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Iepiinyn

H xoatédOiwyn elvonr pio peilova cuvaioOnuotiky] dwotapoyn, mov mpokaAeitolr amod
ocuvOLOCHO  YEVETIKOV Kol  mePParloviikdv  mopaydvieov. H  vmokeipevn
nafopucioloyia g dutapayng ival opKeETA TEPITAOKN, TEPIAAUPAVOVTAS OLEPOPES
TEPLOYES TOL EYKEPAAOVL, OV OAANAEMOPOVV pHETAED TOVG Yol TNV TPOKANCT] TOL
KaTaOMITTIKoD PatvoTOTToV. PapUaKOAOYIKEG OVGIES, TTOVL EIVOL ATOTEAEGLATIKEG GTNV
aVOCTPOPN TOL PAVOTVTIOV, PBacifoviol Kupiwg TNV EUTAOKT] TOVE GTO GUGTNLOL TWV
LOVOQHIVAV, TOPOAO TOV TEPIGGOTEPO GTOYELUEVA PAPULOKA OTOTEAOVV MO
avtikeipevo extetapévng épevvoc. Ot RGS mpoteiveg (puBuotég g onpuatododtnong
pécw tov G mpoteivov) elvol pio OKOYEVEWNL TPMOTEIVOV, TOL EUTAEKETOL OTN
HETOY®YN ONUATOV HEG® VTodoyEwv Tov givol cvlevyuévol pe G mpmteive, HEGH
npocdeons oe G LVTOUOVAdEG KOl EMTAYVVOVTIOS TNV enovaopd tovg otnv GDP
avevepyn xotdotaor. H RGSz givon pio pikpod poprokov Bdpovg mpwteivn, HEAOG
OLTNG TNG OKOYEVELNG, LE ONUAVTIKO pOAO otn pvOuion ™S onuatoddTnong HECH
TOV H-0TIOEW OV VTodoyEéwv. Me Bdomn mponyovdueveg peAéteg mov deiyvouv ot Goz
vropovada, mov eivan exiektikd culevypévn pe v RGSz, eivat éva onpoavtikd popto
oV KoTaOAym, aeod 1 EAdewym mpokaAel Evav a&loonueiwTo KoToaOMTTIKO Kot
ay®OT POUIVOTLTO, EPEVVIGOLE TO GUUTEPUPOPIKO POLVOTVTIO ETIHVOV GTOVS OTOI0VG
&xel amarerpBei To yovioro g RGSz (KO eripveg). Bpédnke 611 0t RGSz KO emipvec
etvar mep1ocoTEPO KaTtaBMmTIKOl Kl ayXDOES GE OYEON UE TNV OUAOA EAEYYOL TV
aypiov TOMOV EMpVOV, Kol TEPIGGOHTEPO €VAIGHNTOL OTIS AVTIKATOOATTIKES OPACELS
Tic pAovoéetivne. EmmAéov mpoodiopionke 1 xatavour| ékepacng s RGSz og
TPOTEIVIKO EMIMESO GE OAPOPES TEPLOYES TOV EYKEPAAOV Ko £ytvov Tpoomdleieg va
avartuyBel éva povtélo Katdbiwyne oyetilopevo pe €0iopd oe dappoka Kot ypovio
novo Yo TNV TEpOTEP® peAETN ToL porov TS RGSz e avtég TIc suvausOnpaTikes
dwtapayéc. Ta dedopéva TG HEAETNG LTS LITOSEIKVDOLV Y10, TPATY POPE TO POAO
™m¢ RGSz om poBuon g o01dbeong kot otn Opdon TV ovTKATOOMITIKOV

QUPUAK®OV.



Abstract

Depression is a major mood disorder caused by a combination of genetic and
environmental factors. The underlying pathophysiology of the disorder is rather
complicating, including various brain regions, which interact with each other for the
induction of a depressive phenotype. Pharmacological agents that are effective in
reversing this phenotype are primarily based on their intervention in the monoamine
system, though more targeted drugs are also under investigation. RGS (Regulators of
G-protein Signaling) proteins are a family of proteins, interfering in the signal
transduction of G-protein coupled receptors, by binding to G subunits and
accelerating their return to the GDP inactive state. RGSz is a small RGS protein with
a rather important role in the regulation of mu- opioid receptors signaling. Based on
data showing that the Gaz subunit, which is specifically coupled to RGSz, is an
important molecule for depression, since its absence leads to increased depression and
anxiety-like phenotype, we investigated the behavioral phenotype of mice lacking the
RGSz gene (knockouts-KO). We found that RGSz KO mice show an anxiety and
depression-like phenotype and are more sensitive to the antidepressant effect of
fluoxetine. Moreover, we identified the expression pattern of RGSz at protein level in
various brain regions and we tried to establish a model of depression related to
addiction and chronic pain, and investigate the role of RGSz in such mood disorders.
Our data provide the first evidence for a role of RGSz in mood modulation and

antidepressant drug action.



INTRODUCTION

An overview on depression
Depression, a serious mental disorder, is among the greatest health problems and a

major cause of morbidity worldwide. 2-5% of the US population is suffering from
severe depression, while 20% from milder forms, more frequently women and elderly
people. Although depression has been known as a pathological entity since 400 B.C.
it remains a rather blurry pathological condition, regarding not only its pathogenesis
and pathophysiology, but also its diagnosis and treatment. It is now believed that
genetic factors, accompanied by a diverse range of non-genetic, environmental
factors, are the main causes of depression, in an unknown mechanism of synergic
action. On the other hand, the diagnosis of depression, mainly based on a highly
variable set of symptoms, rather than on objective diagnostic criteria, has led to the
symptomatic-based identification of various subtypes, which, indeed, may reflect
different underlying pathologies. For this reason, though many and generally effective
therapeutic approaches (antidepressant agents and psychotherapy), the causative
treatment of patients is rather impossible. Concerning the therapeutic effect of the
antidepressant drugs, only 50% of the patients under treatment experience complete
remission, and 80% partial response [1, 2]. Therefore, much interest has been paid for
the last decades on the investigation of the pathophysiological mechanisms
underlying depression, as well as the mechanisms of antidepressants’ action, in order
to fully understand the nature of the disorder that will lead to a more objective

classification and a more targeted and effective pharmacological treatment.

