVA main effects, + indicates p<0.05 in Bonferroni’s post hoc test.

Male Rgs2-/- mice spent less time on the open arms (Figure 24A) and entered the open arms
less frequently (Figure 24B). Furthermore, male Rgs2-/- mice traveled less distance during the
10-min testing period compared to WT mice. Acute stress upon FC led to a reduced distance
traveled in both genotypes (Figure 24C).
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Comparable results were observed for female mice. Open arm exploration time was reduced
in female Rgs2-/- mice (Figure 24D) as well as the number of open arm entries compared to
WT (Figure 24E). The total distance traveled was reduced in female Rgs2-/- compared to WT.
Upon FC stress the total distance traveled was reduced in WT mice compared to WT controls,
but not in Rgs2-/- mice compared to Rgs2-/- controls (Figure 24F).
The reduction of relative time spent on the open arms, number of open arm entries and
reduced locomotion suggested increased innate anxiety of male and female Rgs2-/- mice.
Upon FC stress locomotor activity was reduced indicating heightened cautious behavior
suggesting expected fear generalization in male Rgs2-/- and WT mice as well as in female WT
mice. However, in female Rgs2-/- no fear generalization was observed.
Deletion of Rgs2 increased innate anxiety in the Elevated Plus Maze. FC stress did not affect
Rgs2-/- mice more strongly than WT mice, on the contrary, deletion of Rgs2 appeared to
prevent fear generalization in female mice.
Table 5: ANOVA results for Elevated Plus Maze upon acute stress

Time open arms
(%)
Open arm
entries
(#)
Distance
(cm)

effect
Genotype x FC stress
Genotype
FC stress
Genotype x FC stress
Genotype
FC stress
Genotype x FC stress
Genotype
FC stress

F(1;65)
0,01233
16,23
2,759
0,4747
43,60
0,02489
1,286
30,79
38,23

male
significance
p = 0,9119
p = 0,0001
p = 0,1015
p = 0,4933
p < 0,0001
p = 0,8751
p = 0,2610
p < 0,0001
p < 0,0001

female
F(1;62)
significance
1,256
p = 0,2667
22,81
p < 0,0001
0,8878
p = 0,3497
0,06030
p = 0,8068
55,87
p < 0,0001
0,08359
p = 0,7735
3,923
p = 0,0521
27,31
p < 0,0001
20,69
p < 0,0001

5.3.2 Dark-Light Exploration
The Dark-Light Exploration Test elicits the approach avoidance conflict between a dark and a
lit compartment. The dark compartment is surrounded by high black walls, has low
illumination and represents the saver and less aversive part of the Dark-Light Exploration
apparatus. The light compartment is brightly illuminated and represents the more aversive
part of the Dark-Light Exploration apparatus. The assessed parameters were (I) the time
needed to first enter the light compartment (latency time), (II) the relative time spent in the
light compartment and (II) the total distance traveled in the Dark-Light Exploration apparatus.
Increased latency, decreased relative time spent in the light compartment as well as
decreased total distance traveled in the Dark-Light Exploration apparatus indicate increased
anxiety-like behavior. Rgs2-/- mice were expected to show increased innate anxiety as well as
a stronger reaction upon FC stress further increasing anxiety-like behavior.
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Figure 25: Dark-Light Exploration upon acute stress
Mice were tested in the Dark-Light Exploration Test 3 days after exposure to acute fear conditioning stress (FC)
or after being kept in their home cage (CTR). (A, B, C) show data of male mice, (D, E, F) of female mice. (A/D)
Illustrated are latency time, (B/E) relative time spent in the light compartment and (C/F) total distance traveled.
Data are mean ± SEM, n= 16-19/genotype and sex, CTR groups are depicted in plain bars, FC groups are depicted
in hatched bars, male mice are depicted in black, female mice are depicted in white. * indicates p<0.05 in ANOVA
main effects, + indicates p<0.05 in Bonferroni’s post hoc test.

Male Rgs2-/- mice showed an increased latency time (Figure 25A) and spent less time in the lit
compartment compared to WT (Figure 25B). Male Rgs2-/- mice traveled less distance during
the 10-min testing period, additionally the total distance traveled was reduced for both
genotypes upon FC stress (Figure 25C).
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Female Rgs2-/- mice exhibited an increased latency time and spent less time in the lit
compartment was observed compared to WT (Figure 25D-E). Additionally, female mice of both
genotypes spent less time in the lit compartment upon FC stress (Figure 25E). The total
distance traveled was reduced among female Rgs2-/- mice compared to WT. Moreover, FC
stress led to an additional reduction of the distance traveled in WT, but not Rgs2-/- mice (Figure
25F).
Results confirm increased innate anxiety in Rgs2-/- mice regardless of sex as shown by
increased latency times and reduced time spent in the lit compartment. FC stress reduced
locomotor activity suggesting fear generalization in male Rgs2-/- and WT mice as well as in
female WT mice as expected, comparable to results obtained for the Elevated Plus Maze.
However, this effect was not observed in female Rgs2-/- mice.
Taken together, deletion of Rgs2 increased innate anxiety in the Dark-Light Exploration Test.
FC stress did not show a stronger effect on Rgs2-/- mice than WT mice. Contrary, Rgs2 deletion
may rather prevent fear generalization in female mice.
Table 6: ANOVA results for Dark-Light Exploration upon acute stress

Latency (min)
Time in light
(min)
Distance
(cm)

effect
Genotype x FC stress
Genotype
FC stress
Genotype x FC stress
Genotype
FC stress
Genotype x FC stress
Genotype
FC stress

F(1;66)
0,02248
10,95
0,1437
0,5974
49,73
0,005946
1,440
21,16
22,25

male
significance
p = 0,8813
p = 0,0015
p = 0,7059
p = 0,4423
p < 0,0001
p = 0,9388
p = 0,2344
p < 0,0001
p < 0,0001

F(1;65)
0,4423
8,567
0,7834
0,7540
22,89
7,401
3,194
27,00
22,95

female
significance
p = 0,5083
p = 0,0047
p = 0,3794
p = 0,3885
p < 0,0001
p = 0,0084
p = 0,0786
p < 0,0001
p < 0,0001

5.3.3 Open Field Locomotion
The Open Field Test elicits the approach avoidance conflict between the brightly lit center of
the Open Field and thigmotaxis in the corners and walls of the Open Field. Thigmotactic
movement and wall proximity represents the less aversive option, while movement in the
brightly illuminated center of the Open Field is more aversive. The assessed parameters are
(I) the relative time spent in the center and (II) the total distance traveled in the Open Field.
Decreased relative time spent in the center as well as decreased total distance traveled in the
Open Field indicate increased anxiety-like behavior. Rgs2-/- mice were expected to show
increased innate anxiety as well as a stronger reaction upon FC stress further increasing
anxiety-like behavior.

62

Results

Figure 26: Open Field Locomotion upon acute stress
Mice were tested in the Open Field Locomotion Test 5 days after exposure to acute fear conditioning stress (FC)
or after being kept in their home cage (CTR). (A, B) show data of male mice, (C, D) of female mice. (A/C) Illustrated
are relative time spent in the center of the Open Field, (B/D) total distance traveled. Data are mean ± SEM, n=
16-19/genotype and sex, CTR groups are depicted in plain bars, FC groups are depicted in hatched bars, male
mice are depicted in black, female mice are depicted in white. * indicates p<0.05 in ANOVA main effects.

Male Rgs2-/- mice spent less time in the center of the Open Field (Figure 26A) and the total
distance traveled was reduced compared to WT controls (Figure 26B) Upon FC stress, total
distance traveled of both genotypes was further reduced (Figure 26B).
Female Rgs2-/- mice spent less time in the center of the Open Field (Figure 26C) and traveled
less total distance compared to WT controls (Figure 26D). FC stress had no effect on female
mice of both genotypes.
Open Field Test results confirmed increased innate anxiety in Rgs2-/- mice regardless of as sex
shown by a decreased center time and decreased activity. Reduced locomotor activity upon
FC confirmed fear generalization in male Rgs2-/- and WT mice. However, this effect was not
observed in female Rgs2-/- and WT mice.
Rgs2 deletion thus increases innate anxiety in the Open Field Test. FC stress did not affect
Rgs2-/- mice more strongly than WT mice, as Rgs2 deletion may rather prevent fear
generalization in female mice.
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Table 7: ANOVA results for Open Field Locomotion upon acute stress

Center time (%)

Distance (cm)

effect
Genotype x FC stress
Genotype
FC stress
Genotype x FC stress
Genotype
FC stress

F(1;63)
0,2813
19,29
2,307
1,588
36,78
12,48
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male
significance
p = 0,5977
p < 0,0001
p = 0,1338
p = 0,2123
p < 0,0001
p = 0,0008

F(1;67)
0,2086
10,89
0,2093
3,453
36,48
0,7629

female
significance
p = 0,6493
p = 0,0015
p = 0,6488
p = 0,0675
p < 0,0001
p = 0,3855
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5.4 Chronic stress and its impact on anxiety and depressive behavior
Anxiety disorders and depressive disorders are common comorbidities (Judd, Kessler et al.
1998, Brown, Campbell et al. 2001, Kessler, Berglund et al. 2003). Previous reports suggested
Rgs2 to modulate depression-like behavior in mice (Lifschytz, Broner et al. 2012). Whether
deletion of Rgs2 increases the susceptibility to stress-induced depression-like behavior in
rodents has not been tested yet. Therefore, mice were subjected to the chronic mild stress
(CMS) paradigm to provoke depression-like behavior (Katz 1981, Willner, Towell et al. 1987,
Monleon, D'Aquila et al. 1995, Willner 2005). The severity of depression-like symptoms in mice
such as reward behavior (anhedonic behavior) (Griffiths, Shanks et al. 1992, Harkin, Houlihan
et al. 2002, Ducottet and Belzung 2004, Pothion, Bizot et al. 2004), disturbances in social
behavior and behavioral despair was evaluated after 3 weeks of CMS (Czeh, Fuchs et al. 2016).
Additionally, anxiety-like behavior was assessed to quantify a potential induction of a
comorbidity of depression (Czeh, Fuchs et al. 2016).
Sucrose Preference and food intake were used to assess anhedonic behavior. The Forced Swim
Test was used to evaluate behavioral despair, the Social Interaction Test to investigate social
behavior and the Dark-Light Exploration Test to assess anxiety-like behavior.

5.4.1 Sucrose Preference and Food Consumption
The core symptom of human depression - depressed mood and loss of interest in pleasurable
activities - are modeled in mice using the behavioral endophenotype of anhedonic behavior
(Czeh, Fuchs et al. 2016). Anhedonic behavior was assessed using Sucrose Preference and food
intake one week prior to and in the 3rd week of CMS. Reduced Sucrose Preference and reduced
food intake indicate increased anhedonic behavior. The hypothesis was, that upon CMS,
anhedonic-like behavior increases more strongly in Rgs2-/- mice compared to WT due to a
possibly increased susceptibility to chronic stress.

65

Results

Figure 27: Sucrose Preference measurements
Time course of relative sucrose intake, illustrated are baseline levels and levels after three weeks of CMS. Data
are mean ± SEM, n=5-6 cages/genotype and sex, WT male are depicted in black circles, Rgs2-/- male are depicted
in white circles. WT female are depicted in black squares, Rgs2-/- female are depicted in white squares * indicates
p<0.05 in ANOVA main effects, + indicates p<0.05 in Bonferroni’s post hoc test.

