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Moreover they performed assays for intracellular calcium mobilization in SkBr3 cells, 

showing that G15 alone was not able to induce calcium mobilization but pre-incubation with 

G15 reduced in a dependent dose manner the response to G1 or to estrogen. Like for G1, G15 

was tested in COS-7 cells in response to estrogen or G1 mediated PI3K activation after 

transfection with Gpr30, ERα or ERβ. G15 could inhibit PIP3 accumulation in response to G1 

stimulation, but was unable to exert the same inhibitory effects in cells transfected with ERα 

or ERβ and stimulated with estrogen. The specificity of G15-Gpr30 binding was proved by its 

inability to interfere with ATP calcium mediated mobilization.  

 

One aspect of great interest in the field of Gpr30 ligand studies is certainly represented by the 

interaction between 4-hydroxytamoxifen (a selective estrogen receptor modulator, SERM), 

fulvestrant (a pure ERα antagonist) and Gpr30. Any of them have been discussed to represent 

Gpr30 agonists (54). Transactivation of EGFR through Gpr30 leading to epithelial 

proliferation, has been proposed to be the molecular mechanism explaining the onset of 

endometrial cancer in women treated with tamoxifen (34, 58, 59). However so far the distinct 

roles of ERα and Gpr30 in transactivating EGFR have not been properly clarified and a 

subordinated role of Gpr30 to ERα could not be excluded (38). 

1.3.3 Gpr30 in vivo function 

So far most of the functional studies of Gpr30 were based on cell-assays, and only few 

publications have reported in vivo approaches. An overview of the most relevant results from 

these studies is shown in the Table 1.1. Most of the approaches were aimed to clarify the 

potential role of Gpr30 as an estrogen receptor: for this scope E2, G1 compound, ICI 182,780, 

and the newly identified G15 have been used in the different in vivo studies. Wildtype rats 

and Gpr30 knockout (KO) mice were the animal models used. In particular so far four 

different Gpr30 KO mouse models have been generated (45, 60-62) and the following 

functional categories identified: immunology, neurology, reproduction, metabolic and 

cardiovascular function, inflammatory mechanisms. The approaches are disparate and often 

the results conflicting.  
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Table 1.1: Gpr30 in vivo function 

Animal model Method Main phenotype reported 
Proposed or excluded Gpr30 

function 

Gpr30 KO mice 
PD1-KO mice 

EAE induction and G1 
treatment 

 
enhanced suppressive activity of 

CD4(+)Foxp3(+) T regulatory cells 
through a Gpr30- and programmed 

death 1-dependent mechanism 

Protective effect of Gpr30 
against EAE (69) 

 
Gpr30 KO mice 

Rats 
 

 
G1 infusion, BP and BW 

measurements 
 

Reduction of MAP in rats. 
Obesity in Gpr30 KO mice 

 
Gpr30 estrogen mediates effects 

of protection from 
cardiovascular diseases and 

obesity (68) 
 

 
Ovx Gpr30 KO female mice 

 
E2 treatment 

 
E2 treatment did not effect femur 
length in Ovx Gpr30 KO females 

mice 

 
Gpr30 is required for a normal 
estrogenic response in growth 

plate (220) 
 

Gpr30 KO mice 
Morphological metabolic and 

hemodynamic studies  
(e.g. GTT, BP measurements) 

 
In females mice: impaired glucose 

metabolism, reduced BW, 
increased blood pressure, reduced 

bone growth 
 

Gpr30 is required for normal 
bone growth, glucose 

homeostasis, and blood pressure 
in female mice (61) 

Gpr30 KO mice 
Ovx Gpr30 KO female mice 

Continuous mating studies 
E2, E2+P treatment 

 
Gpr30 KO mice have normal: 

fertility, development of 
reproductive organs, and responses 

to E2 or E2+P in the uterus and 
mammary gland 

 

Gpr30 is not involved in 
estrogenic response in 

reproductive organs (45) 

Ovx Gpr30 KO female mice G1 treatment 

 
G1 has not impact on estrogenic 
responses in the uterus and the 
mammary gland (epithelial cell 
proliferation, endbud formation, 

target gene induction) 
 

Gpr30 is not involved in 
estrogenic response in 

reproductive organs (51) 

Gpr30 KO mice 
E2, G1 treatment: 

assessment of the thymic 
atrophy and thymic apoptosis 

 
E2-induced apoptosis in TCR β-/low 

DP thymocytes was significantly 
attenuated in Gpr30 KO mice. G1 
treatment in WT mice, similar to 