Genetic and non-genetic causes of depression
Major depressive disorder (MDD) is a common pathological entity, with lifetime

prevalence at least 10% and high risk in women (twice the risk in men), and it seems
to have moderate genetic background. For MDD, twin studies have revealed 40-50%
heritability, the relative risk (RR-ration of risks to first-degree relatives of MDD
probands vs. the general population) is around 2 to 3, while the RR for recurrent and
early-onset (in the 30s or earlier) MDD is at least 4 to 5. Additionally neuroticism, a
high-order factor in analyses of self-rated or observer-rated measures of personality,
characterized by dysphoria, anxiety, tension and emotional reactivity, also has 40-

50% heritability, suggesting that there may be common genetic factors that predispose



to both pathological conditions, as well as to generalized anxiety disorder [3]. Based
on DSM classification, depressive states are familial and genetic, but the genes for
depression are likely the same genes for generalized anxiety and for negative affect
personality trails, often called neuroticism or harm avoidance. On the other hand,
depressive states coexist with anxious or agitated states [4, 5]. For these reasons,
some genetic studies incorporate depressive and anxiety symptoms into a single

phenotype.

Apart from the genetic factors, non-genetic factors, such as stress, emotional trauma,
social factors (early experiences of parental care or neglect, quality of core intimate
relationship), viral infections (e.g. Borna virus) are also very important. According to
DSM 1V classification, depressive syndromes are observed in the context of various
pathological conditions such as endocrine disturbances, Parkinson’s disease, cancers,
traumatic head injury, collagen vascular diseases, asthma, diabetes and stroke.
Moreover, certain drugs and alcohol may induce depressive episodes. Notably, stress
seems to play a key role in depression, and it is often referred to as a stress-related
disorder, the condition in which episodes of depression occur in the context of some
form of stress. However, stress per se in not sufficient to cause depression, and while
some people do not become depressed after serious stressful experiences, in others
mild stressful experiences are adequate to provoke depression. These observations
suggest that there must be some sort of interactions between genetic predisposition
and environmental factors that acting additively lead to the depressive phenotype.
Here, it should be noted that the post-traumatic stress disorder (PTSD) is distinct from

depression based on symptomatology, treatment and longitudinal course of the illness

[2].

The investigation of the gene-environment interactions in depression require firstly
the identification of candidate genes, mainly based on association studies. The
research for the candidate genes has been focused on three categories: (1) genes
coding molecules of the monoaminergic pathway, such as the serotonin transporter,
serotonin 2A receptor, tyrosine hydroxylase, tryptophan hydroxylase 1,2 (THP1, 2)
and catechol-o-methyltransferase, (2) genes of the hypothalamic-pituitary-adrenal
axis (HPA), such as the gene coding for the corticotrophin releasing hormone receptor
(CRHR1) and (3) gene coding the brain-derived neurotrophic factor (BDNF). The

most significant findings involve:



Y

2)

3)

4)

The well-known serotonin transporter gene linked polymorphic regions (5-
HTTLPR) 44-bp insertion/deletion polymorphism: childhood abuse and
stressful life events are associated with high risk of depression in individuals
with 5-HTTLPR “short” allele, but has little effect on depression among
“long” allele homozygotes. However, 5S-HTTLPR short allele carriers have no
higher risk for depression, and also derive more benefit from positive
environmental influences, such as social support. On the other hand, subjects
with the 5-HTTLPR long allele become depressed as often, but for reasons
relatively independent of environmental stress. These findings suggest that the
5-HTTLPR short allele conveys sensitivity to both positive and negative life
experiences.

The BDNF: BDNF 66met allele interacts with the 5-HTTLPR short allele,
thus conferring sensitivity to positive and negative environmental factors.

The CRHRI1: interacts with child abuse causing adult depression. Unlike 5-
HTTLPR, neither BDNF nor CRHRI1 are directly associated with depression.
The TPH gene: MDD is associated with 10 SNP haplotypes, and a loss of

function polymorphism in TPH2. Tryptophan depletion leads to depressed

mood only in predisposed individuals.

However, the exact mechanism of the gene-environment interactions remains hardly

understood. Three possible mechanisms have been proposed:

)
2)

3)

Early adverse experiences epigenetically modify the polymorphic gene

A double-hit mechanism, in which early adverse experiences epigenetically
modify one gene and the impact of this modification in adult life is moderated
by sequence polymorphism in another functionally related gene.

A gene polymorphism modulates the effect of early environmental
experiences on the programming of other functionally related genes. For this
hypothetical mechanism there is also some empirical support regarding the
serotonin transporter: the lack of functional serotonin transporter at plastic
early developmental stages leads to increased extracellular serotonin and
subsequent downregulation and desensitisation of the inhibitory 5-HT1A
receptors, phenotypically observed as life-long anxiety and depression-like

behaviors in novel environments [3, 6].



Undoudtedly, genetic and non-genetic factors act synergically to cause depression,
with genetic and social studies suggesting that the genetic component is stronger in
episodic depression, and psychosocial contribution is more profound in chronic
depression. However, the exact mechanisms of these interactions need further

investigation and will provide new insights in the effective treatment of the disorder.