Sucrose preference in male mice was comparable for both genotypes as well as CMS groups
and control groups (Figure 27A). However, female Rgs2-/- mice showed increased sucrose
preference upon CMS, whereas female WT mice exhibited no alteration in sucrose preference
upon CMS (Figure 27B).
Table 8: ANOVA results for Sucrose Preference

Sucrose
preference (%)

effect
Genotype x CMS
Genotype
CMS

male
significance
p = 0.8280
p = 0.5177
p = 0.8139

F(1;10)
0.05
0.4533
0.05875
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female
F(1;10)
significance
6.85
p < 0.05
0.3389
p = 0.5734
14.57
p < 0.05
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Figure 28: Food Intake measurements
Time course of food intake, illustrated are baseline levels and levels upon three weeks of CMS. Data are mean ±
SEM, n=5-6 cages/genotype and sex, WT male are depicted in black circles, Rgs2-/- male are depicted in white
circles. WT female are depicted in black squares, Rgs2-/- female are depicted in white squares * indicates p<0.05
in ANOVA main effects, + indicates p<0.05 in Bonferroni’s post hoc test.

Upon CMS, food intake was mildly reduced in male WT mice but increased in male Rgs2-/- mice
(Figure 28A). Female WT mice ate less food after 3 weeks of CMS. CMS had no impact on food
consumption of female Rgs2-/- mice (Figure 28B).
Contrary than expected, CMS provoked anhedonic behavior in WT mice but not in Rgs2-/- mice
as shown by reduced food intake. Furthermore, food intake measurements prior to CMS
indicate anhedonic behavior in Rgs2-/- mice at baseline. Interestingly, this behavior was not
intensified by CMS but reduced after 3 weeks of CMS. Taken together, anhedonic behavior is
triggered by Rgs2 deletion, but not intensified by chronic stress upon deletion of Rgs2.
Table 9: ANOVA results for food intake

Food
intake

effect
Genotype x CMS
Genotype
CMS

F(1;10)
5.329
0.7693
0.09652

male
significance
p < 0.05
p = 0.386
p = 0.7577
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F(1;10)
7.448
7.537
7.9

female
significance
p < 0.01
p < 0.01
p < 0.01
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5.4.2 Dark-Light Exploration
Increased anxiety-like behavior is a common comorbidity of depression (Czeh, Fuchs et al.
2016). Rgs2-/- mice show increased innate anxiety (see 5.3) and CMS has been reported to
robustly cause anxiety-like behavior in rodents using various tests including the Dark-Light
Exploration Test (Ma, Jiang et al. 2011, Jung, Hong et al. 2014, Zhu, Wang et al. 2014). To
evaluate whether anxiety-like behavior is provoked in WT mice and further intensified in
Rgs2-/- mice upon CMS, in line with the hypothesis of increased stress susceptibility of Rgs2-/mice, mice were tested in the Dark-Light Exploration Test after 3 weeks of chronic mild stress
exposure (see 5.3.2).
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Figure 29: Dark-Light Exploration upon Chronic Mild Stress
Mice were tested in the Dark-Light Exploration Test 24 hours after exposure to Chronic Mild Stress (CMS) or after
being kept in their home cage (CTR). (A/D) Illustrate are latency time, (B/E) relative time spent in the light
compartment and (C/F) total distance traveled. Data are mean ± SEM, n= 10/genotype and sex, CTR groups are
depicted in plain bars, CMS groups are depicted in hatched bars, male mice are depicted in black, female mice
are depicted in white. * indicates p<0.05 in ANOVA main effects, + indicates p<0.05 in Bonferroni’s post hoc test.

Latency time was comparable between genotype and stress groups in male mice (Figure 29A).
But, as illustrated in Figure 29B male control Rgs2-/- mice spent less time in the lit
compartment compared to control WT mice, while there was no such difference after CMS.
CMS led to a reduction of time spent in the lit compartment in WT mice. The total distance
traveled of both genotypes was marginally reduced after CMS (Figure 29C).
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Female control Rgs2-/- mice showed increased latency time compared to control WT mice,
while there was no such difference after CMS. CMS led to a reduction of latency time in
Rgs2-/- mice (Figure 29D). Control Rgs2-/- mice spent less time in the lit compartment compared
to WT mice, while there was also no such difference after CMS (Figure 29E). While WT mice
spent less time in the lit compartment upon CMS, Rgs2-/- spent more time in the lit
compartment. As illustrated in Figure 29F, Rgs2-/- mice traveled less distance compared to WT
mice during the 10-min testing period. CMS led to an increase of the total distance traveled
for both genotypes.
CMS induced anxiety-like behavior in male and female WT mice as shown by increased latency
times and less time spent in the lit compartment upon CMS. In Rgs2-/-mice CMS had a sexspecific effect. While in male Rgs2-/- mice anxiety-like behavior was unaltered upon CMS,
female Rgs2-/- mice experienced an anxiolytic effect reducing latency time and increasing time
in the lit compartment upon CMS.
Results corroborate promotion of anxiety-like behavior by CMS, however this effect was only
present in WT mice. CMS did not affect Rgs2-/- mice more strongly than WT mice; contrary
male Rgs2-/- mice were unaffected while female Rgs2-/- mice rather showed anxiolysis upon
CMS.
Table 10: ANOVA results for Dark-Light Exploration upon CMS

Latency (min)
Time in light
(min)
Distance
(cm)

effect
Genotype x CMS
Genotype
CMS
Genotype x CMS
Genotype
CMS
Genotype x CMS
Genotype
CMS

F(1;40)
0.733
1.277
0.4821
8.557
3.557
32.79
2.365
0.943
3.847
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male
significance
p = 0.397
p = 0.2653
p = 0.4915
p < 0.01
p = 0.0664
p < 0.0001
p = 0.1318
p = 0.3372
p = 0.0567

F(1;40)
9.999
4.15
15.40
13.55
8.883
0.005
0.7986
4.725
31.6

female
significance
p < 0.01
p < 0.05
p < 0.001
p < 0.001
p < 0.01
p = 0.9429
p = 0.3769
p < 0.05
p < 0.0001
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5.4.3 Social Interaction
Dysfunctional social behavior is a symptom of depression in humans and can be modeled in
mice using the Social Interaction Test (Czeh, Fuchs et al. 2016), thereby evaluating social
anxiety, social motivation and affiliation as well as social memory (Kaidanovich-Beilin, Lipina
et al. 2011). It has been shown, that CMS can impact social behavior (Otsuka, Shiuchi et al.
2015, Gross and Pinhasov 2016) and reported, that Rgs2-/- mice show disrupted social
behavior (see 1.3.3.1.2). To evaluate whether social behavior is disrupted upon CMS due to
increased stress susceptibility of Rgs2-/- mice, mice were tested in Crawley`s three chamber
sociability and preference for social novelty test. This test assesses social behavior of mice in
two phases. In phase I, sociability as an indicator for social affiliation and motivation is
evaluated. “Sociability” is defined as the inclination to spent time with another mouse as
opposed to staying alone in an empty chamber. In phase II, preference for social novelty
indicative of intact social memory and novelty seeking is assessed. “Preference for social
novelty” is defined as the inclination to spent time with a novel mouse as opposed to a familiar
mouse. Mice with functional social behavior show sociability and preference for social novelty.
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Figure 30: Social Interaction Test upon Chronic Mild Stress
Mice were tested in the Social Interaction Test 4 days after exposure to Chronic Mild Stress (CMS) or after being
kept in their home cage (CTR). (A/D) Illustrated are sociability results relative time spent with a stranger mouse
as opposed to an empty compartment, (B/E) social novelty results relative time spent with a novel stranger as
opposed to a familiar mouse (C/F) total distance traveled. Data are mean ± SEM, n= 10/genotype and sex, CTR
groups are depicted in plain bars, CMS groups are depicted in hatched bars, male mice are depicted in black,
female mice are depicted in white. * indicates p<0.05 in ANOVA main effects, + indicates p<0.05 in Bonferroni’s
post hoc test.

During phase I of the Social Interaction Test, male mice consistently preferred the
compartment with stranger 1 mouse present, regardless of genotype or CMS (Figure 30A).
During phase II of the SI test, WT control mice stayed longer in the compartment with a second
new stranger 2 mouse. WT CMS mice exhibited no preference for either stranger 1 or 2.
Rgs2-/- control and CMS mice showed preference for stranger 2 (Figure 30B). Consistent with
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the findings in DLB, CMS led to a reduction of distance traveled by male mice of both
genotypes (Figure 30C).
Female WT mice spent increased time with stranger 1 compared to the empty compartment
in Phase I, regardless of CMS. Rgs2-/- control mice did not exhibit this preference, however,
Rgs2-/- CMS mice did (Figure 30D). In phase II of the test, WT control mice showed preference
for stranger 2, while WT CMS mice did not. Rgs2-/- control mice showed no preference for
stranger 2, while Rgs2-/- CMS mice did (Figure 30E). In female mice of both genotypes CMS
lead to an increase in activity indicated by increased total distance traveled. Rgs2-/- mice,
irrespective of CMS and in line with findings in DLB, show novelty induced hypo-locomotion
compared to WT mice (Figure 30E).
Taken together, these results indicate normal sociability in male and female WT mice,
regardless of CMS. Male Rgs2-/- mice showed comparable behavior, while sociability behavior
was disturbed in female Rgs2-/- mice, which was restored upon CMS to the level of functional
social behavior. Preference for social novelty was present in male and female WT mice,
however, CMS disturbed this preference for social novelty in both sexes. Male Rgs2-/- mice
showed functional preference for social novelty, regardless of CMS. Preference for social
novelty was disturbed in female Rgs2-/- mice, however, CMS restored functional behavior.
Results confirmed that CMS elicits dysfunctional social behavior in WT mice, however male
Rgs2-/- mice again prove not affected by CMS whereas in female Rgs2-/- mice showed disturbed
social behavior, which was restored upon CMS.
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Table 11: ANOVA and T-test results for Social Interaction Test upon CMS

Empty
vs
Stanger 1
Stranger 1
vs
Stranger 2

Distance (cm)

Group
WT CTR
WT CMS
Rgs2-/- CTR
Rgs2-/- CMS
WT CTR
WT CMS
Rgs2-/- CTR
Rgs2-/- CMS
effect
Genotype x CMS
Genotype
CMS

male
T-test
significance
t(18)=8.216
p < 0.0001
t(24)=4.985
p < 0.0001
t(22)=5.591
p < 0.0001
t(18)=5.282
p < 0.0001
t(18)=4.76
p < 0.001
t(24)=0.4688
ns.
t(22)=4.307
p < 0.001
t(18)=5.433
p < 0.0001
male
F(1;40)
significance
0.0021
p = 0.9632
3.377
p = 0.0734
5.182
p < 0.05

female
T-test
significance
t(18)=2.789
p < 0.05
t(22)=6.017
p < 0.0001
t(18)=1.105
ns.
t(20)=5.555
p < 0.0001
t(18)=1.985
ns.
t(22)=1.7609
ns.
t(18)=0.3555
ns.
t(20)=3.702
p < 0.01
female
F(1;40)
significance
0.0292
p = 0.8652
19.17
p < 0.0001
21.37
p < 0.0001

5.4.4 Forced Swim Test
The Forced Swim Test is used to model fatigue or loss of energy using the phenotype of
behavioral despair as an indicator of depressive behavior in mice (Czeh, Fuchs et al. 2016). A
depressive phenotype has been reported for Rgs2-/- mice (see 1.3.3.1.2). To evaluate, whether
depressive behavior is provoked in WT and further intensified in Rgs2-/- mice upon CMS due
to increased stress susceptibility, mice were tested in the Forced Swim Test. The Forced Swim
Test exposes mice to an inescapable situation in a glass beaker filled with water. It evaluates
the tendency to struggle, get free or escape opposed to the tendency to give up and resign.
Two parameters were assessed: (I) the cumulative time spent floating or immobile in the last
4 minutes of the 6-minute testing phase (immobility time) and (II) the time spent struggling
until the first floating occurs (latency to float). Increased floating time and decreased latency
to float indicate behavioral despair or a depressed phenotype.
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Figure 31: Forced Swim Test upon Chronic Mild Stress
Mice were tested in the Forced Swim Test days after exposure to Chronic Mild Stress (CMS) or after being kept
in their home cage (CTR). (A/B) Illustrated are immobility time (cumulative time spent floating or immobile) and
(C/D) latency to float (time spent struggling until the first floating). Data are mean ± SEM, n= 10/genotype and
sex, CTR groups are depicted in plain bars, CMS groups are depicted in hatched bars, male mice are depicted in
black, female mice are depicted in white. * indicates p<0.05 in ANOVA main effects.