E2, induces apoptosis 
 

 
Gpr30 is indispensable for E2-
induced thymocyte apoptosis 

and consequent thymus atrophy 
(along with Erα–mediated DN 

thymocytes development 
blockage) (62) 

Ovx female and ICR male 
mice 

E2, G15 injections 
G1 and G15 administration in 

tail suspension test 

 
Epithelial cell proliferation E2 or 
G1- induced, reduced by G15 in a 

dose dependent manner. G1 and E2 
antidepressant effects inhibited by 

G15 

 
Gpr30 estreogen mediated 

effects of epithelial cell 
proliferation and regulation of 

depression (antidepressant effect 
of G1 inhibited by G15) (57) 

Ovx female rats 5HTP injection to induce VH 

 
Lost of VH when ovx rats were 

treated with antisense 
oligodeoxynucleotide against 

Gpr30 

Gpr30 estrogen-mediated VH 
(73) 

Gpr30 in vivo function. 5HTP: 5-hydroxytryptophan; BP: blood pressure; BW: body weight; E2: estrogen; EAE: 
experimental autoimmune encephalomyelitis; GTT: glucose tolerance test; KO: knockout; MAP: mean arterial 
pressure; Ovx: ovariectomized; P: progesterone; VH: visceral hypersensibility. 
 



Introduction                                                                                                                                            13 
_________________________________________________________________________________________________________________                           
 

 

Analysis shown in the first paper was conducted in rats, using a trauma-hemorrhagic shock 

(THS) model based on a mechanical and controlled bleeding followed by a pharmacological 

resuscitation. The animals were treated with E2 or E2 conjugated to BSA and hepatic injury 

was based on plasma α-glutathione S-transferase (αGST) levels. E2 and E2-BSA 

administration after THS were both able to reduce αGST levels. Indeed the authors showed in 

hepatocytes PKA inhibition of the anti-apoptotic Bcl-2 gene, in response to E2 or E2-BSA 

stimulation. The authors concluded that hepatic injury may be attenuated in response to 

estrogen through a Gpr30 mediated anti-apoptotic signalling (63). In this study there was no 

difference in using E2 or E2-BSA, the latter being a membrane-impermeable compound. Its 

presumed effects mediated by Gpr30 are however in contradiction with strong evidences for 

Gpr30 being located on the endoplasmic reticulum (see Gpr30 subcellular localization and its 

ligands). Other studies also provided evidence for a pro-apoptotic function of Gpr30 (62, 64).  

 

A recent paper reports that Gpr30 is required for E2 stimulation of the primordial follicle in 

the hamster ovary suggesting a potential role of Gpr30 in reproduction (65). On the other 

hand Otto and colleagues showed that Gpr30 is not involved in estrogenic response in 

reproductive mouse organs (45). They used ovariectomized (ovx) Gpr30 KO female mice 

treated with E2 alone or in combination with progesterone (P) to simulate pregnancy status. 

They found that the lack of Gpr30 did not affect endbud or sidebranches formation in 

mammary gland, as well as uterine growth (weight) and epithelial cell proliferation. Uterine 

genes expression as Hspa5, S100a10, and Wnt4, claimed to be induced by estradiol in an Erα 

independent manner, were also not influenced by Gpr30 lack (66, 67). Moreover mating 

studies showed Gpr30 KO mice to be fertile and that follicles from all stages of development 

were present as well as corpora lutea. A similar experimental approach using also G1 in vivo 

led to the same results. The authors therefore concluded that no impairment of the 

hypothalamic-pituitary-gonadal axis in female mutant mice was observed and they excluded a 

general involvement of Gpr30 estrogen response in reproductive organs (45, 51). In a recent 

paper however Dennis and colleagues (2009) showed an increase of epithelial proliferation in 

ovx female mice treated with E2, reverted by the pre-treatment with G15.  