Pathophysiology of depression
One of the major questions concerning every pathological condition is how a

physiologically functioning part of the human body becomes pathological. In the case
of depression, this question should be focused on two parts: which are the brain
regions involved in depression, and what is their mode of involvement, which also
suggests the mechanisms of the pharmacological treatments. So, much attention has
been paid on understanding the neural circuitry of mood and consequently the
pathophysiology of depression. Apart from hippocampus and frontal regions of the
cerebral cortex, which have been strongly associated with depression and
antidepressant medications, mediating mainly cognitive aspects of depression,
research has revealed that the striatum (especially nucleus accumbens-NAc) and
amygdala, critical for emotional memory, may mediate depression-related anhedonia,
anxiety and reduced motivation, while hypothalamus, may be involved in mediating
neurovegetative symptoms of depression. The distinct role of each region is not yet
clear, and it is believed that all these brain regions operate in a highly interacting
circuit to regulate depressive phenotype. This complex neuronal network is
summarized in fig. 1: the ventral tegmental area (VTA) provides dopaminergic input
to NAc and other brain regions, a pathway that is strongly connected to
hypothalamus, while norepinephrine-noradrenaline, from the locus coeruleus (LC)
and serotonin, from the dorsal raphe (DR) innervate almost all of the involved brain

regions.
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Fig. 1 Neural circuitry of depression [7]

Based on the neuronal circuits described above, many hypotheses have been proposed

for explaining how depression occurs and how antidepressant agents work. Much

attention has been paid on the following three hypotheses:

1)

2)

Dysregulation of the hippocampus and hypothalamic-pituitary-adrenal (HPA)
axis: The activity of the HPA axis [secretion of CRF-corticotropin releasing
factor from hypothalamus =» synthesis and release of ACTH-
adrenocorticotropin from pituitary =» synthesis and release of glucocorticoids
from the adrenal cortex =» feedback effect on HPA axis] is controlled by the
hippocampus (inhibitory effect) and amygdala (excitatory effect).
Glycocorticoids enhance hippocampal inhibition of HPA activity, and
hippocampal function in general, including cognitive abilities, while sustained
elevated levels of glycocorticoids cause hippocampal neuronal damage,
reduced inhibition of HPA axis, increased levels of glycocorticoids, in a
vicious cycle. Abnormal excessive activation of HPA axis, increased cortisol
production, hypersecretion of CRF, increased CRF levels in celebrospinal
fluid are usual findings in individuals with depression, abnormalities that are
reversed by antidepressant treatment.

Impairment of neurotrophic mechanisms: Deficiency in neurotrophic support
contributes to the hippocampal pathology of depression, while antidepressant
treatment reverses this deficiency and the respective symptomatology.
Research on the association of BDNF (brain-derived neurotrophic factor) to
depression has revealed decreased BDNF expression in hippocampus,

neocortex and amygdala of animals upon acute and chronic stress, and vice



versa, antidepressants increase hippocampal BDNF expression, not only in
animals but also in humans, partly via the transcription factor CREB (c-AMP
response element binding protein). It is also possible that other neurotrophic
factors may be involved in the pathology of depression and action of
antidepressants but not much is known on this field.

3) Impairment of brain reward pathways: Brain imaging and autopsy studies
have implicated the presence of abnormalities in brain regions other than the
hippocampus, suggesting their involvement in depression, although there is
not yet solid and direct association of these regions to depression. More
specifically, the nucleus accumbens (NAc) - ventral tegmental area (VTA)
dopaminergic pathway, mainly studied for its role in reward, seems to mediate
depression-like behavior based on experiments on animal models. There is
evidence suggesting that stress activates VTA neurons and induces dopamine
transmission to NAc, while antidepressant agents alter dopaminergic activity
in the VTA and intervention in the dopaminergic transmission in the VTA-
NAc pathway regulates depression-like behavior in animals. The involvement
of hypothalamus to depression, apart form the HPA axis, is implied by the
fact that hypothalamic nuclei and their peptide transmitters play an important
role in appetite, sleep, circadian rhythms and interest in sex, which are
impaired in depressed patients. Hypothalamic mechanisms may also explain
the increased risk of depression among females. Finally, amygdala may also
be involved in depression, since symptoms of anxiety and fear, and abnormal
responses to pleasurable stimuli, prominent in depressed patients, are mainly
mediated by amygdala [2, 7]. Moreover, the neuropeptide vasopressin, which
is synthesized in the hypothalamus, is also found in the amygdala and bed
nucleus of the stria terminalis (BNST), where via activation of the Vla, 8
receptors exerts effects through the limbic system. Vasopressin levels have
been found increased in patients with depression, a phenotype that is reversed
upon antidepressant treatment, while animal studies have shown that non-
peptide antagonists of vasopressin receptor VI exert an antidepressant like

effect in an amygdala-dependent manner [1].

Although there is much experimental evidence in accordance with these hypotheses,

there are many other controversial findings. So, the pathophysiological mechanisms

10



of depression remain still elusive, and much research needs to be done towards this

direction.

Treatment of depression: the pharmacological agents
Concerning the treatment of depression, nowadays there are five classes of

antidepressant agents, tricyclic antidepressants (TCAs), monoamine oxidase inhibitors
(MOIs), selective serotonin reuptake inhibitors (SSRIs), serotonin and norepinephrine
reuptake inhibitors (SNRIs) and norepinephrine reuptake inhibitors (NRIs). The
mechanism of acute action of all these pharmacological agents involve the inhibition
of serotonin and/or norepinephrine reuptake transporters, in the case of TCAs, SSRIs,
SNRIs and NRIs, or the inhibition of monoamine oxidase, a major catabolic enzyme
for monoamine neurotransmitters, in the case of MOIs. However, the fact that the
antidepressant effect of these agents needs prolonged administration to be clinically
obvious, suggests that the enhanced serotonergic or noradrenergic neurotransmission
is not the main mediating mechanism for drug action, but rather the gradually
developing adaptations to this enhanced neurotransmission. Though effective and
safe, antidepressant treatment is not ideal, since side effects are still an important

limitation and fewer than 50% of all depressed patient exhibit full remission.