Male and female Rgs2-/- mice showed increased immobility times compared to WT in the
Forced Swim Test. (Figure 31A and B). Latencies to float were also reduced for male and
female Rgs2-/- mice compared to WT (Figure 31C and D). Immobility time and latency to float
were independent of CMS for both genotypes and sexes.
These results confirm depression-like behavior in male and female Rgs2-/- compared to WT.
However, contrary to expectations, CMS had no effect on behavioral despair in either
genotype or sex.
Table 12: ANOVA results for Forced Swim Test upon CMS

Immobility
(s)
Latency to float
(s)

effect
Genotype x CMS
Genotype
CMS
Genotype x CMS
Genotype
CMS

F(1;40)
1.331
22.26
0.4975
0.6043
57.28
0.055

male
significance
p = 0.2553
p < 0.0001
p = 0.4846
p = 0.4415
p < 0.0001
p = 0.8151

F(1;40)
0.7805
10.55
1.944
0.040
58.58
0.8017

female
significance
p = 0.3832
p < 0.01
p = 0.1709
p = 0.8419
p < 0.0001
p = 0.3759

5.4.5 Gene expression analysis
Stimuli triggering neuronal plasticity modulate the mRNA expression level of Rgs2 (see 5.2.1.3)
Whether Rgs2 mRNA expression is altered by CMS was assessed using quantitative real time
PCR. Hippocampal and frontal cortices from WT mice were dissected 5-7 days after the last
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behavioral test following CMS paradigme and Rgs2 mRNA expression was quantified. The
hypothesis was that CMS triggers an increase in the mRNA expression level of Rgs2.

Figure 32: Rgs2 mRNA expression levels upon Chronic Mild Stress
mRNA expression changes evaluated by quantitative real time PCR in hippocampus and prefrontal cortex upon
3 weeks of Chronic Mild Stress (CMS) compared to control conditions (CTR). (A) Rgs2 mRNA expression in male
mice and(B) Rgs2 mRNA expression in female mice. Data are mean ± SEM, n=4/genotype, males are depicted in
circles, females are depicted in squares. * indicates p<0.05 in t-test.

There were no changes of Rgs2 mRNA expression in hippocampal and prefrontal cortices after
CMS (Figure 32A and B) in male or female mice. Results suggest that CMS does not elicit a
change in Rgs2 mRNA expression.
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5.5 Cell biological analysis
5.5.1 Neurotransmitter levels
Anxiety disorders and depression are associated with disturbed neurotransmitter systems and
have therefore been classified as secondary neurotransmitter disorders (Kurian, Gissen et al.
2011, Ng, Papandreou et al. 2015). These disturbances are most likely due to alterations in
pre- and postsynaptic signal transmission and are reflected by corresponding behavioral
changes and are therapeutically treated with drugs modulating monoaminergic
neurotransmitter systems and (Cassano, Baldini Rossi et al. 2002, Dell'Osso, Buoli et al. 2010,
Blier 2013). To investigate the effects of Rgs2 deletion monoaminergic neurotransmitter
system in the brain, neurotransmitter levels in two brain regions implicated in depression,
anxiety and fear (frontal cortices and hippocampi) were determined by means of highperformance liquid chromatography (HPLC). In line with observed behavioral changes,
reduced monoaminergic neurotransmitter levels were expected. Table 13 summarizes the
effects of Rgs2 deletion on dopamine, serotonin, norepinephrine and their corresponding
metabolite quotients in frontal cortex and hippocampus.

77

Results
Table 13: Effect of Rgs2 deletion on neurotransmitter levels in frontal cortex and hippocampus
Data are mean neurotransmitter level in ng/g tissue ± SEM, n=6 male mice/genotype.
indicates p<0.05 in one sample t-tests, p values were not adjusted for multiple testing.

*

Neurotransmitter
Dopamine
(HVA + DOPAC) / DA
Serotonin
Hippocampus

5-HIAA / 5-HT
Norepinephrine
MHPG / NA
Dopamine
(HVA + DOPAC) / DA
Serotonin

Frontal cortex

5-HIAA / 5-HT
Norepinephrine
MHPG / NA

WT
(ng/g)
65.85
± 5.86
13.16
± 1.98
480.50
± 108.90
0.80
± 0.08
223.30
± 24.96
3.41
± 0.48
63.66
± 16.80
9.71
± 1.46
267.00
± 24.53
0.56
± 0.06
152.60
± 5.45
3.24
± 0.55

Rgs2-/(ng/g)
48.08
± 5.86
16.02
± 3.01
378.10
± 43.92
0.98
± 0.13
134.90
± 15.91
4.78
± 0.31
52.89
± 10.21
9.06
± 1.65
171.50
± 9.33
0.65
± 0.06
90.28
± 6.59
4.46
± 0.33

significance
t(10) =5.25
p< 0.001
t(10) =1.94
ns
t(10) =2.13
p= 0.0586
t(10) =2.90
p< 0.05
t(10) =7.32
p< 0.0001
t(10) =5.93
p< 0.001
t(10) =1.34
ns
t(10) =0.71
ns
t(10) =8.91
p< 0.0001
t(10) =2.77
p< 0.05
t(10) =17.85
p< 0.0001
t(10) =4.66
p< 0.001

Dopamine levels were reduced in hippocampal preparations of Rgs2-/- mice, but not in the
frontal cortex. The ratio between dopamine and its metabolites HVA and DOPAC was
comparable for WT and Rgs2-/- mice. Concerning serotonin, levels were reduced in the frontal
cortex, but not in the hippocampus. However, the ratio of serotonin and its metabolite 5-HIAA
was significantly increased in both regions of Rgs2-/- mice. Norepinephrine concentrations
were significantly decreased in Rgs2-/- mice in both regions, whereas ratio of norepinephrine
and its metabolite MHPG was significantly increased.
As expected, Rgs2 deletion leads to changes in neurotransmitter concentrations in both
hippocampus and frontal cortex at might contribute to observed behavioral changes.

5.5.2 G protein-coupled receptor expression
RGS proteins regulate the duration of G protein-coupled signaling by accelerating signaling
termination (see 1.3.2). The deletion of Rgs2 may therefore result in altered expression levels
of various GPCRs due to regulatory processes such as internalization and degradation, thereby
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counteracting prolonged signaling upon deletion of Rgs2. Due to the role of Rgs2 in fear
learning, analysis of GPCR expression was focused on the hippocampus and the prefrontal
cortex in male mice. Moreover, expression levels were also evaluated in atria and left ventricle
of the heart separately, due to reported alterations in the blood pressure control and cardiac
hypertrophy in Rgs2-/- mice (see 1.3.3.1.2). Therefore, expression changes in GPCRs possibly
implicated in anxiety and depression, but also in cardiovascular dysregulation were
investigated. The results are illustrated in Table 14.
Table 14: Effect of Rgs2 deletion on GPCR mRNA expression in frontal cortex, hippocampus, atria
and left ventricle
Data are mean fold change ± SEM, n=4-6 male mice/genotype. Grey background indicates p<0.05 in
one sample t-tests, p values were not adjusted for multiple testing.

Brain
G proteincoupled receptor
ADRA2A
ADRAB1
ADRAB2
CCK
CCKAR
CCKBR
DRD2
DRD3
DRD4
GABAB1
GABAB2
HTR1A
HTR1B
HTR2A
HTR2C
NPSR1
NPY
NPY1R
NPY2R
NPY5R

Heart

Hippocampus

Frontal cortex

Atria

Left ventricle

0.68 ± 0.11
n.a.
n.a.
1.06 ± 0.26
n.a.
0.98 ± 0.16
0.82 ± 0.16
n.a.
n.a.
0.87 ± 0.12
0.97 ± 0.19
0.96 ± 0.06
0.87 ± 0.23
1.49 ± 0.33
0.94 ± 0.25
n.a
0.95 ± 0.13
0.88 ± 0.11
1.01 ± 0.09
0.72 ± 0.11

1.14 ± 0.25
n.a.
n.a.
0.92 ± 0.13
n.a.
0.92 ± 0.16
1.17 ± 0.16
n.a.
n.a.
0.97 ± 0.08
1.13 ± 0.08
1.05 ± 0.13
1.03 ± 0.17
1.02 ± 0.12
0.84 ± 0.15
0.95 ± 0.16
0.97 ± 0.12
0.95 ± 0.06
1.03 ± 0.17
1.34 ± 0.39

n.a.
1.08 ± 0.31
1.05 ± 0.36
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
0.37 ± 0.04
n.a.
n.a.

n.a.
0.77 ± 0.14
0.87 ± 0.10
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
0.92 ± 0.24
n.a.
n.a.

In hippocampal preparations of male Rgs2-/- mice, mRNA expression levels of the adrenergic
receptor α2A, the dopaminergic receptor D2, the neuropeptide Y1 receptor and neuropeptide
Y5 receptor are reduced, whereas the serotonin receptor 5-HT2A is significantly increased. In
frontal cortices, the mRNA expression of the dopamine receptor D2 and GABAergic receptor
B2 is increased, while expression levels of the serotonin receptor 5-HT2C are decreased.
In pooled atria, mRNA expression of the neuropeptide Y1 receptor is reduced in Rgs2-/- mice.
In the left ventricle, mRNA expression of both beta-adrenergic receptors, β1 and β2, are
reduced upon Rgs2 deletion.
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Taken together, Rgs2 deletion disrupts GPCR homeostasis and is associated with dysregulation
of mRNA expression of several GPCRs.

5.5.3 Regulator of G protein signaling protein expression
Several members of the RGS protein family show a high sequence similarity, especially within
the R4 family (see 1.3.2). A loss of Rgs2 may therefore be compensated by an increased
expression of other RGS proteins, partly taking over the physiological function of Rgs2. Han
and coworkers previously reported unchanged expression of RGS5, RGS7 RGS8 in neuronal
cultures (Han, Mark et al. 2006). Therefore, expression levels of all RGS protein family
members were determined on the mRNA level by quantitative real time PCR analysis in
hippocampus and whole heart preparations of male Rgs2-/- compared to WT mice.

Figure 33: RGS protein mRNA expression in heart and hippocampus
mRNA expression changes evaluated by quantitative real time PCR upon Rgs2 deletion. Depicted are fold changes
(Rgs2-/- vs WT) of RGS proteins above the limit of detection. (A) RGS protein mRNA expression changes in
hippocampus upon Rgs2 deletion (B) RGS protein mRNA expression changes in whole heart upon Rgs2 deletion.
Data are mean ± SEM, n=4/genotype. * indicates p<0.05 in t-tests, p values were not adjusted for multiple testing.

Expression levels of RGS5, RGS6 and RGS12 were reduced in whole heart preparations in
Rgs2-/- mice (Figure 33A). In the hippocampus, mRNA levels of RGS4, the closest relative to
RGS2, was increased, whereas expression of RGS5 – another member of the R4 family – was
reduced (Figure 33B).
Taken together, results suggest a compensatory increase of RGS4 the closest relative of RGS2
in the heart. However, contrary to expectations, RGS5, RGS6 and RGS12 expression levels
were reduced upon Rgs2 deletion.
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5.5.4 MicroRNA expression analysis
MicroRNAs are involved in neuronal differentiation and synaptic plasticity and have been
implicated in various neuronal processes including learning, memory formation, and
psychiatric disorders (Schratt, Tuebing et al. 2006, Smalheiser and Lugli 2009, Issler and Chen
2015). Therefore, microRNAs potentially regulating Rgs2 expression were identified using
three web-based microRNA target prediction tools and 94 microRNAs putatively regulating
Rgs2 expression were subsequently investigated in a luciferase reporter assay. Furthermore,
microRNAs potentially deregulated upon Rgs2 deletion were assessed in the hippocampus of
Rgs2-/- and WT mice, using microRNA sequencing. The hypothesis was, that Rgs2 deletion
alters microRNA expressions of microRNAs implicated in learning and memory as well as
affective disorders and stress resilience.