 

Another study on Gpr30 KO mice claimed an involvement of Gpr30 in the regulation of 

glucose metabolism and blood pressure, with a sexual dimorphism (61). The authors found 

that deletion of Gpr30 was associated with hyperglycemia and impaired glucose tolerance, 

reduced skeletal growth and increased blood pressure in female mice. Glucose impaired 
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tolerance was associated with reduced glucose-stimulated insulin release. Indeed female 

Gpr30 KO mice exhibited an age reduced body weight as well as increased mean arterial 

pressure (MAP) at 9 months of age, probably due to events of arterial remodelling such as an 

increase in the media-to-lumen ratio. In the same year Haas and co-workers claimed a role of 

Gpr30 in the metabolic and cardiovascular system, but reported results contrasting with those 

from Martensson concerning magnitude, direction, and sexual dimorphism in body weight 

and blood pressure (68). Infusion in rats of G1 resulted in an acute reduction of MAP, being 

the phenotype sex independent. Using pressurized rat mesenteric resistance arteries, they 

found that G1 was able to promote acute dilatation of preconstricted arteries, and the dilator 

effect was abrogated in the carotid artery of Gpr30 KO mice. G1 but not E2 turned out to be 

able to abrogate serotonin-calcium increase after intracellular (but not extracellular) injection 

of the compound. Haas and co-workers proposed a model wherein Gpr30 is involved in 

mediating acute vasodilatation through a pathway antagonizing calcium release. Moreover the 

authors showed that both males and females Gpr30 KO mice have a higher body weight 

compared to their wildtype littermates. 

 

An immunological role of Gpr30 was proposed by Wang and colleagues (62). The authors 

investigated the mechanisms of thymic atrophy occurring in response to estrogen exposure. 

The maturation of T cells can be divided in different stages in relation to the expression of 

CD4 and CD8 receptors: double negative (DN: CD4-/CD8-), double positive (DP: 

CD4+/CD8+) and single-positive (SP: CD4+/CD8-; CD4-/CD8+) stages. DN T cells can further 

be found at different levels of maturation depending on their expression of CD44 and CD25 

receptors (DN1-4). E2 treated Gpr30 KO female mice showed alleviated but not completely 

reversed thymic atrophy. The atrophic effect resulted rather abrogated in α-ERKO mice. Still 

the authors could distinguish between the contribution of Gpr30 and ERα in mediating thymic 

atrophy since the apoptosis in TCR β-/low DP thymocytes was significantly attenuated in 

Gpr30 but not in ERα depleted cells; concerning the role of ERα, they observed that E2-

induced accumulation of DN1 and DN2 thymocytes was only blocked in α-ERKO mice.  

 

Recently the same authors proposed a possible involvement of Gpr30 and ERα in 

autoimmune diseases protection (69). Using a multiple sclerosis mouse model, experimental 

autoimmune encephalomyelitis (EAE) induced in wildtype mice was partially rescued by G1 

as well as by E2 treatment, whose protective effect, through ERα has been formerly proven 

(70-72). In order to distinguish between the contribution of Gpr30 and ERα in attenuating 
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EAE, the authors investigated ex vivo the role of a T regulatory cells fraction (CD4+ FoxP3+ 

Treg cells) potentially expressing the programmed death 1 (PD-1) receptor. The expected PD-

1 receptor up-regulation mediated by estrogen was abolished in Gpr30 KO PD-1+ splenocytes. 

Indeed G1 administration in vivo failed to protect PD1-KO mice from EAE. The authors 

concluded that G1 may suppress EAE by up-regulation of the PD-1 signalling pathway in 

CD4+ FoxP3+ cells. However E2 treatment of α-ERKO mice as opposed to Gpr30 KO mice 

did not attenuate EAE, detecting ERα as the main factor in this process (70).  

 

Other studies provide evidence indicating a role of Gpr30 in mediating distinct phenomena of 

nociception. Lu and colleagues (2009) recently investigated the role of Gpr30 in estrogen 

induced visceral hypersensitivity (VH). VH is a factor involved in the pathogenesis of 

irritable bowel syndrome, and can be mimicked in rats through injections of 5-

hydroxytryptophan (5HTP, a precursor of serotonin). The entity of VH was assessed in vivo 

using a colorectal distension procedure and measurements of electromyogram (EMG) levels, 

accounting for the visceromotor reflex. Pre-treatment of ovx rats with the presumed selective 

Gpr30 agonist G1 and not with ERα or ERβ agonists, namely propylpyrazole-triol (PPT) and 

diarylpropionitrile (DPN), increased EMG levels following 5HTP sensitization. Pre-treatment 

with the ER antagonist fulvestrant in the presence of estrogen led to the same results. Since 

the use of antisense oligodeoxynucleotides against Gpr30 could prevent the 5HTP induced 

VH events, the authors concluded that Gpr30 mediated visceral pain in the described in vivo 

model (73). Starting from the observation that gonadal hormones may influence pain, Kuhn 

and colleagues investigated the involvement of Gpr30 in an estrogen induced nociception rat 

model (74). Previously the same group demonstrated that injection of estrogen into the hind 

paw of male rats induced a PKCε dependent mechanical hyperalgesia. Kuhn and colleagues 

questioned whether this mechanism could have been mediated by Gpr30. Injecting 10 ng of 