Notably all clinically used antidepressant agents are monoanime-based, even the
atypical antidepressants, although this may not be the mechanism of their clinical
efficacy. This is rather controversial to the accumulated knowledge about non-
monoamine systems involved in the pathophysiology of depression, suggesting that
drug discovery should also be focused on non-monoamine-based agents [1, 2].
Therefore, research has been focused on the identification of other agents, with

antidepressant properties. Some of these agents are mentioned below, which target:

1) The normalization of the dysregulation of the HPA axis (CRF antagonists,
glucocorticoid agonists or antagonists)

2) Neurotrophic factors-BDNF

3) Hypothalamic feeding peptides (melatonin receptor agonists)

4) The neurokinin system: substance P, the endogenous ligand for neurokinin
(NKT) receptors, is strongly co-localized with serotonin and noradrenalline or
their receptors in the human brain, while in animals substance P is released in

response to fearful stimuli and both substance P and its receptors are

11



expressed in fear- and anxiety-related circuits. Based on the above, NK1
receptor antagonists are tested for their antidepressant properties.

5) Intracellular mechanisms, such as phosphodiesterases (PDEs), enzymes
catalyzing the degradation of cAMP and cGMP: PDE inhibitors (especially
PDE4 inhibitor) are under investigation for their antidepressant effects, since
they not only promote the actions of noradrenaline at B-adrenergic receptors,
but also induce BDNF expression in the hippocampus, via the cAMP — CREB
— Bdnf pathway [1].

The experiments for almost all of the non-monoamine-based agents are still limited in
animal models, sometimes, with controversial findings. Only a few of them have been
tested in clinical trials (CRF antagonists, NKI1 receptor antagonists) with
unconvincing results, suggesting that the up-to-date available monoamine-based
antidepressant drugs remain the unique pharmacological intervention, and that novel

drugs are far from clinical application.
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RGS proteins
Regulators of G-protein signaling (RGS proteins) are a large family of highly diverse,

multifunctional proteins, which differ in their overall size, amino acid identity,
structure and expression pattern. All RGS proteins share the conserved RGS domain,
responsible for modulating G protein coupled receptors (GPCR) signaling in two
different mechanisms: 1) GAP (GTPase accelerating protein) activity: they bind to
activated Go subunits, thus accelerating GTP hydrolysis and termination of G protein
signaling (Fig. 1) and 2) effector antagonism: via binding to G proteins, they inhibit G

proteins’ activity.

Effector
" [Proteins

Fig. 1 GAP activity of RGS proteins [8]

Notably, concerning the GAP activity of RGS proteins, there is selectivity for Ga
subunits. For example, RGS4 and RGS3 interact with both Gai and Goq family
proteins, but not with Gas or Gal2 [9, 10, 11], while RGS6 and RGS7 exhibit relative

selectivity for Goao family members [12].

Moreover, other functional domains, present in many RGS proteins provide unique
properties to these proteins, such as specificity, stability, sub-cellular targeting and
interaction with other cellular signaling molecules, and are the basis for the

classification of RGS proteins in six subfamilies (Fig. 2) [8, 13].
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Fig. 2 Classification of RGS proteins [13]

In situ hybridization studies have provided evidence for the presence of RGS at
mRNA level in brain and spinal cord regions [14], thus raising the possibility for the
involvement of RGS proteins in neuropsychiatric disorders. So, genetic studies have
revealed association of RGS4 with schizophrenia, but not with major depressive
disorder [15], RGS9-2 with Parkinson’s disease [16], while animal studies have
shown the role of RGS proteins (RGS4, RGS2, RGS9-2) in drug addiction via the
dopaminergic and/or opioidergic system, as well as in opiate analgesia for RGS2,

RGS4, RGS9-2, RGS7, RGS8, RGSz [8].

RGSz subfamily
RGSzI1 is a member of the RGSz subfamily, which consists of small 20-30-kDa RGS

proteins containing short N- and C-terminal regions flanking the RGS domain. These
small simple RGS proteins act exclusively as negative regulators of G protein

signaling [13]. All members of RGSz subfamily (RGSz1, RGSz2, RET-RGS1, GAIP)

14



are distinguished by a functionally hydrophobic domain at the N-terminus, they act as
tightly bound integral membrane proteins and their binding to phospholipid bilayers
depends on the N-terminal domain, although this property has not been directly
attributed to the N-terminal hydrophobic domain [17, 18, 19]. Moreover, all RGSz
subfamily members also share a cysteine string, a site of probable multiple

palmitoylation, responsible for membrane attachment [17, 20].

RGSz1
RGSz1 has been identified as the major GAP for Goz by two independent groups:

Wang et al (1998) purified RGSz1 protein from bovine brain tissue lysate [17], while
Glick et al. identified RGSz1 using a yeast two-hybrid screening of a human brain
library for proteins that directly interact with a mutationally activated form of Gaz
[20]. The sequence of the human RGSz1 protein is 83% identical to bovine RET-
RGS1 and 56% identical to human GAIP. Analysis of human genomic databases
revealed that RGSz1 is one of six different splice forms of the RGS20 gene product,
including the RET-RGS1 isoform. The RGS20 gene products differ in size and
sequence of the N terminus and may have different tissue distributions and functions
[21]. RGSzl1 is expressed exclusively in brain, at high levels in the caudate nucleus
and the temporal lobe, at lower levels at other brain regions such as the hippocampus,
striatum, substantia nigra, amygdala, and at undetectable levels at the thalamus or the
subthalamic nucleus, as this was assessed by Northern blotting [17, 20], implying an
important role for RGSz1 in signal regulation in these brain regions. Concerning the
intracellular localization of RGSz, it has been found that RGSz is predominantly
present in the cytoplasm and in particulat in the Golgi and the trans-Golgi complex.
However, a mutant form of RGSz lacking the cysteine-rich motif and the sequences
N-terminal to this motif was predominantly localized in the nucleus suggesting that
the cysteine string is important in the cytoplasmic retention and targeting of RGSz

protein to the Golgi complex [22].