5.5.4.1.1

Luciferase Reporter Assay

Figure 34: Luciferase reporter Assay of 4 microRNAs regulating the expression of RGS2 by binding
to the 3’UTR of Rgs2
Predicted microRNAs were tested in a luciferase reporter assay using the 3’UTR of Rgs2 fused to a firefly
luciferase. Illustrated are the luciferase activity repression of the co-expressed microRNAs below 50% maximal
expression. The dotted line indicated 50% repression of luciferase activity, the dashed line 75% repression of
luciferase activity. Ath-miR-159a serves as a negative control indicating maximal luciferase activity. Data are
mean ± SEM of 3-5 trials per microRNA. *, p<0.05 below 50% of maximal luciferase activity, p values were not
adjusted for multiple testing.

Four microRNAs repressed the luciferase activity below 50%, mmu-miR-5623-3p, mmu-miR673-5p, mmu-miR-96-5p and mmu-miR-496b. Results suggest theses microRNAs to be able to
post transcriptionally down-regulate RGS2 expression.
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5.5.4.1.2

MicroRNA Sequencing

Hippocampal RNA preparations of six Rgs2-/- and six WT mice were investigated for microRNA
expression using a sequencing approach. 346 unique microRNAs were mapped to the
sequencing results; 42 microRNAs were significantly dysregulated and 8 microRNAs were
dysregulated with a log fold change of at least 0.5 upon Rgs2 deletion. Out of these eight
microRNAs seven were up-regulated and one microRNA was down-regulated as depicted in
Table 15. These microRNAs may be involved in regulating learning and memory processes,
anxiety-like and depression-like behaviors as well as stress susceptibility.
Table 15: Effect of Rgs2 deletion on microRNA expression in the hippocampus
Illustrated are microRNAs with raw microRNA expression counts of at least 30, a corresponding log2 fold change
of no less than 0.5 and an adjusted p value ≤ 0.05 (Benjamini & Hochberg correction). Data are mean ± SD, n= 6
male mice/genotype.

mature
microRNA

mmu-miR1264-5p
mmu-miR135a-5p
mmu-miR204-3p
mmu-miR204-5p
mmu-miR34a-5p
mmu-miR376b-5p
mmu-miR450a-5p
mmu-miR490-3p

raw miREx
Rgs2-/(counts
± SD)
95.83
± 41.6
1450
± 352.72
88.33
± 35.52
4203.33
± 1654.83
254.17
± 25.7
93
± 14
129.83
± 31.52
166.33
± 29.91

rlog miREx
Rgs2-/- ± SD

6.12
± 0.42
10.4
± 0.3
6.15
± 0.37
11.73
± 0.44
7.9
± 0.11
6.47
± 0.16
6.88
± 0.23
7.42
± 0.17

raw miREx
WT
(counts
± SD)
33.17
± 21.74
847.5
± 396.72
43.83
± 18.47
1759.33
± 983.48
156.33
± 42.73
57.5
± 16.49
76
± 33.44
241
± 36.94
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rlog miREx
WT ± SD

log2 Fold
Change

adjusted
p value

5.34
± 0.32
9.93
± 0.4
5.66
± 0.22
10.95
± 0.34
7.52
± 0.22
6.14
± 0.24
6.46
± 0.37
7.85
± 0.09

0.83

0.02

0.55

0.04

0.67

0.03

0.79

0.01

0.53

0.01

0.5

0.02

0.53

0.05

-0.61

< 0.001
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Regulator of G protein signaling 2 is a protein widely expressed. It regulates several G proteincoupled pathways and is thereby involved in numerous physiological processes. This present
study focuses on neurophysiological aspects such as learning and memory, anxiety-like
behavior, depression-like behavior, stress coping and its underlying molecular causes using a
mouse model with deleted Rgs2 expression.

6.1 Rgs2 deletion increases learning and memory
6.1.1 Behavioral testing
To date, conflicting reports of Rgs2-related effects on memory and learning have been
published. Behavioral tests comparing homozygous and heterozygous knockout mice on
C57BL/6J background revealed comparable spatial and conditional learning in Water Maze
and step down avoidance tests (Oliveira-Dos-Santos, Matsumoto et al. 2000). In 2012,
Lifschytz and coworkers, conducted further studies using a different mouse model exhibiting
reduced RGS2 gene expression via promoter exchange on a background involving
129P2/OlaHsd and C57BL/6J mice. They observed no genotype effect comparing WT,
heterozygous and homozygous Rgs2 knockout mice in a novelty object recognition task.
According to the Hebbian learning model, increasing synaptic strength provides a biological
basis of learning and memory (Hebb, 1949). Strengthening of synapses can be tested by
measuring long-term potentiation (LTP) and increased LTP has been associated with increased
learning (Bliss and Collingridge 1993). Hippocampal LTP was comparable between Rgs2-/- and
Rgs2-/+ mice in hippocampal slices (Oliveira-Dos-Santos, Matsumoto et al. 2000), however, in
vivo readings of LTP were increased in Rgs2-/- compared to WT mice (Hutchison, Chidiac et al.
2009).
Data of the present study showed Rgs2 deletion to enhance learning and memory in three
independent tasks: (I) an emotional aversive-associative learning paradigm, (II) a spatial
learning and (III) a reward motivated spatial learning task. These paradigms employ varying
stimuli, reinforcements, motivators and stress levels. Pavlovian fear conditioning revealed
increased immediate learning, short term fear memory and extinction learning (the latter
tested in male mice only) as shown by augmented “relative freezing time” (see Figure 18 and
Figure 19). Reduced “primary errors” in the Barnes Maze test indicated increased spatial
learning (see Figure 21 and Figure 22) and reduced “incorrect nosepokes” in a place
preference paradigm demonstrated increased reward motivated spatial learning (see Figure
23).
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Data in this study compared 2-month old WT and Rgs2-/- mice. LTP was reported to be
increased when comparing WT and homozygous mice but not when comparing WT and Rg2-/+.
In line with LTP readings, possibly increased learning of Rgs2-/- mice may have been occluded
in the study of Oliveira-Dos-Santos and coworkers by comparing heterozygous and
homozygous mice (Oliveira-Dos-Santos, Matsumoto et al. 2000). Furthermore, inbred strain
background may severely confound behavioral measures and may therefore also occlude
effects (Crawley, Belknap et al. 1997, Bailey, Rustay et al. 2006). Mice on a 129P2/OlaHsd
background showed reduced learning in a habituation experiment as well as in Barnes Maze
testing compared to mice on a C57Bl/6J background. In line with these results, LTP readings
were also reduced in 129P2/OlaHsd mice (Nguyen, Abel et al. 2000, Bolivar 2009). Memory
testing by Lifschytz and coworkers could have therefore been confounded by the mixed
background strain of 129P2/OlaHsd and C57BL/6. Moreover, learning behavior may be age
dependent (Foster 1999). In the present study 2-month old mice were used for memory
testing, as opposed to 4-5 month old mice used by Oliveira-Dos-Santos and coworkers,
possibly additionally affecting the results.
Reduced expression of RGS2 in human patients was associated with a higher incidence of
anxiety disorders in several studies (see 1.3.3.1.1). The etiology of anxiety disorders involves
faulty learn processes (see 1.1.1). Psychotherapeutic treatment approaches such as
systematic desensitization and exposure therapy utilize pavlovian counter conditioning or fear
extinction in order to attenuate a patients’ pathological associations.
Cue fear extinction is tested by repeated exposure to the cue in a changed surrounding to
remove the aversive association of the cue in the mouse Pavlovian fear conditioning paradigm.
This parallels closely fear extinction of exposure therapy in humans. In case of arachnophobia,
the patient is repeatedly exposed to the spider in a safe environment to remove the negative
association of the spider.
Rgs2-/- mice exhibited enhanced learning in conditioning paradigms including enhanced cue
extinction learning. These results suggest, that treatment response to behavioral therapy in
human patients may correlate with polymorphisms associated with reduced Rgs2 expression.

6.1.2 Gene expression and neurotransmitter level changes
RGS2 acts as a GTPase activating protein in numerous Gαi and Gαq GPCR pathways (Bansal,
Druey et al. 2007). Rgs2 deletion may therefore result in prolonged GPCR signaling, which may
be accompanied by compensatory changes in GPCR expression.
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6.1.2.1

Serotonergic system

The 5-HT2A receptor is a postsynaptic receptor of the serotonergic system expressed in
excitatory as well as inhibitory cells localized in cortex, hippocampus, ventral striatum and the
amygdala (Pompeiano, Palacios et al. 1994, Cornea-Hebert, Riad et al. 1999, Lopez-Gimenez,
Vilaro et al. 2001). Several results suggest an important role of this receptor in learning and
memory. A global deletion of 5-HT2A receptors resulted in impaired memory performance in
recognition and working memory tasks (Morici, Ciccia et al. 2015). The medial prefrontal
cortex was suggested to be responsible for this effect, however, a contribution of other brain
structures including the hippocampus could not be excluded (Morici, Ciccia et al. 2015).
Additionally, pharmacological activation of the 5-HT2A receptor was reported to enhance
consolidation and extinction of fear memory, which are hippocampal and amygdala
dependent memory processes (Zhang, Ásgeirsdóttir et al. 2013). The upregulation of 5-HT2A
expression in the hippocampus of Rgs2-/- mice (see Table 14) may therefore be reflected in
enhanced hippocampus dependent learning of Rgs2-/- mice.
The constitutive activity of 5-HT2C receptors contributes to the serotonergic inhibition of the
mesolimbic-mesocortical dopamine pathway (Alex and Pehek 2007). 5-HT2C receptors are
expressed in the bed nucleus of the stria terminalis, amygdala, prefrontal cortex,
hippocampus, striatum and ventral tegmental area (Pompeiano, Palacios et al. 1994, Basura
and Walker 2000). Antagonism or inverse agonism of 5-HT2C receptors increases dopamine
efflux in the nucleus accumbens and prefrontal cortex via the mesolimbic and mesocortical
pathway. Furthermore, 5-HT2C antagonism increases the firing rate of dopaminergic neurons
in the ventral tegmental area. (Gobert, Rivet et al. 2000, Hutson, Barton et al. 2000, Alex and
Pehek 2007, Di Matteo, Di Giovanni et al. 2008). Consequently, modulation of 5-HT2C receptors
may impact the response towards rewarding stimuli via the mesolimbic pathway as well as
cognitive processes such as attention and memory via the mesocortical pathway. Global
deletion of 5-HT2C receptors was reported to lead to increased affective responses i.e. freezing
and ultrasonic vocalizations towards foot shocks in a startle response paradigm in mice.
Disinhibition of the mesolimbic dopamine system was suggested to be the primary mechanism
of this result (Bonasera, Schenk et al. 2015). Furthermore, global deletion of 5-HT2C receptors
lead to an enhanced cocaine-induced dopamine efflux in the nucleus accumbens. Mice
showed preference for self-administration of cocaine suggesting enhanced rewarding
properties of cocaine (Rocha, Goulding et al. 2002). 5-HT2C mRNA expression was reduced in
the frontal cortices of Rgs2-/- mice and accompanied by reduced 5-HT neurotransmitter levels
in the present study. Reduced 5-HT2C signaling in Rgs2-/- mice may therefore lead to decreased
serotonergic inhibition of the mesolimbic and mesocortical dopamine pathway. Consequently,
rewarding stimuli may be perceived with more attention, promoting increased reward
learning.
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6.1.2.2