G1 in the hind paw of male rats and measuring the nociceptive flexion reflex, they found 

significant increase of hyperalgesia. Hundred ng as well as 1 μg led to the near-maximal 

mechanical hyperalgesia. Same results were obtained using a fulvestrant and both effects were 

abrogated by the use of a specific PKCε inhibitor. Ten nM estrogen was the minimal 

concentration required to observe activation of PKCε in neurons in vitro, but plasma levels of 

estrogen in male rats has been estimated in 1.1 nM (a value closer to Ki values of ERα and 

Erβ), therefore the authors hypothesized that a Gpr30 mediated nociception model may 

require high locally restricted estrogen levels, hypothesis not yet proved.  
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A role of Gpr30 in estrogen related effects in depression has been recently proposed by 

Dennis and co-workers. The authors showed the ability of G1 as well as E2, in a method for 

screening antidepressants in mice (tail suspension test), to replicate the effects determined by 

the antidepressant drug desipramine. This effect was then shown to be partially reverted by 

G15 treatment. Once more the role of the nuclear estrogen receptors could not be completely 

excluded, since not only G1 but also E2 led to the same results in the tail suspension test. 

Moreover the effects of ERα or ERβ antagonist were not analysed (57).  
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1.4 Mouse genome manipulations: transgenic and knockout mice 

1.4.1 Transgenic mice 

Transgenic and knockout mice are a powerful and invaluable tool to dissect the function of 

individual components of complex biological systems. Transgenic technology was developed 

in the early 1980s and precedes gene targeting technology. The latter is based on homologous 

recombination in embryonic stem cells (ES cells), and its development aimed at overcoming 

the limits of the random insertions that transgenic technology involves. The first transgenic 

experiments have been published about 30 years ago following infection of mouse embryos 

with viruses or retroviruses (75, 76). Pronuclear injection of mouse oocytes with naked DNA 

is the technique at the base of transgenic mice generation (77). The technique allows the use 

of transgenic constructs of several 100 kb in size, using for example yeast artificial 

chromosomes (YACs), P1-derived artificial chromosomes (PACs) or bacterial artificial 

chromosomes (BACs) (78). Often mini-gene constructs up to 10-15 kb are used. They consist 

of a regulatory sequence, a carefully selected promoter sequence and a coding sequence 

(cDNA) with polyadenylation sites. In order to obtain a large number of mature follicles 

female mice are treated with gonadotropic hormones to induce super-ovulation. F1 hybrid 

mouse strains are often used, as for example B6D2F1 mice, with a C57BL/6 mother and a 

DBA/2 father (79). Fertilized oocytes (zygotes) are collected when the paternal and maternal 

nucleus (pronucleus) are not fused yet and the transgene construct injected into the pronucleus 

of the zygotes. The microinjected oocytes are subsequently implanted into the oviducts of 

wildtype pseudo-pregnant mice previously obtained by mating them with vasectomised 

males. Through random recombination events the fusion gene construct becomes integrated 

into the genome. The integration normally occurs in a “head-to-tail” orientation and in a 

variable range number of copies verifiable through analysis by PCR and a southern blot (80). 

When the transgene inserts into the genome before the first cellular division, the embryo 

develops with the “foreign” gene (i.e. the transgene) in every somatic cell and germ-line, and 

the mouse that will develop from this embryo will constitute the founder of a transgenic line, 

able to transmit the genetic modification to its offspring. Alternatively the embryo may 

develop as a genetic mosaic. The founders are heterozygous for the transgene. The 

heterozygotes are subsequently mated to obtain the other possible genotypes.  

 

Transgenic technology is an efficient and well established approach. Despite that it shows 

some important drawbacks: 1) the copy number of the integrated transgene is highly variable 
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and the integration site can strongly influences transgene expression; 2) the injected DNA 

does not contain necessary all regulatory elements, often not reflecting the complexity of the 

genome since these elements are sometimes located at large distance from the coding 

sequence or within introns of complex genes; 3) transgenes with a trans-dominant lethal 

phenotype cannot be studied (81). Some of these limitations have been overcome through new 

approaches and a variety of gene transfer methods, are today also available, many of them 

based on ES cell or lentiviral vectors (82). But independently of the technique used, 

pronuclear injection, gene transfer into ES cells or lentivirus-mediated gene transfer, the 

insertion of the transgene remains random, and its expression not linked in most cases to the 

endogenous locus. In contrast knockout technology achieves a specific genetic modification at 

a given gene locus.  