RGSz1, unlike other RGS proteins, has unusually high specificity for Gaz as assessed
by an in vitro GTPase assay, but no GAP activity for Gaq or Gas [17, 18]. However,
additional in vitro binding assays and functional studies revealed that RGSzl1 also
interacts with Gai subunits. More specifically, RGSzl protein binds Gail protein in
an AlF-4 dependent manner, assessed in protein poll-down, co-immunoprecipitation

assays and yeast two-hybrid experiments. Yeast two-hybrid test also reveals strong

15



interaction of RGSz1 with Gai3 but weak with Gai2. Functional studies in cell
cultures revealed that RGSz1 accelerated endogenous GTPase activity of Gail and
modulated Gai-mediated cellular responses upon stimulation of Gai-protein coupled

receptors [23].

The yeast two-hybrid system has been also applied for the identification of other
interacting partner of RGSz1, apart from the Ga subunits, thus providing insights into
the biological role of RGSzl protein. One such molecule is a microtubule-
destabilizing protein, the superior cervical ganglia neural-specific 10 protein
(SCG10), a finding that suggests the modulatory role of RGSzl in cytoskeleton
organization [24]. Another interacting partner of RGSzl is protein kinase C
interacting 1 (PKCI-1), which interacts not only with RGSz1, via its cysteine string
motif [25], but also with mu-opioid receptor (MOR) leading to the suppression of
MOR desensitization [26], suggesting the potential role of RGSz1 in MOR signaling.

Gz protein
Gz 1s a member of the Gi family, since Gaz shares ~66% homology to Gail, Gai2

and Gai3, acting an inhibitory effect on adenyl cyclase [27, 28]. However, unlike Gi
proteins, Gz is a pertussis toxin-resistant G protein, since Goz lacks the cysteine
residue near the C terminus, which is the site of pertussis toxin-catalyzed ADP-
ribosylation, and has a limited expression pattern, predominantly expressed in brain,
retina, the adrenal medulla and platelets. Gaz, like all Ga subunits, hydrolyses GTP,
but the intrinsic GTPase activity of Gaz is considerably slower than the other Ga
subunits [29, 30, 31]. So, in this case GAPs are essential for Gaz to function as a
physiological signaling molecule with reasonable temporal acuity. However, Gz was

considered an “orphan” protein for years, until RGSz1 was firstly identified.

Concerning the expression of Gaz in the CNS, its mRNA expression is distributed in
nearly all regions of the brain with similar abundance [17]. However, as mentioned
above, the expression of RGSzl is limited to specific brain regions, and there is not
good correlation between the expression pattern of these two proteins, suggesting that
other homologs are represented in areas where Goz, but not RGSz1, is expressed. For
example, in retinal interneurons, where RGSzl is undetectable, the increased

expression of RET-RGS1 functions as the GAP for Goz [32].
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Goaz is an excellent substrate for protein kinase C (PKC). Phosphorylation of Gaz
occurs both in vitro and in platelets treated with PKC activators, and phosphorylated
Goz has a greatly reduced affinity for the Py subunits, thus leading to a
downregulation of the Gaz activity [33, 34, 35]. Gaz signaling is further regulated by
RGSzl via reduced ability of the latter to accelerate GTPase activity of
phosphorylated Goz [20]. Another crucial modulator of Goz signaling is its
palmitoylation status, since Gz GAP activity is completely blocked upon Goz
palmiloylation. Thus, this is a protective mechanism for the prevention of GAP-

mediated deactivation of Gaz and consequently its signaling [36].

Animal studies
In vivo studies in either naive, or genetically manipulated animals (animals in which a

proteins has been depleted or knocked down) are a very useful tool for the
identification of the biological role of a protein. So, in the case of RGSzl protein
much attention has been paid on its role in opiodergic system. More specifically,
knockdown of RGSzl expression with antisense oligodeoxynucleotides in mice
resulted in increased supraspinal antinociception in response to morphine
administration, development of tolerance to a single dose of morphine and accelerated
tolerance to continuous delivery of the opioid. However, delta opioid receptor
agonists had no such effects. These results indicate, that mu but not delta opioid
receptors are regulated by RGSz1 [37]. At cellular level, administration of morphine
increased the association of the mu opioid receptors with both RGSz1 and RGSz2, but
decreased its association with Gaz [38], while morphine doses that produced acute
tolerance maintained the association of Go subunits with RGSz1 and RGSz2 proteins,
even after the analgesic effects had ceased [39]. The above data are indicative of the

important role of RGSz1 as a modulator of morphine actions.

Experiments on mice lacking the Gaz gene (knockout KO mice) cover a broad field
of research. Loss of signaling through Goaz resulted not only in abnormal platelet
activation, leading to impaired platelet aggregation but also in altered responses to
psychoactive drugs in Gaz KO mice. More specifically, Goaz KO mice exhibited
greatly exaggerated responses to cocaine and reduced analgesic effects of morphine
[40]. A more detailed investigation on the role of Gaz in the dopaminergic system
revealed that Goaz KO mice exhibited enhanced sensitivity to the disruption of

prepulse inhibition of acoustic startle induced by treatment with amphetamine and
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apomorphine, as well as enhanced sensitivity to the locomotor activation effects of
amphetamine [41]. Moreover, while D1-like receptor agonists induced comparable
locomotor activity in both KO and wild-type (WT) mice, the suppressive phenotype
upon D2-like receptor agonist administration was less prominent in KO mice.
Similarly, hypothermia and adrenocorticotropic hormone release, resulting from
activation of D2-like receptors, were significantly reduced in Gaz KO mice. These
data indicate the functional coupling of Gaz to D2-like receptors in vivo [42]. Finally,
a behavioral analysis of Gaz KO mice showed heightened anxiety and depression-like
behavior compared to their WT littermates an effect that may be mediated via the
serotonin-IA receptors [43], which are known to be coupled to Gaz subunits based on

studies in cell cultures [44].

Although there is no direct evidence for the involvement of RGSz1 in mood curcuits,
the fact that Gaz is coupled to serotonin receptors and its absence is adequate to
provoke impaired mood phenotype in animals, it can be hypothesized that RGSzl is a

key player in mood disorders.
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AIM OF THE STUDY
The aim of this study is to investigate the role of RGSz protein in:

1) Drug addiction and chronic pain-related depression and anxiety.
2) The mechanism of action of two antidepressant agents, desipramine (TCA)

and fluoxetine (SSRI).