Dopaminergic system

Dopamine receptors are classified into D1-like and D2-like families. D1-like receptors (D1 and
D5) couple to Gαs, D2-like receptors (D2, D3 and D4) to Gαi (Ilani, Ben-Shachar et al. 2001, Le Foll,
Gallo et al. 2009). RGS2 increases predominantly the GTPase activity of Gαi and Gαq. Therefore,
expression of the D2-like familiy was of most interest for the present study.
D2 receptors are expressed in the striatum, olfactory tubercle, nucleus accumbes, striatum,
hypothalamus, ventral tegmental area, prefrontal cingulate temporal and enthorinal cortex,
amygdala and hippocampus (Missale, Nash et al. 1998). A global deletion of the D2 receptor
in mice showed severly impaired hippocampal-memory performance in Morris Water Maze
as well as LTP induction. Pharmacological blockage of D2 reseptors with sulpiride, a D2/D3
receptor antagonist, induced comparable impairments in Morris Water Maze and LTP. This
effect was related to presynaptic D2 receptors and associated with elevated hippocampal
dopamine levels (Rocchetti, Isingrini et al. 2015). The role of D2 signaling in learning was
further confirmed in humans and non-human primates using fMRI and single neuron
recordings respectively, showing prefrontal D2 activation during spatial memory tasks (Wang,
Vijayraghavan et al. 2004, Gelao, Fazio et al. 2014). Likewise, increased surface expression of
D2 receptors using a transgenic mouse model enhanced spatial memory acquisition and novel
environment exploration (Saab, Georgiou et al. 2009). Consequently, increased D2 mRNA
expression in the frontal cortex of Rgs2-/- mice may contribute to increased spatial learning in
all three tested learning paradigms. However, D2 mRNA expression of Rgs2-/- mice was
reduced in hippocampus and accompanied by reduced dopamine levels, which would be
expected to result in impaired memory performance according to Rocchetti and coworkers
(Rocchetti, Isingrini et al. 2015). The D2 receptor has two isoforms, D2 long and D2 short. The
D2 long is primarily located at postsynaptic sites, while the D2 short is considered to be the
predominant presynaptic dopaminergic auto receptor. Presynaptic deletion of D2 expression
by targeting dopamine transporter positive cells using the Cre/loxP technique, as used by
Rocchetti and coworkers, should result in a loss of presynaptic inhibition and lead to increased
dopamine levels. However, studying D2 mRNA expression in the hippocampus of Rgs2-/- mice
includes both pre- and postsynaptic receptors. Reduced D2 expression was accompanied by a
reduction of dopamine levels, which may result from compensatory processes. While global
and pre-synaptic loss of D2 function affects learning, a compensatory adaption of D2
expression and dopamine levels upon Rgs2 deletion may have no impact on learning and
memory.
Expression levels of D3 and D4 receptors in hippocampus and prefrontal cortex were below the
limit of detection in the quantitative real time PCR analysis of the present study. Previous
reports have suggested an expression of D3 and D4 receptors in the prefrontal cortex (Suzuki,
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Hurd et al. 1998, Wedzony, Chocyk et al. 2000) along with a modulatory function concerning
cognition, learning and memory (Furth, Mastwal et al. 2013, Nakajima, Gerretsen et al. 2013).
A global deletion of D3 receptors in mice improved aversive associative learning using passive
avoidance testing (Micale, Cristino et al. 2010) as well as spatial learning using the Morris
Water Maze (Xing, Kong et al. 2010, Xing, Meng et al. 2010). Pharmacological agonists and
antagonists of D3 and D4 receptors have shown mixed effects on cognitive function in humans
and rodents. D3 receptor blockage was suggested to enhance cognitive function while D3
receptor activation impair the same (Nakajima, Gerretsen et al. 2013). D4 receptor agonists
increase working memory and fear acquisition in rodents (Bernaerts and Tirelli 2003,
Browman, Curzon et al. 2005), however a global deletion of D4 receptors did not induce
alterations in learning and memory (Falzone, Gelman et al. 2002). In line with the results of
the present study, Rocchetti and coworkers were unable to detect D3 and D4 receptor
expression in the hippocampus (Rocchetti, Isingrini et al. 2015). However, a contribution of
these D2-like receptors to the observed learning phenotype of Rgs2-/- mice cannot be
excluded.

6.1.2.3

Intermediate early genes

Intermediate early gene (IEG) expression has been proposed as an important process involved
in plastic changes of synapses representing the molecular underlying of long-term memory
formation (Minatohara, Akiyoshi et al. 2015). Neuronal gene expression, in particular
intermediate early genes such as c-fos, Arc and Rgs2 are rapidly and dynamically changed
upon neuronal activity. Neuronal activity can be triggered using pharmacologically induced
convulsive and sensory stimuli, as well as behavioral tasks. In hippocampal dependent
memory tasks, such as the Morris Water Maze and contextual fear conditioning, rapid IEG
changes were observed (Lonergan, Gafford et al. 2010, Minatohara, Akiyoshi et al. 2015).
Stimuli promoting changes of synaptic plasticity or intermediate early gene expression induce
a rapid upregulation of Rgs2 expression in several brain regions (see 1.3.3.1.2). These stimuli
include neuronal activation with maximal electroconvulsive seizures (Ingi, Krumins et al. 1998)
pharmacological intervention with amphetamine, (Burchett, Volk et al. 1998), risperidone and
haloperidol (Robinet, Geurts et al. 2001). However, a RGS2 IEG response upon a hippocampal
dependent behavioral task is yet to be investigated.
In the present study, an intermediate early gene response of Rgs2 mRNA was observed 1 and
6 hours after the acquisition phase of the fear conditioning paradigm. However, this response
was minor and sex-specific. Hippocampal Rgs2 mRNA levels were decreased in male mice
while there was no change in female mice. In the prefrontal cortex, Rgs2 mRNA levels were
increased in male mice and decreased in female (see Figure 20).
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These results may suggest a role of dynamic RGS2 regulation in hippocampal dependent
aversive learning. Reduced Rgs2 mRNA expression in male mice upon fear acquisition may
prolong GPCR signaling in the hippocampus, thereby facilitating long term memory formation.
This concept is supported by increased hippocampal dependent learning in the context test of
the fear conditioning paradigm by male Rgs2-/- mice only. Female Rgs2-/- mice did not show
enhanced hippocampal dependent learning in the context test of the fear conditioning
paradigm concurrent with unaltered hippocampal Rgs2 mRNA expression.
To further investigate the role of dynamic RGS2 expression in learning and memory,
hippocampal IEG expression of RGS2 needs to be evaluated in other hippocampus dependent
learning tasks, such as the Barnes Maze, Morris Water Maze and novel environment exposure.
Additionally, dynamic IEG expression is not restricted to hippocampal dependent processes,
and mRNA expression results in the prefrontal cortex suggest that dynamic expression of RGS2
may influence synaptic plasticity in several brain regions.
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6.2 Rgs2 deletion provokes sex specific stress coping behavior
6.2.1 Behavioral testing
Stress, stress coping or stress resilience are part of the etiology of several mental illnesses
including anxiety disorders and depressive disorders (see 1.1). Behavioral phenotyping of
Rgs2-/- mice revealed increased anxiety- and depression-like behavior (see 6.2 and 6.4).
However, there is no data of Rgs2 on stress coping or stress resilience giving insight into a
potential role of Rgs2 in the etiology of anxiety and depressive disorders. In the present study,
the impact of two forms of stress, acute and chronic on Rgs2-/- mice were investigated.
As a model for acute short term stress the fear conditioning paradigm were used. Electric foot
shocks serve as acute stressors in this paradigm (Campos, Fogaca et al. 2013). Innate anxiety
measures in approach-avoidance tests (EPM, DLB and OF) were used as an indicator of
possible fear generalization after acute stress.
Fear generalization was suggested by heightened cautious behavior in novel surroundings
(novelty-induced hypo-locomotion or neophobia) as indicated by decreased “total distance
traveled” in all three tests. After acute stress, fear generalization occurred in male mice of
both genotypes. In female mice fear generalization occurred in both genotypes, however, this
effect was pronounced in WT mice. This might be either due to a floor effect in female Rgs2-/mice or due to altered stress coping indicating a potential role of Rgs2 in the etiology of anxiety
disorders.
Chronic stress was caused using the Chronic Mild Stress model. Chronic Mild Stress is an
established animal model of depression, based on the stress-diathesis hypothesis. It reveals
alterations in stress coping and stress resilience and may point towards genetic susceptibility
genes for depression. CMS induces persisting changes in rodents mirroring depression-like
symptoms in humans. Antidepressant treatment can reverse most effects of CMS
strengthening its predictive validity (Mineur, Belzung et al. 2006, Campos, Fogaca et al. 2013).
Various protocols have been reported and the protocol of Zhu and coworkers was adapted
according to options available and feasible in the used animal facility. It included commonly
used stressors such as overnight light, food and water deprivation and others (see 5.4 (Willner
1997, Willner 2005, Zhu, Wang et al. 2014). Stress coping was evaluated concerning
anhedonia, behavioral despair, social behavior and anxiety like behavior
Upon CMS, anhedonic behavior was provoked in WT mice, while baseline anhedonic behavior
of Rgs2-/- mice was normalized. Behavioral despair was unchanged by CMS among both
genotypes and sexes. CMS had sex specific effects on social and anxiety-like behavior; WT
mice (male and female) showed disturbed social memory upon CMS, while male Rgs2-/- mice
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showed unaffected normal social behavior irrespective of CMS. Disturbed social behavior of
female Rgs2-/- mice was normalized upon CMS. Anxiety-like behavior was increased in WT
mice (male and female), while male Rgs2-/- mice were unaffected and female Rgs2-/- mice
conversely display anxiolysis, upon CMS. A confounding effect of increased activity after CMS
(File and Seth 2003) can be excluded since female mice of both genotypes are more active
after CMS.
The present study indicates stress susceptibility, stress resilience and stress coping to be sex
specifically altered in Rgs2-/- mice, mirroring a sex specific effect of stress in the etiology of
both anxiety and depression. Furthermore, results suggest Rgs2 deletion to alter basal stress
level possibly promoting a depressive and anxious phenotype in mice.

6.2.2 Gene expression changes
6.2.2.1

Adrenergic system

The α2A receptor system is important for the regulation of neuropsychological stress responses
and stress coping behavior (Stamatakis, Pondiki et al. 2008). Stress induces noradrenaline
release in frontal cortex, amygdala and hippocampus (Millan 2003). Upon acute and long term
exposure to stress, α2A receptor function in the hippocampus at pre-synaptic sides can be
increased, thereby reducing the responsiveness of the hippocampus to noradrenergic
innervation (Fulford and Marsden 1997). In Rgs2-/- mice, α2A receptor mRNA expression was
reduced in the hippocampus and accompanied by a reduction of noradrenaline levels and
noradrenaline turnover in the hippocampus and prefrontal cortex. This disruption of the
noradrenergic system may impair stress induced compensatory mechanisms, thereby altering
behavioral stress coping and response.
Stress induced sympathetic activation stimulates the release of norepinephrine at
sympathetic nerve endings and provokes norepinephrine and epinephrine secretion from the
adrenal gland. Thereby a fight or flight response including increased heart rate, heart
contractility and blood pressure is mediated (Mazzeo, Micalizzi et al. 2014, Tank and Lee Wong
2015). At the heart, these effects are predominantly mediated by β1 and β2 adrenergic
receptors. It has been suggested that Rgs2 regulates β adrenergic signaling in the heart and
may thereby influence blood pressure regulation and cardiac dysfunction (Nunn, Zou et al.
2010, Chakir, Zhu et al. 2011). Furthermore, Gross and coworkers suggested an increased
sympathetic tone in Rgs2 deficient mice accompanied by an increased behavioral stress
reaction to novelty (Gross, Tank et al. 2005). In the present study, mRNA expression of the β
adrenergic receptors β1 and β2 was reduced in the left ventricle of the heart upon Rgs2
deletion. This may reflect altered reactivity to stress induced sympathetic nerve activation as
well as a compensatory adaption to an increased sympathetic tone.
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6.2.2.2