1.4.2 Knockout mice 

1.4.2.1 ES cells and gene targeting strategies 

Knockout or gene targeting technology derives from a combination of ES cell culture 

techniques and homologous recombination strategies aimed at introducing a specific mutation 

in a specific gene. ES cells are pluripotent cells isolated from the inner cell mass of pre-

implantation blastocysts and can contribute to both somatic and germ-line tissues after 

reintroduction into blastocysts (83, 84). The genetic background of the majority of available 

ES cell lines is 129, a mouse strain from which ES cell lines can easily be established (85). 

The principles of homologous recombination were first established in yeast where 

recombination between a DNA vector and genomic DNA occurs through the specific 

recognition between homologous DNA regions. In the mammalian cells such an event is 

much more infrequent (81). In particular, experiments of gene targeting in ES cells, namely 

the technique to delete or specifically inactivate a gene trough homologous recombination, 

was first realized for the hypoxanthine phosphoribosyl transferase HPRT gene locus, a 

selectable gene (86, 87), and then for the int-2 and the c-abl gene loci, two non-selectable 

genes (88, 89). These experiments paved the way for the construction of the first knockout 

mouse in 1989 (90). A schematic representation of a knockout mouse generation approach is 

shown in Fig. 1.2. The first step in a gene targeting experiment is to isolate the genomic 

clones containing the gene of interest, and the best approach involves the use of both ES cells 

and genomic clone from the same genetic background (i.e. isogenic DNA). The vectors can be 

classified as either replacement or insertion vectors. A replacement type vector, present in a 

linearized form, is inserted into the genomic locus by a double crossover that leads to the 
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ejection of the genomic DNA fragment. An insertion type vector enters the target locus as 

linearized vector that leads to the duplication of genomic sequences. Most often replacement 

vectors are used. In any case the vector has to contain a gene that allows a positive selection 

strategy, able to confer e.g. a precise antibiotic resistance to the transgenic ES cells, as for 

instance neomycin resistance (neor). Alternatively other gene cassettes may render resistance 

against hygromycin, puromycin or histidinol (91-93). To enrich the clones that have 

undergone homologous recombination a second gene allowing a negative selection of 

sensitive ES cells is usually added to the construct, often a cassette encoding thymidine kinase 

(TK). Those cells that have undergone homologous recombination have lost the TK gene, on 

the other hand the cells that have still kept the genes will result exposed to the toxic effect of 

an agent such as gancyclovir and consequently be eliminated. Altogether the system is known 

as negative-positive selection strategy (88). Another negative selection marker used with 

success was the diphteria toxin A (DT-A) gene fragment (94). Some approaches combine 

directly a positive selection strategy with homologous recombination technology. Therefore 

the vector is designed in such a way that when a homologous recombination event occurs 

regulatory elements of a given selection marker necessary are reconstituted (88, 89, 95).  

 

It has been described that several factors can affect the rate of homologous recombination in 

ES cells: 1) the locus per se, likely reflecting the variable organisation of chromatin 

structures; 2) the extent of the homology region between the targeting vector and the targeted 

locus, being 10 kb the empirical optimal value (96); 3) the genetic background of the targeted 

ES cells, since isogenic DNA increases the efficiency of homologous recombination (97).  

 

Other technical improvements have enriched and refined the strategy of gene targeting (98, 

100, 101). In designing a targeting vector often the possibility of introducing a β-

galactosidase gene (LacZ) in frame with the targeted protein has been considered. On the 

other hand this strategy leads to fused proteins of LacZ and the transgene, e.g. LacZ-neor. 

Alternatively one could introduce an internal ribosomal entry site (IRES) sequence in order to 

drive the translation of LacZ protein alone. The main advantage of both approaches is to use 

LacZ expression able to report the expression pattern of the gene protein of interest, providing 

therefore an invaluable knowledge. Indeed in the present study was used such a model, 

aiming at the functional characterization of a rather unknown gene locus, Gpr30. 
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Figure 1.2: Schema of a KO mouse generation 

Selected ES cells for the mutation are implanted into a normal blastocyst. The blastocyst is implanted in a 
pseudopregnant mouse that will generate chimeric mice, bred to verify germ-line transmission of the mutation. 
Adapted from Crawley JN (99). 
 