For this reason we used genetically manipulated mice in which the RGSz gene was
deleted (knock-out mice KO) and their wild type (WT) littermates. The basal
behavioral phenotype of these mice was assessed, concerning their anxiety and

depression levels.

The antidepressant properties of acute desipramine and fluoxetine administration
under basal conditions were assessed in both genotypes and both sexes. The WT vs.
KO mice comparison was performed to reveal the potential role of RGSz in TCA’s or
SSRI’s effectiveness, while the female vs. male comparison was performed for the

identification of sex differences in responsiveness to these agents.

Drugs of abuse, such as morphine and cocaine were used to induce an addictive
phenotype, and a model of neuropathic pain was applied to induce chronic pain
conditions. Addicted mice, as well as mice under chronic pain were assessed for their
anxiety and depressive phenotype, in order to identify the role of RGSz in addiction
and chronic pain-induced depression and anxiety (WT vs. KO mice), as well as
possible sex differences (female vs. male mice), since as mentioned above depression

is much more frequent in females.

Mechanistically, the first step in understanding the role of RGSz in depression is the
identification of the brain regions, where the protein is present or absent, and of
particular interest are these regions, mentioned above, that are involved in the mood

neuronal circuit.
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MATERIALS AND METHODS

Animals

All experiments were performed on male and female adult mice. Mice were kept on a
12h light/dark cycle, were group-housed (4-5 per cage) with food and water available
ad libitum. Homozygous null mice for the RGSz gene and their wild-type littermates
were used in all experiments in groups of 8-15 mice per genotype. Animal handling
and experiments were in accordance to the guidelines of the Institutional Animal Care

and Use Committee of the University of Crete.

Drugs
Morphine (morphine sulfate, National Institute on Drug Abuse) and cocaine (National

Institute on Drug Abuse) were used for inducing addiction. Mice were treated with
freshly prepared morphine for 6 days (10mg/kg), or cocaine for either 6 or 10 days
(10mg/kg). Both drugs were dissolved in 0.9% NaCl and injected intraperitoneally.
Desipramine (desipramine hydrochloride, Sigma) and fluoxetine (fluoxetine
hydrochloride, Sigma) were used as antidepressant agents. Desipramine was dissolved
in 0.9% NaCl (50mg/ml), while fluoxetine in ultra pure water. All drugs, including

saline, were freshly prepared before use and injected in a volume of 0.1ml.

Surgical procedure
The spared nerve injury (SNI) model of neuropathic pain was performed under 2,2,2-

tribromoethanol (Aldrich) general anesthesia. Skin and muscle incision of the left
hind-paw at mid-thigh level revealed the sciatic nerve and its three branches, with the
help of a stereomicroscope. The common peroneal and the sural nerves were carefully
ligated with 6.0 silk suture (Ethicon, Johnson & Johnson Intl.), transected and a 1-
2mm section of these nerves was removed, while the tibia nerve was left intact.

Muscle and skin were then closed separately with silk 4.0 suture [45, 46].

Behavioral tests
Marble hiding test: Mice were transported in the experiment room 1hr before testing.

Each mouse was placed in a plastic cage (33 x 20 x 18cm) with a Scm high bedding
on which ten colorful marbles were evenly placed. Mice remained in this environment
for 30 min and afterwards the number of hidden marbles was measured, as a marker
of animal anxiety. Marbles were considered hidden if two-thirds, or more, of their

surface were buried in the bedding [47].
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Open field test: Mice were transported in the experiment room lhr before testing.
Each mouse was placed near the walls of an open field area for Smin. The open field
area was an empty square arena (25 x 25cm) surrounded by walls to prevent mice
from falling off. The arena was divided in three zones, the center (5 x 5cm), the
periphery (10 x 10cm) and the borders (20 x 20cm). This 5-min session was
videotaped and mice were then scored for the following three parameters: “latency”,
the time the mouse needed to enter the center for the first time, the time mice spent
near the borders, both measures of animal anxiety, and the time mice spent in the

periphery, indicative of less anxiety-related behavior.

Forced swim test: Mice were transported one by one to the testing room, just before
the experiment. Each mouse was placed individually in glass cylinders (46¢cm tall x
18cm diameter) containing water at room temperature at a depth of 15cm. A 6-min
test duration was used and water was changes between subjects. All test sessions were
recorded by a video camera. The behavioral measures scored, based on the
videotapes, were the “latency”, that is the time needed until the mouse remained still
for the first time for at least 5 sec, as well as the duration of “immobility”, that is the
state in which mice made only movements necessary for remaining afloat. Mice that
were unable to keep their head above water were excluded. Saline, desipramine and
fluoxetine acute treatment were used. Desipramine doses were administered at 23.5,
5.0 and 1.0hr (10mg/kg i.p., 10mg/kg i.p. and 20mg/kg s.c. respectively) before test

session, while fluoxetine was administered 30min (30mg/kg i.p.) before testing [48].

Locomotor activity assay: Locomotor activity of the mice was determined using an
automated system, as previously described. Briefly, mice were single-placed in
plastric cages (33 x 18 x 12cm) and 10 pairs of photocell beams, dividing the activity
chamber into 11 rectangular fields, measured the ambulatory locomotor activity of the

animals for 30min [49].