Neuropeptide Y system

Via the neuropeptide Y1 receptor, NPY can activate the hypothalamic-pituitary-adrenal axis
and the sympathetic adrenomedullary system which both play an important role in stress
reactivity (Renshaw, Thomson et al. 2000, Kask, Harro et al. 2002, Heilig 2004, Dimitrov,
DeJoseph et al. 2007). Furthermore, NPY is a co-transmitter of norepinephrine in the
sympathetic nervous system (Waeber, Aubert et al. 1988). Upon stress, NPY release is
provoked in the central nervous system and leads to anxiolytic effects, primarily mediated by
the NPY1 receptor (Thorsell, Carlsson et al. 1999, Karlsson, Choe et al. 2008). Acute restraint
stress enhanced exploratory behavior and reduced anxiety-like behavior in the Elevated Plus
Maze in male mice with a global deletion of the NPY1 receptor (Karl, Burne et al. 2006).
Painsipp and coworkers showed a similar increase in exploratory behavior upon stress, elicited
by the Forced Swim Test in female mice with a global deletion of the NPY1 receptor, concluding
that NPY via the NPY1 receptor controls stress coping behaviors (Painsipp, Sperk et al. 2010).
In humans, the haplotype-driven NPY expression predicts brain responses to emotional stress
challenges and inversely correlates with trait anxiety, suggesting NPY to regulate stress
resilience (Zhou, Zhu et al. 2008). Furthermore, the NPY1 receptor is suggested to be involved
in stress mediated cardiovascular response (Klemfuss, Southerland et al. 1998, Tovote, Meyer
et al. 2004, Costoli, Sgoifo et al. 2005). NPY acts as a vasoconstrictor either directly or indirectly
by potentiating noradrenaline-induced vasoconstriction. In the cardiovascular system, the
NPY1 receptor is the predominant NPY receptor in both blood vessels and the heart (Prieto,
Buus et al. 2000). In the present study, NPY1 receptor mRNA expression was reduced in the
hippocampus and atria upon Rgs2 deletion. Therefore, NPY effects mediated by the NPY1
receptor upon stress may be attenuated and subsequently contribute to the observed
alterations of stress coping and stress resilience of Rgs2-/- mice.

6.2.2.3

microRNA Expression changes

Recent studies have implicated microRNAs in neuropsychiatric disorders as well as cognitive
function and stress response (Bredy, Lin et al. 2011, Konopka, Schutz et al. 2011, Smalheiser,
Lugli et al. 2012, Wang, Kwon et al. 2012, Fan, Sun et al. 2014, Wang, Zhang et al. 2014). Mice
lacking Rgs2 revealed increased cognitive function (see 6.1), increased anxiety-like (see 6.2)
and depression-like behavior (see 6.4) as well as altered stress resilience or stress coping
behavior (see 6.2). MicroRNA sequencing of hippocampi of Rgs2-/- and WT mice showed
increased expression of seven microRNAs, including miR-34a-5p and miR135a-5p. While these
microRNAs do not directly regulate Rgs2 expression as indicated by unchanged repression of
luciferase activity in the luciferase reporter assay, these microRNAs have been implicated in
several neurobiological processes.
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Hsa-miR-34a-5p was reported to be upregulated in cerebral spinal fluid of patients suffering
from major depressive disorder and suggested to be a biomarker for depression (Wan, Liu et
al. 2015). Furthermore, mmu-miR-34a-5p was upregulated in the ventral tegmental area of
mice subjected to two weeks of chronic mild stress, (Zurawek, Kusmider et al. 2016) and mice
lacking mmu-miR-34 expression proved resilient to stress-induced anxiety suggesting mmumiR-34 to be critical for the regulating the behavioral and neurochemical response to acute
stress (Andolina, Di Segni et al. 2016). In the present study mmu-miR-34a-5p was upregulated
in Rgs2-/- mice compared to WT under control conditions suggesting Rgs2-/- mice to be in a
stressed state under normal housing conditions. Furthermore, the increased baseline stress
level might alter stress resilience and stress coping upon subjection to further acute or chronic
stressors.
Mmu-mir-135 mediates anxiety and depression-like behavior in mice and its overexpression
was associated with a reduction of anxiety-like and depression-like behavior in mice.
Additionally, mmu-miR-135a overexpressing mice were resilient to social defeat stress
indicating mmu-miR-135 to mediate stress resilience. Furthermore, hsa-miR-135 was
downregulated in depressed patients and was suggested to mediate antidepressant response
(Issler, Haramati et al. 2014). Furthermore, miR-135a-5p expression was reduced in the
prefrontal cortex of mice upon 2 weeks’ chronic mild stress corroborating its importance in
stress resilience (Zurawek, Kusmider et al. 2016). In the present study mmu-miR-135a-5p was
upregulated in Rgs2-/- mice under control conditions compared to WT. Conversely, Rgs2-/- mice
showed an anxious and depressed phenotype despite the increased mmu-miR-135a-5p
expression. This finding might be due to further gene expression changes in Rgs2-/- mice,
masking the mmu-miR-135a-5p effect. However, increased mmu-miR-135a-5p may contribute
to altered stress coping and stress resilience in Rgs2-/- mice.
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6.3 Rgs2 deletion increases innate anxiety
6.3.1 Behavioral testing
Several reports in humans and mice suggest reduced RGS2 expression to correlate with
increased anxiety (see 1.2.3.1). Increased incidence of several sub-types of anxiety disorders
including panic disorder, generalized anxiety disorder and social anxiety disorder was
suggested to be associated with polymorphisms in and flanking the human RGS2 gene
(Leygraf, Hohoff et al. 2006, Smoller, Paulus et al. 2008, Koenen, Amstadter et al. 2009, Otowa,
Shimada et al. 2011, Stein, Keshaviah et al. 2014, Hohoff, Weber et al. 2015).
In 2000, Oliveira-dos-Santos and coworkers reported increased innate anxiety of Rgs2-/- mice
using the Dark-Light Exploration Test and Open Field defecation (Oliveira-Dos-Santos,
Matsumoto et al. 2000). Subsequently, Yalcin and coworkers mapped the Rgs2 gene into a
quantitative trail locus influencing anxiety in mice (Yalcin, Willis-Owen et al. 2004). Lifschytz
and coworkers, applied a different mouse model (see 6.1.1) and extended these findings by
reporting increased innate anxiety in the Elevated Plus Maze (Lifschytz, Broner et al. 2012). To
date, all experiments were conducted only in male Rgs2-/- mice even though the prevalence
of anxiety disorders is almost twice as high in women (McLean, Asnaani et al. 2011).
Animal models are essential for the investigation of anxiety-related disorders, new
pharmacological treatments and new pharmacological targets (Campos, Fogaca et al. 2013).
Innate anxiety is defined as unconditioned anxiety and gives insight into an animals’ acute
anxious state. The animals´ conflict between the tendency to approach and explore novel
environments as opposed to an avoidance of unprotected open spaces is used to extrapolate
innate anxiety (see 1.2.3.1). The tests trigger this approach avoidance conflict between
sections of the test apparatus perceived as “safer” as opposed to more “dangerous” (Lister
1990). In the present study, a well validated test battery was used to assess innate anxiety. All
tests are based on the approach-avoidance conflict: the Elevated Plus Maze, the Dark-Light
Exploration and the Open Field Tests (Cryan and Holmes 2005).
The present study confirmed previous reports of increased innate anxiety in the Elevated Plus
Maze, Dark-Light Exploration and Open Field Tests. Rgs2-/- mice also showed novelty-induced
hypo-locomotion suggesting heightened cautious behavior in a novel environment and the
endophenotype neophobia in all three tests (Bortolato, Chen et al. 2008). Normal habituation
behavior, evaluated by distances travelled during 10-min intervals in the Open Field, was
normal in both Rgs2-/- and WT mice, further corroborating the concept of neophobia in Rgs2/-

mice. Home cage activity, measured in the IntelliCage setting by counting the corner visits

of each mouse, was unchanged in Rgs2-/- compared to WT mice confirming hypo-locomotion
to be specific for novel environments.
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Novelty-induced hypo-locomotion or neophobia may translate into the clinical picture of
agoraphobia in humans. Interestingly, reduced RGS2 expression in humans was associated
with a higher incidence of panic disorder with agoraphobia (Leygraf, Hohoff et al. 2006).
Consequently, RGS2 may therefore represent a novel pharmacological target for agoraphobia.

6.3.2 Gene expression changes
6.3.2.1

Serotonergic system

Lifschytz and coworkers suggested an involvement of the serotonergic system in the observed
behavioral alterations of Rgs2-/- mice. However, Lifschytz and coworkers used a different
mouse model with a reduced Rgs2 expression for their studies (see 6.1.1). The lack of RGS2
mediated termination of downstream signaling may induce a stronger serotonergic inhibitory
tone in Rgs2-/- mice. In the raphe nuclei, 5-HT1A receptors function mainly as inhibitory
somatodendritic autoreceptors while 5-HT1B receptors act as autoreceptors on serotonergic
axons inhibiting 5-HT release and synthesis (McDevitt and Neumaier 2011) Consequently, a
compensatory downregulation of serotonergic receptors 5-HT1A and 5-HT1B upon Rgs2
deletion occurs to facilitate increased serotonergic transmission (Lifschytz, Broner et al. 2012).
These results were supported by lower reactivity of Rgs2-/- mice to 8-OH-DPAT induced
hypothermia, suggesting reduced HT1A receptor function. 8-OH-DPAT may reduce the body
temperature by activating 5-HT1A receptors, therefore 8-OH-DPAT induced hypothermia gives
insight into in vivo 5-HT1A autoreceptor function (Martin, Phillips et al. 1992). Lifschytz and
coworkers suggested this serotonergic disruption to be partly responsible for the anxiety and
depression-like phenotype in Rgs2-/- mice.
In addition to their importance for learning and memory, brain regions with prominent 5-HT2A
receptor expression are also involved in modulating the behavioral response to threats and
novelty, representing the innate anxiety state of an organism. Global deletion of 5-HT2A
receptors in mice provoked an anxiolytic phenotype in behavioral tests evaluating innate
anxiety, while depression-like behavior remained unchanged (Weisstaub, Zhou et al. 2006).
Conflicting results regarding the pharmacological manipulation of the 5-HT2A receptor have
been reported. While agonists seemed ineffective towards the anxiety state, antagonists were
shown to be both anxiogenic and anxiolytic (Millan 2003). Consequently, it is unclear whether
increased 5-HT2A receptor expression in the hippocampus of Rgs2-/- mice contributes to
increased innate anxiety of Rgs2-/- mice.
5-HT2C receptors are suggested to control anxious states (Millan 2003). A global deletion of 5HT2C receptors in mice induced an anxiolytic phenotype (Heisler, Zhou et al. 2007).
Accordingly, 5-HT2C agonists were reported to be anxiogenic while antagonists were suggested
to be anxiolytic (Millan 2003). Interestingly, a reduced expression of 5-HT2C accompanied by
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reduced 5-HT neurotransmitter level were noted in the prefrontal cortex of Rgs2-/- mice while
conversly mice display an anxious phenotype. This might suggest that even in the presence of
reduced 5-HT neurotransmitter levels and reduced 5-HT2C receptor expression, deletion of
Rgs2 may result in increased 5-HT2C mediated signaling, due to its strong accelerating effect
on the GTPase activity of the Gαq subunit (Ross and Wilkie 2000). Therefore, anxiolytic effects
provoked by decreased 5-HT2C expression may be reverted into anxiogenic effects, suggesting
an important regulatory role of Rgs2 on 5-HT2C mediated signaling and associated anxiety.