1.4.2.2 The chimera and its offspring 

Competent ES cells are subsequently injected into a blastocyst of wildtype pseudopregnant 

mice, preliminary collected from superovulated female mice, often the C57BL/6 strain. 

Collection is usually performed at embryonic day 2.5, when the blastocyst is at early stage of 

development (79). A fine-gauge needle is used to microinject cultured, single ES cells into the 

central hollow of the blastocoele of the blastocyst. The injected blastocysts are then implanted 

into pseudopregnant female recipients. The adoptive mothers can be of any strain, usually 

C57BL/6. When ES cells carrying a dominant allele of Agouti as Aw (white-bellied agouti, 

from a substrain of 129) are injected into mouse blastocysts of the strain C57BL/6 (a non-

agouti), mice containing both C57Bl/6 and 129-derived cells can easily be identified by coat 

color chimerism. In this case the pups (chimeras) have typically a greyish brown colour. If 
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by ERα, since ApoE KO mice crossed with α-ERKO mice are not responding to estrogen 

treatment (141-143).  

Estrogen does not exert only indirect cardiovascular protective effects through lipid 

regulation, but also acts directly on blood vessels through non-genomic effects. These occur 

in a short time and do not require gene expression changes, so that they are not related to 

nuclear ERα or ERβ. Estrogen mediated vasodilation represents a good example of such an 

effect. In several studies it has been shown that estrogen membrane receptor isoforms mediate 

rapid effects of estrogen in endothelial cells, in which estrogen interacts with p85α, the 

regulatory subunit of PI3K. Stimulation with estrogen produces a stronger activation of ERα-

associated PI3K, recruitment and activation of Akt protein kinase, resulting downstream in 

the activation of endothelial nitric oxide (NO) synthase (eNOS) (144-146).  



Introduction                                                                                                                                            32 
_________________________________________________________________________________________________________________                           
 

 

1.8 High fat diet mouse model 

HFD fed mice represent a robust model for obesity and early type 2 diabetes. This model was 

initially described by Surwit and colleagues (147). In general two types of macroscopic 

responses have been observed when rodents are given a HFD: some species and strains gain 

weight but others do not. Among the different mouse strains the C57BL6/J one positively 

responds to HFD and is often used as a diet-induced obese (DIO) mouse strain (148). SWR/J 

and A/J mice are obesity resistant whereas BALB/cByJ, C3H/HeJ and C57L/J mouse strains 

are intermediate (149). Moreover it has been shown that HFD in C57BL6/J mice results over 

time in a stable hyperinsulinemia indicating a progressive worsening of insulin resistance. 

After already one week of HFD feeding, mice have been shown to display elevated plasma 

glucose and insulin levels, a reduced glucose clearance and an impaired insulin secretion. 

Indeed characteristic for impaired glucose resistance and type 2 diabetes are insulin resistance 

and islet dysfunction (150). The DIO model along with obesity and insulin resistance is also 

characterized by dyslipidemia, namely hypertriglyceridemia with low blood HDL levels, 

hyperleptinemia, hypoadiponectinemia, central adiposity and elevated triglycerides levels. 

These factors are component of the metabolic syndrome.  

 

The metabolic syndrome is defined as a clustering of hyperglycemia/insulin resistance, 

obesity and dyslipidemia. Moreover all these events may lead to micro and macro vascular 

injury, hypertension and atherosclerosis. In particular the impairment of vessel function, 

known as endothelial dysfunction (ED), is considered as the final common pathway between 

cardiovascular risk factors and the development of atherosclerosis (151). Notably HFD insulin 

resistance and visceral adiposity have been associated to ED. Adiponectin, which normally 

exerts a protective role on vessel function, is downregulated upon HFD. Hyperinsulinemia 

stimulates endothelial and vascular muscle cell proliferation, causing vasoconstriction, and an 

increase of the adrenergic system tonus, leading to pathological angiogenesis (152). In 

visceral fat, leptin resistance increases the generation of toxic reactive oxygen species (ROS). 

Indeed free fatty acids may contribute to ED by a combination of different mechanisms (151).  