Nociceptive test: The mechanical threshold for hind-paw withdrawal was determined
using von Frey hairs with ascending forces expressed in grams (0.1 - 3.6gr)
(Electronic von Frey Anesthesiometer, IITC). Mice were single-placed in Plexiglas
boxes on an elevated mesh screen. Each von Frey hair was applies on the plantar
surface of mice hind-paws, 5 times per paw, and the mechanical threshold was

defined as 3 or more withdrawals out of 5 trials [47].
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Immunohistochemistry
Mice were injected with an overdose of pentobarbiral and perfused transcardially with

1x PBS followed by 4% paraformaldehyde. The brains were post-fixed for 12hr in 4%
paraformaldehyde and then cryoprotected in 20% glycerol for 6hr. Brains were
coronally sectioned at 40 mem and collected in 1x PBS plus 0.5% sodium azide.
Double-labeling immunohistochemistry was performed, using rabbit polyclonal anti-
RGSz antibody (1:600, Eliot Ross UT Southwester medical center), and mouse
polyclonal anti-tyrosine hydroxylase-TH antibody (1:2000, Sigma) [50]. Briefly,
slices of all brain regions were selected and rinsed in PBS. 3% normal donkey serum
(Sigma) was used to block nonspecific binding. After the addition of the anti-RGSz
and anti-TH antibodies, the slices were incubated overnight. The next day, the slices
were washed in PBS and incubated with secondary antibodies conjugated to Cy2 and
Cy3 (1:300). After washing in PBS, the slices were mounted on slides, dehydrated
and coverslipped using DPX mounting media. Images were obtained by using

confocal microscope.
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RESULTS

Behavioral analysis of the RGSz knockout mice

The basal anxiety and depression levels of RGSz WT and KO mice were measured, in
order to be used as reference values for evaluating the drug addiction- or chronic

pain-induced behavioral phenotype of these mice (Fig. 1).
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Fig.1 Basal anxiety and depression levels of RGSz WT and KO male and female
mice. {A) marble hiding tesi. (B, C) open field test. (D) forced swim test, latency.

Surprisingly, in both anxiety tests used, marble hiding and open-field test, mice
lacking the RGSz gene (KO) exhibited a more anxious phenotype, compared to their
wild-type (WT) littermates. This difference was more obvious in the marble hiding
test, but open field test also showed such a trend, although the difference was not
statistically significant. It should be noted that a profound difference is highly difficult

to be observed in this test. Moreover, RGSz KO mice exhibited a less depressive
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phenotype, as this was assessed in the forced swim test. These findings were observed
in both male and female mice, suggesting significant behavioral deficits in RGSz KO

mice.

Differential effect of antidepressants in RGSz WT and KO mice
Since the RGSz KO mice were more anxious and less depressed compared with their

WT littermates, we hypothesized that RGSz might also play a role in the effectiveness
of antidepressant agents. So, we tested the antidepressant properties of acute
desipramine and fluoxetine treatment in RGSz WT and KO mice. We used these two
distinct classes of antidepressants, desipramine, a tricyclic antidepressant (TCA) and
fluoxetine, a selective serotonin reuptake inhibitor (SSRI), because they have
different mechanisms of action, and it is possible that RGSz might be involved in one
pathway and not the other. The forced swim test is the most commonly used test for
assessment of the acute therapeutic effect of antidepressants [51]. We verified the
antidepressant properties of both drugs, upon acute administration, in all mouse

groups tested.

More specifically desipramine had similar antidepressant effect on WT and KO mice
in both sexes, a phenotype that was more obvious in females than in males,
suggesting increased sensitivity of female mice to the effectiveness of antidepressants.
Concerning fluoxetine, male mice responded better to fluoxetine than desipramine,
and both WT and KO mice showed similar antidepressant phenotype. On the
contrary, fluoxetine had no effect on female WT mice, but an obvious antidepressant
effect on female KO mice. These findings suggest that either RGSz alone plays a role
in the SSRIs mechanism of action, or it is an effect based on sunergic action of RGSz

and sex hormones.
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Fig.2 Antidspressant effect of desipramine and
fluoxetine in RGSz WT and KO male mice.

Fig.3 Aniidepressant effect of desipramine and
fluoxetine in RGSz WT and KO female mice.

Expression pattern of RGSz in the central nervous system (CNS)
In order to better understand the underlying mechanisms of 1) the basal behavioral

deficits of the RGSz KO mice and 2) differential effectiveness of fluoxetine in the
female RGSz KO mice, we performed immunohistochemical studies in brain slices.
We found that brain regions where RGSz is highly expressed include the red nucleus,
the trigeminal nerve nucleus (Fig. 4). Using an antibody for tyrosine hydroxylase
(TH), an enzyme involved in the metabolic pathway of dopamine, we could identify
brain regions rich in dopaminergic neurons, such as the locus coeruleus and the
ventral tegmental area, traditional dopaminergic regions. Apart from these regions,
dopaminergic neurons have been reported to be also present in rostral linear nucleus
(RL1), periaqueductal gray (PAG), dorsal raphe (DR) [52]. Notably, PAG and DR are
also involved in the serotoninergic pathway, with DR containing the 70% of the

serotoninergic neurons in the brain.

Previous immunohistochemical studies in the mesencephalon have shown TH-
immunoreactivity not only in VTA, but also in ventrolateral PAG and RLi —

RIi/VPAG [53]. As shown in figure 4 we found no RGSz expression in LC, VTA, and
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RLi/VPAG, but high expression levels in the red nucleus and the nucleus of the

trigeminal nerve.

Fig.4 Expression pattern of RGSzl in murine brain tissue: double
immunohistochemistry for RGSz1 (green) and tyrosine hydroxylase (red). Nc¢ V:
nucleus of the trigeminal nerve, DR: dorsal raphe, LC: locus coeruleus.

Drug addiction and neuropathic pain-induced anxiety and depression
It is well established that depression and anxiety co-exist in many pathological

conditions, and that conditions that induce anxiety and/or depression in humans
involve drug addiction in the rewarding phase, chronic pain etc. [54-57]. So, we tried

to make a mouse model of depression.
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For induction of addiction-related depression, mice were treated with morphine or
cocaine for 6 days. Both treatments were effective in inducing addiction, as this was

verified by the increased locomotor sensitization in all mice groups (Table 1).