6.3.2.2

Adrenergic system

The adrenergic system is activated upon anxiogenic or stressful stimuli, thereby controlling
the anxiety response of an organsim. The α2A receptor is broadly expressed in the central
nervous system (CNS) and in peripheral tissues. In the CNS, high pre- and postsynaptic α2A
receptor mRNA expressions levels are found in the caudate putamen, nucleus accumbens,
hippocampus and substantia nigra. Several results suggest an important role of the α2A
receptor in innate anxiety. A global deletion model of the α2A receptor in mice revealed
increased anxiety and reduced locomotor activity in a novel environment (Schramm,
McDonald et al. 2001, Lahdesmaki, Sallinen et al. 2002). Furthermore, the noradrenaline
turnover in cortex and hippocampus were increased, putatively due to the loss of presynaptic
inhibition of noradrenaline release by the α2A receptor (Lakhlani, MacMillan et al. 1997,
Lahdesmaki, Sallinen et al. 2002). Upon Rgs2 deletion, α2A receptor mRNA expression was
reduced in the hippocampus. Furthermore, norepinephrine levels and the norepinephrine
turnover were reduced in hippocampus and prefrontal cortex, possibly indicating reduced
presynaptic inhibition. Increased innate anxiety as well as novelty-induced hypo-locomotion
or neophobia could therefore be partly explained by a disruption of presynaptic noradrenergic
inhibition. The noradrenergic system is also of great importance in depression, stress coping
and stress reactivity this is discussed in chapters 6.4and 6.2.

6.3.2.3

Neuropeptide Y system

Neuropeptide Y is highly expressed in the cerebral cortex. It co-localizes with noradrenaline
receptors in the locus ceruleus and the sympathetic nervous system (Illes and Regenold 1990).
NPY binds to 6 G protein-coupled receptors Y1 to Y6, all coupling to Gαi. The NPY1 receptor is
the most abundant NPY receptor in the CNS and highly expressed in the hippocampus,
periaqueductal grey, frontal cortex, hypothalamus and amygdala (Millan 2003). The NPY1
receptor is suggested to modulate anxiety-like behavior. Global deletion of the NPY1 receptor
in mice results in anxious behavior dependent on the type of anxiety test and the time of
testing in the circadian cycle (Karl, Burne et al. 2006). Furthermore, conditional deletion of
hippocampal NPY1 receptors (Bertocchi, Oberto et al. 2011) as well as conditional inactivation
of NPY1 receptors in NPY5 receptor positive cells (Longo, Mele et al. 2014) increases anxiety95
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like behavior in mice. In line with these findings, hippocampal overexpression of NPY1 receptor
leads to decreased anxiety in mice (Olesen, Christiansen et al. 2012). Pharmacological
modulation of the NPY1 receptor affects anxiety-like behavior in rodents. NPY1 receptor
agonists are anxiolytic while antagonists are anxiogenic (Kask, Harro et al. 2002, Heilig 2004,
Lin, Boey et al. 2004, Primeaux, Wilson et al. 2005, Eva, Serra et al. 2006). In conclusion,
reduced NPY1 receptor mRNA expression in the hippocampus of Rgs2-/- mice may contribute
to heighten innate anxiety. Furthermore, the neuropeptide Y system is important in stress
coping and reactivity (see 6.2).
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6.4 Rgs2 deletion increases depressive behavior
6.4.1 Behavioral testing
Previous results suggest Rgs2 deletion to promote depression-like behavior in mice. Lifschytz
and coworkers reported increased behavioral despair in Rgs2-/- mice using the Forced Swim
Test. Additionally, social behavior tested in the Social Interaction Test was disrupted in
Rgs2-/- mice and dysfunctional social behavior represents one endophenotype of depression
in mice (Lifschytz, Broner et al. 2012). However, as mentioned above, Lifschytz and coworkers
used a different mouse model on a different inbred strain background. In humans, no
association of RGS2 polymorphisms with depression has been observed so far. However, an
association of RSG2 polymorphisms with suicide was reported, putatively linking RGS2 with
depression, as depression is the neuropsychiatric disorder most commonly associated with
suicide. The importance of RGS2 in suicide was further strengthened by findings of increased
RGS2 expression in postmortem brains of suicide subjects in the same study (Cui, Nishiguchi
et al. 2008). To date, all experiments were carried out using male Rgs2-/- mice, even though
sex specific effects regarding depression are well known and the prevalence of depression is
approximately twice as high in women compared to men (Accortt, Freeman et al. 2008).
The present study indicates depression-like behavior in Rgs2-/- mice to be similarly more
distinctive in female mice mirroring a sex specific effect of depression. Increased behavioral
despair of male Rgs2-/- mice was replicated using the Forced Swim Test as done by Lifschytz
and coworkers. Importantly, this finding was confirmed for female Rgs2-/- mice. Anhedonia
was increased as suggested by Sucrose Preference and food intake. This effect was
pronounced and social behavior was only disrupted in female Rgs2-/- mice.
Taken together the present study corroborates findings of Lifschytz and coworkers and
suggests Rgs2 as a contributing factor for the sex specificity of depression.

6.4.2 Gene expression analysis and neurotransmitter levels
6.4.2.1

Adrenergic system

A global deletion of the α2A receptor in mice was suggested to result in a depression-like
phenotype. Behavioral despair was increased in a modified version of the Porsolt test.
However, the tricyclic antidepressant imipramine was unable to rescue this phenotype
(Schramm, McDonald et al. 2001). Furthermore, postmortem studies in humans reporting
altered functionality of α2A receptors in depressed patients strengthen the role of α2A
receptors in depression (Valdizan, Diez-Alarcia et al. 2010). Genetic association studies were
inconsistent, suggesting both no association with depression (Martin-Guerrero, Callado et al.
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2006) as well as a link between ADRA2A variants and treatment response to SNRIs (Wakeno,
Kato et al. 2008). Since α2A receptor mRNA expression was reduced in the hippocampus upon
Rgs2 deletion, the noradrenergic system may also contribute to a depression-like phenotype
of Rgs2-/- mice, in line with the results of Schramm and coworkers.

6.4.2.2

Neurotransmitter level

The monoamine-deficiency hypothesis is the pharmacologically most relevant hypothesis of
depression (Hasler 2010, Hamon and Blier 2013). This hypothesis arises from the fact that
almost every drug inhibiting monoamine reuptake or degradation and leading to increased
concentrations of monoamines in the synaptic cleft, proves to be an effective antidepressant
(Belmaker and Agam 2008, Morrissette and Stahl 2014). The monoamine-deficiency
hypothesis suggests a depletion of the neurotransmitters serotonin, norepinephrine and
dopamine in the central nervous system to be an underlying cause of depression.
In the present study, monoamine neurotransmitter levels in prefrontal cortex and
hippocampus were reduced upon Rgs2 deletion (see Table 13). This effect of Rgs2 deletion
may contribute to the observed depression-like phenotype.
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6.5 Behavioral phenotyping issues
6.5.1 Health issues
Abnormalities in general health interfere with behavioral testing and can severely confound
results or lead to false interpretations making unaltered general health of Rgs2-/- mice
imperative for behavioral testing (Crawley, 2007).
General health of Rgs2-/- mice was anticipated to be comparable to WT mice due to previous
publications (Oliveira-Dos-Santos, Matsumoto et al. 2000, Lifschytz, Broner et al. 2012).
However, male and female Rgs2-/- mice showed reduced body weight compared to age
matched WT mice giving rise to a possible role of RGS2 in developmental or growth regulating
processes. Conversely, in humans reduced RGS2 expression due to polymorphism rs4606 was
associated with increased BMI in hypertensive patients (Sartori, Ceolotto et al. 2008). Reduced
body mass was accompanied by lower lean mass in male Rgs2-/- mice (see Figure 15). Reduced
exercise or movement may result in lower body weight and be accompanied by reduced lean
mass. Reduced food intake can also lead to lower body weight in mice, and in fact Rgs2-/- mice
showed a significant 9.7-14.3 % reduction (see Figure 15).
Furthermore, contrary to previous reports, Rgs2-/- mice were less active in the present study
(“total distance traveled”), indicating reduced exercise or movement in all conducted tests
involving a novel environment. Previous reports suggested unchanged activity of Rgs2-/- mice
in circadian activity measurements in a home cage setting for 48 hours. Possible novelty
induced alterations such as novelty induced hypo-locomotion may have been occluded
(Oliveira-Dos-Santos, Matsumoto et al. 2000). Further analysis in this study revealed similar
home cage activity i.e. movement measured by counting corner visits in the IntelliCage
adaptation phase of male Rgs2-/- and WT mice (see Figure 16), strengthening the
interpretation of altered activity in novel environments only. Therefore, lower body weight
and lean mass are probably not caused by reduced exercise or movement.
Lower food intake in an ad libitum food and water access situation may indicate a lower
metabolism or anhedonic behavior. Further tests indicate depression-like behavior of Rgs2-/mice to be increased in Forced Swim Test (see Figure 31) and Sucrose Preference Test (see
Figure 27). This further corroborates interpretation as anhedonic behavior as opposed to
lowered metabolism.
Taken together, altered developmental or growth regulating processes as well as lowered
metabolism upon Rgs2 deletion cannot be conclusively excluded. Due to the similar home
cage activity, it was concluded general health issues did not interfere with behavioral testing.
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6.5.2 Learning and memory testing
Pavlovian fear conditioning is an established paradigme to investigate aversive emotional
learning and memory (Rodrigues, Schafe et al. 2004, Izquierdo, Furini et al. 2016). Learning is
reinforced by a negative aversive stimulus, an inescapable electric foot shock which is paired
with distinct environmental cues i.e. a specific tone (US) and specific cage/context. Mice are
trained to learn and remember the association between the aversive stimulus the tone and
the context or cage they were trained in. The main parameter evaluated is “relative freezing
time” and freezing time is scored automatically by the fear conditioning software. A reduction
of exploratory behavior, as observed with Rgs2-/- mice in novel environments, can confound
the automatic measurement. To prevent scoring low exploratory behavior as freezing, the
threshold to count immobility as freezing was set to >2s. Using this threshold, lower activity is
unlikely to falsely inflate freezing scores.
The Barnes Maze test was developed to evaluate spatial memory on dry-land reducing the
procedural difficulties and the stress component (Barnes 1979) elicited by swimming during
Water Maze procedures (Morris 1984, Rosenfeld and Ferguson 2014). This is of importance as
stress may impair learning and memory, thereby possibly confounding results (Kim, Song et
al. 2006).
To corroborate successful learning in the Barnes Maze test, a time dependent decrease of the
parameters “target latency”, “escape latency”, “primary errors” and “distance” as well as a
time dependent increase in “time in target quadrant” have to occur. However, male Rgs2-/mice showed increasing “escape latency” and “distance” starting with trial block A3 after an
initial decrease, while “target latencies”, “primary errors” and “time in target quadrant”
continued to change in line with successful learning. Male Rgs2-/- mice traveled less “distance”
during trial block A1 compared to WT mice, but they traveled more distance compared to WT
during trial block A5. Reduced distance during trail block A1 might be caused by noveltyinduced hypo-locomotion of male Rgs2-/- mice. Due to repeated exposure to the Barnes Maze
over the course of the test, this effect may have dissipated. Familiarity with the maze may
have triggered exploratory behavior leading to increased “distance” during trail block A5.
Subsequently, the increased exploration may trigger increased “escape latencies” in Rgs2-/mice from A3 to A5. In conclusion, increasing “distance” and “escape latencies” indicated
increased exploratory behavior rather than unsuccessful learning of the task, suggesting that
results are valid.

6.5.3 Anhedonia
Mice were housed in groups of two mice per cage. The social contact between two mice can
attenuate the effect of CMS, thereby confounding the results of the test. Single housing would
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have been preferable, as it is a stressor by itself and increases the strength of chronic stress.
Consequently, Sucrose Preference and food intake measurements were a mean of two mice
per cage.
No change in sucrose preference of male Rgs2-/- and WT mice after 3 weeks of CMS was an
unexpected result. Sucrose Preference measurements were obtained using a two-bottle test
without any food or water restriction directly before testing for motivational purposes. The
test was carried out for a 48h period. The long testing period without prior food and water
restriction may confound small changes induced by CMS. An one-hour testing period after a
four-hour food and water restriction has been reported to yield more reliable results (Willner,
Towell et al. 1987). Additionally, the concentration of 1% sucrose could have been too high to
allow the measurement of small changes (Monleon, D'Aquila et al. 1995).