 

Obesity is considered an independent risk factor for cardiac diseases (153) and has been 

associated with left ventricle (LV) hypertrophy, lipid cardiomyopathy and heart failure in 

human patients (154). Hypertension, tachycardia, LV hypertrophy, increased collagen 

deposition, reduced cardiac contractility and increased end-diastolic pressure are some of the 



Introduction                                                                                                                                            33 
_________________________________________________________________________________________________________________                           
 

 

cardiovascular alteration observed in various DIO animal models (155, 156). However in 

studies conducted in rats, similar effects were not reported (157, 158). HFD has already been 

used in rodents to induce and study cardiac dysfunction (159). A study from Park and 

colleagues showed that ventricular fractional shortening of mice fed with HFD progressively 

declined between 10-15 weeks (160). The differences in the effects of HFD presumably 

account for species, diet type, age of the animals and time feeding, but in general do not 

diminish the experimental value and the usefulness of the DIO models. 
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1.9 Assessment of endocrine and cardiovascular function in mice 

Metabolic and endocrine disorders can be evaluated with many different tests of high variable 

complexity. The direct and close observation of mouse behaviour may be the first source of 

information, e.g. nervousness may be associated with hyperthyroidism (161). Such apparent 

organ abnormalities may easily be detected in a primary screen such as a dysmorphology 

analysis (162). Body weight monitoring represents another simple but high informative test, 

providing an initial assessment of metabolic homeostasis. The direct measurement of adipose 

mass by nuclear magnetic resonance (NMR) allows to measure directly the amount of fat 

mass in vivo and to analyse potential differences in terms of fat mass deposition even without 

changes in total body weight. NMR was established to be more precise and rapid than other 

available measurements such as dual energy x-ray absorptiometry (DAX) or chemical post 

mortem analysis (163). It allows a non-invasive measurement of total adipose mass and 

skeletal muscle of unanesthetized mice. 

 

Insulin resistance develops when an increase of insulin is required to inhibit hepatic 

gluconeogenesis and for stimulating glucose uptake from fat and muscle tissues. To keep 

stable the levels of blood glucose, the pancreas reacts producing progressively more insulin; 

this phenomenon leads to pancreas dysfunction and onset of T2DM. Glucose impaired 

clearance is an indicator of insulin resistance which can be assessed by a glucose tolerance 

test. This test indicates altogether the efficiency of the liver in concentrating and storing 

glucose, the capacity of the pancreas to produce insulin, and the sensitivity of the cells to 

respond to it. After assessing baseline values of blood glucose concentrations, glucose is 

administered by intraperitoneal injection (IPGTT) or by oral gavage (OGTT). Plasma glucose 

concentrations are then measured at regular intervals of 2 hours and plotted against the time. 

The calculated incremental area under the curve (AUC) indicates the insulin sensitivity, so 

that an increase in the area shows a decreased glucose tolerance and vice versa.  

 

One important aspect in establishing a metabolic disease model is to investigate lipid 

metabolism. The main serum lipid parameters such as LDL, HDL, triglycerides (TG) and total 

cholesterol are assessed. Lipoproteins are molecular complexes consisting of lipids and 

proteins, whose main function is to transport non-polar lipids from the site of synthesis to 

those of their utilization. The non-polar lipids are membrane components and play a relevant 

function since constitute a transportable metabolic energy pool, and participate in hormone 
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synthesis. Lipoproteins transport is mainly based on three pathways: exogenous, endogenous 

and reverse (164). In the exogenous pathway dietary–derived lipids are absorbed and 

packaged into large TG rich particles called chylomicrons and subsequently delivered to the 

various cells of the body. In the endogenous pathway very low density lipoproteins (VLDL) 

are synthesized by the liver for TGs transport. In the reverse pathway cholesterol esters in 

mature HDL particles are selectively taken up by the liver through HDL receptors. 

 

Along with lipids analysis, a wider clinical chemistry profile may be fundamental to find 

potential alterations in a mutant mouse model. For instance enzymatic deviations from 

physiological ranges of alanine amino transferase, alkaline phosphatase, α-amilase, creatine 

kinase, lactate dehydrogenase may indicate skeletal, pancreas, liver, cardiac or muscle 

disease. Other substrates of interest are normally represented by bilirubin, creatinine and urea. 

Increased values of bilirubin may indicate icterus, elevated values of creatinine may underlie 

heart insufficiency, kidney diseases, or urinary tract disorders; alternatively reduced values of 

creatinine may indicate cachexia. An increase of urea may be associated with heart 

insufficiency or kidney disease and a decrease with defects in protein catabolism (161).  