Beam breaks
Baseline | First day of treatment Last day of treatment
6-d.morphine | WT | 814.6 1195.5 3774.5
KO | 546.75 2089.5 5348.5
6-d.cocaine WT | 226.3 664.5 1190.67
KO | 414.5 1336 2164.5

Table 1. Morphine or cocaine induces increased locomotor activity in RGSz mice
assessed in the locomotor activity assay.

3-4 days post 6-day drug treatment, mice being in withdrawal were tested for their
anxiety and depression levels. Unlike morphine treatment, which did not induce an
anxiety phenotype in both sexes, cocaine had a statistically significant anxiolytic

effect in female WT mice, but no effect on their KO littermates (Fig. SA, B).

A B
MARBLE HIDING TEST (MALES) MARBLE HIDING TEST (FEMALES)
. 8
6 [
6 -
5 1 mWT mWT
ko | | ] BKO
4 1
4
3 5 |
2 1 5
1 7 1 7
0 - 0 -
BASELINE MORPHINE COCAINE BASELINE  MORPHINE  COCAINE

Fig. 5 Morphine and cocaine induced anxiety-like phenotype, assessed in the
marble hiding test, in males (A) and females {B)-

Given that cocaine, but not morphine, caused increased locomotor sensitization
(Table 2) and prominent anxiolytic effect (Fig. 5) on RGSz KO mice, suggests that
RGSz is somehow involved in the cocaine-induced neuronal adaptations. The
observed sex difference raises the possibility that sex hormones are also

involved in this mechanism.
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Unfortunately, addiction-related depression could not be induced in any of the groups

tested (Fig. 6). Tests were again performed in both male and female mice, in order to

identify the presence of sex difference.
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Fig. 6 Morphine and cocaine treatment induced deprassion-like phenotype, assessed in the forced
swim test. Both Iatency and immobility are measurad in males (A, B} and femalss (C.,D),

respectively.

Another treatment session was also performed in an attempt to induce addiction-

related anxiety and depression, in which mice were treated with cocaine for 10 days

and their anxiety and depression phenotype was assessed 6-7 days post treatment. The

results were similar to the 6-day cocaine treatment (data not shown).

Concerning the chronic pain-related anxiety and depression, we used the spared nerve

injury (SNI) model of neuropathic pain, which was able to cause a stable allodynic

phenotype for more than a month, as this was assessed in the von Frey test (Table 2).

Von Frey hairs, pressure (gr)

Baseline Day 10 Day 20 Day 30
Operated mice WT 1.9 0.425 0.5 0.6
KO 1.9 0.475 0.45 0.65
Sham-operated mice WT 2.05 2.03 2 2.175
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KO

2.225

2 2 1.925

Table 2. SNI model induces stable allodynia in RGSz mice.

These male mice being on chronic pain for a month underwent anxiety and depression

tests. Chronic pain did not increase the anxiety levels of the operated mice compared

both to sham operated mice, that is mice that were not on chronic pain, and to non-

operated mice (Fig. 7A), but induced a pronounce depression phenotype compared to

their controls (Fig. 7B, C).
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DISCUSSION

The findings of this study could be summarized in three major points:

1. The behavioral analysis of RGSz1 KO mice reveals significant behavior deficits of

these mice, concerning their anxiety and depression phenotype.

In consistent with behavioral experiments on Gaz KO mice, which exhibited
increased anxiety and depression-like phenotype, the similar phenotype of RGSz KO

mice suggests that Gz signaling is rather crucial in mood regulation.

2. It provides a first indication of the expression pattern of RGSz1 protein in murine

brain tissues.

The so far provided evidence for the expression pattern of RGSz1 at mRNA level,
provide an indication for the brain regions and subsequent physiological functions in
which RGSz1 interferes. However, the presence of mRNA does not necessarily lead
to the presence of functional protein. The lack of an available antibody that
specifically binds to RGSzl but not to the other RGSz members was the main
limitation for this. So, the availability of such an antibody made possible the
identification of the brain regions where RGSzl is expressed. Our study reveals for
the first time the presence of RGSzl1 protein in the red nucleus and the nucleus of the
trigeminal nerve. Our focus on brain regions of the dopaminergic brain network (such
the VTA, LC and RLi/vPAG) showed no detectable RGSz1 expression. However, a

more detailed expression analysis in necessary.

3. RGSz1 seems to play a role in the antidepressant action of SSRIs (Fluoxetine)

either per se or in combination with sex hormones.

It is well established that the serotonin IA receptor signaling is Gz-mediated. Since
the antidepressant action of fluoxetine is mediated by serotonin receptors, it would be
of particular interest the investigation of potential co-localization of this receptor with
RGSzI1 in brain regions outside the dopaminergic network, e.g. in the hippocampus.
On the other hand, the observed sex difference requires further investigation, in order
to identify whether there is direct on indirect interaction of RGSz1 with receptors of

sec hormones.

And one minor point:
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We managed to establish a chronic pain-related mouse model of depression, but it

was not possible to establish an addiction-related mouse model of depression.

This could be attributed to a variety of reasons, such as the strain or the time-point at
which the assessment of the depression-like phenotype took place. It is well
established that both conditions are strongly associated with increased depression, so
it could be hypothesized that addicted mice were not on the phase of withdrawal. On
the other hand, this was not an issue in mice under chronic pain, since the depression-
like phenotype was rather obvious. Given that sufficient depression is a long-term
effect of various triggers, and the withdrawal phase is not so long-lasting, this could

be the reason for the ineffective induction of addiction-related depression.

So, the chronic pain-related model of depression could be used for further
investigations on the action of antidepressant agents, under chronic depressive
conditions. This study, along with the basal depressive phenotype of RGSzl KO
mice, would be of particular interest, for providing stable evidence on the role of

RGSzI1 in depression and antidepressants’ mechanism of action.

Summarizing, the present study is the first study that provides evidence for a role of
RGSzl in mood disorders, suggesting that, apart from addiction-related behaviors,
which have been the main focus on RGSz1 research, RGSz1 is also involved in other

neuronal circuits and consequently in other pathological conditions.
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