6.5.4 Blood pressure measurements
Previous publications report a hypertensive phenotype of Rgs2-/- mice (Heximer, Knutsen et
al. 2003, Tang, Wang et al. 2003). These findings were obtained either via echocardiography
of anesthetized mice or by telemetric catheter implants in awake freely moving mice. In the
present study blood pressure and heart rate were measured using a non-invasive tail cuff
method and no replication of this hypertensive phenotype was observed. Both, systolic and
diastolic blood pressure were similar to WT mice, while the heart rate was moderately
reduced in Rgs2-/- mice.
Each method features strength and limitations. Echocardiographic measurements give insight
into cardiovascular structures and cardiac functions additionally to estimated blood pressure
and heart rate values. However, echocardiographic measurements require anesthesia or a
lengthy training period to allow measurements in conscious mice. Anesthesia depresses
contraction, heart rate and autonomic reflex control, thereby possibly confounding
echocardiographic measurements (Gao, Ho et al. 2011). Telemetric measurements make it
possible to obtain the arterial blood pressure directly over a long period in freely moving mice.
But telemetric blood pressure measurements involve surgery inserting a catheter into the
aortic arch via the left carotid artery and a telemeter into the subcutaneous space. This
telemeter weighs approximately 4.3g and may have profound effects on behavior and
cardiovascular parameters of smaller mice (Van Vliet, McGuire et al. 2006). Tail cuff
measurements of awake mice, asused in the present study, require a training phase of at least
five days of repeated measurements to minimize the excitement or stress induced by the
restraint (Krege, Hodgin et al. 1995). Furthermore, the tail-cuff method yields peripheral
arterial tail blood pressure opposed to central arterial pressure determined in telemetric
settings (Zhao, Ho et al. 2011). Gross and coworkers previously reported an increase of ̴
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10mmHg mean arterial blood pressure via telemetry in Rgs2-/- mice, the tail cuff method may
not resolve such a mild increase (Gross, Tank et al. 2005).
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Summary

Anxiety and depressive disorders result from a complex interplay of genetic and
environmental factors and are common mutual comorbidities. On the level of cellular
signaling, regulator of G protein signaling 2 (Rgs2) has been implicated in human and rodent
anxiety as well as rodent depression. Rgs2 negatively regulates G protein-coupled receptor
(GPCR) signaling by acting as a GTPase accelerating protein towards the Gα subunit.
The present study investigates, whether mice with a homozygous Rgs2 deletion (Rgs2-/-) show
behavioral alterations as well as an increased susceptibility to stressful life events related to
human anxiety and depressive disorders and tries to elucidate molecular underlying’s of these
changes.
To this end, Rgs2-/- mice were characterized in an aversive-associative learning paradigm to
evaluate learned fear as a model for the etiology of human anxiety disorders. Spatial learning
and reward motivated spatial learning were evaluated to control for learning in non-aversive
paradigms. Rgs2 deletion enhanced learning in all three paradigms, rendering increased
learning upon deletion of Rgs2 not specific for aversive learning. These data support reports
indicating increased long-term potentiation in Rgs2-/- mice and may predict treatment
response to conditioning based behavior therapy in patients with polymorphisms associated
with reduced RGS2 expression. Previous reports of increased innate anxiety were
corroborated in three tests based on the approach-avoidance conflict. Interestingly, Rgs2-/mice showed novelty-induced hypo-locomotion suggesting neophobia, which may translate
to the clinical picture of agoraphobia in humans and reduced RGS2 expression in humans was
associated with a higher incidence of panic disorder with agoraphobia. Depression-like
behavior was more distinctive in female Rgs2-/- mice. Stress resilience, tested in an acute and
a chronic stress paradigm, was also more distinctive in female Rgs2-/- mice, suggesting Rgs2 to
contribute to sex specific effects of anxiety disorders and depression.
Rgs2 deletion was associated with GPCR expression changes of the adrenergic, serotonergic,
dopaminergic and neuropeptide Y systems in the brain and heart as well as reduced
monoaminergic neurotransmitter levels. Furthermore, the expression of two stress-related
microRNAs was increased upon Rgs2 deletion. The aversive-associative learning paradigm
induced a dynamic Rgs2 expression change. The observed molecular changes may contribute
to the anxious and depressed phenotype as well as promote altered stress reactivity, while
reflecting an alter basal stress level and a disrupted sympathetic tone. Dynamic Rgs2
expression may mediate changes in GPCR signaling duration during memory formation.
Taken together, Rgs2 deletion promotes increased anxiety-like and depression-like behavior,
altered stress reactivity as well as increased cognitive function.
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Zusammenfassung
Angststörungen sowie Depressionserkrankungen entstehen in der Regel aus der Interaktion
genetischer

Faktoren

mit

Umwelteinflüssen

und

sind

häufig

gegenseitige

Begleiterkrankungen. Das Protein, Regulator of G protein signaling 2 (Rgs2), wurde mit dem
vermehrten Auftreten von Angststörungen im Menschen, sowie mit angstähnlichem sowie
depressionsähnlichem Verhalten im Mausmodell assoziiert. Rgs2 beeinflusst auf zellulärer
Ebene G Protein gekoppelte Signalwege, indem es die GTPase Aktivität der Gα Untereinheit
beschleunigt.
In der vorliegenden Arbeit wurden die Folgen einer homozygoten Rgs2-Defizienz im
Mausmodell untersucht. In Anlehnung an die humanen Krankheitsbilder wurde angst- und
depressions-ähnliches Verhalten, Stress Reaktivität und den phänotypischen Veränderungen
zugrundeliegende molekulare Ursachen evaluiert.
Erlernte Furcht gilt als Model der Ätiologie humaner Angsterkrankungen. Aus diesem Grund,
wurden Rgs2-/- Mäuse in einem aversiv-assoziativen Lernmodell, der sogenannten FurchtKonditionierung, untersucht. Dabei zeigte sich erhöhtes Furchtlernen und Furchtgedächtnis in
Rgs2-/- Mäusen. Um zu zeigen, dass die erhöhte kognitive Fähigkeit spezifisch für erlernte
Furcht sei, wurde räumliches Lernen in zwei Modellen getestet. Rgs2-Defizienz verbesserte
auch in diesen Modellen die Lernfähigkeit. Somit konnte gezeigt werden, dass verbesserte
kognitive Fähigkeit nicht spezifisch für emotionales Lernen war. Diese Daten auf
Verhaltensebene unterstützen bisherige Befunde von erhöhter Langzeit Potenzierung im
Hippocampus von Rgs2-/- Mäusen. Im Menschen könnte eine durch Polymorphismen
vermittelte reduzierte Rgs2 Expression das Therapieansprechen auf konditionierungsbasierte
Verhaltenstherapien verbessern. Bisherige Befunde von erhöhter, angeborener Angst in Rgs2/-

Mäusen konnten in drei Tests, basierend auf dem Annäherungs-Vermeidungs-Konflikt,

bestätigt werden. Interessanterweise, zeigten Rgs2-/- Mäuse in allen Tests verminderte
Lokomotion in neuen, ungewohnten Umgebungen. Dies könnte auf Neophobie und somit auf
das Krankheitsbild der Agoraphobie im Menschen hindeuten. Tatsächlich wurden RGS2
Polymorphismen bereits mit einer erhöhten Inzidenz von Panikstörung mit Agoraphobie
assoziiert. Rgs2-/- Mäuse zeigten zudem depressionsähnliches Verhalten, welches in
weiblichen Mäusen ausgeprägter war. Des Weiteren zeigten, insbesondere weibliche Rgs2-/Mäuse, erhöhte Stress Resilienz nach akuter und chronischer Stressexposition. Rgs2 könnte
somit ein Faktor der Geschlechtsspezifität von Angst und Depressionserkrankungen sein.
Rgs2-Defizienz konnte mit Expressionsänderungen von G Protein gekoppelten Rezeptoren des
adrenergen, serotonergen, dopaminergen und Neuropeptid Y Systems in Gehirn und Herz,
sowie mit verminderten Spiegeln monoaminerger Neurotransmitter assoziiert werden. Diese
104

Zusammenfassung

Veränderungen könnten zu dem beobachteten ängstlichen sowie depressiven Phänotyp und
der veränderten Stress Reaktivität beitragen. Des Weiteren war die Expression zweier, in der
Stressreaktion involvierten, microRNAs erhöht. Dies könnte auf einen veränderten basalen
Stress Level hindeuten. Furcht-Konditionierung löste dynamische Expressionsänderungen der
Rgs2 mRNA aus. Somit könnte die GPCR Signaldauer während der Gedächtnisbildung durch
Rgs2 moduliert werden.
Zusammengefasst, führt Rgs2-Defizienz im Mausmodell zu erhöhtem angst- und depressionsähnlichem Verhalten, veränderter Stress Reaktivität sowie erhöhter kognitiver Leistung.
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Abbreviations

3’UTR

three prime untranslated region

5HIAA

5 Hydroxyindoleacetic acid

5-HT

serotonin

Adra2a

alpha2A adrenergic receptor

Adra2b

alpha2B adrenergic receptor

Adra2c

alpha2C adrenergic receptor

Adrb1

beta1 adrenergic receptor

Adrb2

beta2 adrenergic receptor

AKAP

A-kinase anchor protein

AMP

adenosine monophosphate

CA1

Cornu Ammonis area 1

Cck

Cholecystokinin

Cckar

Cholecystokinin A receptor

Cckbr

Cholecystokinin B receptor

CMS

chronic mild stress

Crhr1

corticotropin-releasing hormone receptor 1

CS

conditioned stimulus

CTR

control

DA

dopamine

DAG

diacylglycerol

DLB

dark-Light exploration

DMEM

Dulbecco's Modified Eagle Medium

DMSO

dimethyl sulfoxide

DNA

deoxyribonucleic acid

DOPAC

3,4-Dihydroxyphenylacetic acid

Drd2

dopamine receptor D2

Drd3

dopamine receptor D3

Drd4

dopamine receptor D4

EPM

elevated plus maze

FC

fear conditioning
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Abbreviations
FST

Forced swim test

Gabbr1

gamma-aminobutyric acid (GABA) B receptor 1

Gabbr2

gamma-aminobutyric acid (GABA) B receptor 2

GAP

GTPase activating protein

Gapdh

glyceraldehyde 3-phosphate dehydrogenase

GDP

guanosine diphosphate

GEF

Guanine nucleotide exchange factor

GIRK

G protein-coupled inwardly-rectifying potassium channel

GPCR

G protein coupled receptor

GRK

G protein-coupled receptor kinase

GTP

guanosine triphosphate

Htr1a

5-HT1A receptor

Htr1b

5-HT1B receptor

Htr2a

5-HT2A receptor

Htr2c

5-HT2C receptor

HVA

homovanillic acid

IP3

inositol 1,4,5-trisphosphate

LTP

long term potentiation

MDD

major depressive disorder

MHPG

3-Methoxy-4-hydroxyphenylglycol

miRNA

microRNA

mRNA

messenger RNA

ncRNA

non-coding RNA

NE

norepinephrine

NMR

nuclear magnetic resonance

Nps

neuropeptide s

Npsr1

neuropeptide s receptor 1

Npy

neuropeptide Y

Npy1r

Neuropeptide Y receptor type 1

Npy2r

Neuropeptide Y receptor type 2

Npy5r

Neuropeptide Y receptor type 5
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Abbreviations
OF

open field locomotion

PCR

polymerase chain reaction

PIP2

Phosphatidylinositol 4,5-bisphosphate

PKA

protein kinase A

PKC

protein kinase C

PPD

paired pulse depression

PPF

paired pulse facilitation

pre-microRNA precursor microRNAs
pri-microRNA primary microRNA
PTSD

post-traumatic stress disorder

RGS

regulator of G protein signaling

Rgs2/RGS2

regulator of G Protein signaling

RISC

RNA-induced silencing complex

RNA

Ribonucleic acid

rRNA

ribosomal RNA

SERT

serotonin transporter

SI

social interaction

siRNA

small interfering RNA

SSRI

selective serotonin reuptake inhibitor

tRNA

transfer RNA

US

unconditioned stimulus

VTA

ventral tegmental area

WT

wildtype
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