 

There are different approaches to assess cardiac function in mice. They are based on 

ventricular catherization, radiolabed microspheres or thermodilution. However they constitute 

invasive techniques and do not allow to analyse physiological changes in a serial manner, a 

condition required for instance in a longitudinal study. Echocardiography represents a valid 

alternative to characterize cardiac phenotypes. It allows the measurement of physiological 

parameters in adult, neo-natal and embryonic rodents. Echography is a technique that uses 

high frequency broadband sound waves in the megahertz range that are reflected by the 

tissues producing three-dimensional images. Briefly a transducer in a real-time micro-

visualization (RMV) scan-head is used to transmit ultrasound pulses into the animal through a 

coupling medium such as water or ultrasound gel. The transducer detects the back-scatter or 

ultrasound echo returning from the animal. The echo is used to build up a single digital 

ultrasound image. As the transducer moves over the object multiple ultrasound lines are 

acquired and combined in a so-called B-Mode image. B-Mode imaging is essentially a 

method of acquiring ultrasound data and creating two-dimensional images. There are at least 

other two different methods besides B-Mode: the M-Mode and the Doppler-Mode. The 

different systems of acquiring and elaborating data serve different scopes. M-Mode is a 

method of acquiring data in order to generate an image of a single ultrasound beam over time. 
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M-Mode images are for instance used to measure chamber dimensions at various time-points 

throughout the cardiac cycle, e.g. left ventricle internal diameter in diastole or in systole 

(LVIDd, LVIDs). LV fractional area shortening (FS) and ejection fraction (EF) are the most 

commonly used indices of LV systolic performance, even though more sophisticated indices 

have been introduced and developed (165). EF is the fraction of blood pumped out with each 

heart beat. FS measures the change in the diameter of the left ventricle between the contracted 

and relaxed states (for the formulas see Materials and Methods).  

 

Following the formulas established in human echocardiography left ventricular systolic 

function parameters and left ventricular mass can also be calculated in mice (166-171). For 

instance B-Mode imaging allows the acquisition of two-dimensional images necessary to 

visualize the area of interest for the measurements in M and Doppler-Mode. Doppler images 

allow to examine the velocity of flow within a region of interest (e.g. aorta) (171). Moreover 

in some studies precise two-dimensional echo measurements replaced M-Mode measurements 

to assess LV volume, ejection fraction or cardiac output, allowing to build three dimensional 

models (172). Altogether echocardiography in mice has reliably assessed LV mass, chamber 

dimensions and wall thickness, LV systolic and diastolic function as well as vascular 

properties (165). Indeed a systematic methodology for in vivo transthoracic cardiac imaging 

has substantiated these results obtained using echocardiography by magnetic resonance (173).  

 

One of the limits of echocardiography conducted in mice is the effects of anaesthetics on 

cardiac function (174). Many different regimens of general anaesthesia have been used such 

as ketamin-xylazine mixtures, tribromoethanol barbiturates or inhalation of isoflurane and 

halothane. Among the various approaches isoflurane anaesthesia was the most reliable one in 

terms of reproducible fractional shortening values and end-diastolic dimensions (165). A 

second problematic aspect is the poor resolution of the right ventricle. To overcome this 

challenge transesophageal echocardiography has been established as a reproducible method 

for assessing size and function of the right ventricle (175).  

To validate echocardiography results electrocardiogram (ECG) may provide a second system 

to measure heart rate (HR). ECG is a tool that records the electrical activity of the cardiac 

system providing an additional standardized procedure. 
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2 Aims of the study 
 
Estrogen (E2) regulates gene expression via nuclear estrogen receptors, ERα and ERβ, acting 

as a ligand-activated transcription factor exerting an important role in a wide variety of 

biological processes including energy and glucose homeostasis (129, 176). Several studies 

suggest that in addition the G-protein coupled receptor 30 (Gpr30) binds E2 with high affinity 

and mediates rapid estrogen signalling in tissue culture (34, 36, 37). The presumed ability of 

Gpr30 to bind estrogen and its intrinsic nature as G protein-coupled receptor have aroused a 

great interest supported by an exponential increased number of publications. However, 

recently the function of Gpr30 as an estrogen receptor has been strongly questioned in 

different publications rebutting the direct involvement of Gpr30 in estrogen signalling and 

proposing rather a subordinate role of Gpr30 to ERα (44, 45, 51).  

Most studies on Gpr30 have been conducted in vitro without a strong in vivo models support. 

In order to understand the physiological function of Gpr30 in vivo we decided to characterize 

Gpr30-T181 Deltagen mice. Deltagen mice were generated by a “global” knockout strategy 

using a LacZ-neomycin replacement target vector. Since Deltagen mice did not show any 

obvious phenotype and protein expression analysis revealed high expression of Gpr30 in 

small arterial vessels and pancreas (60) we decided to challenge mutant mice with HFD, 

presumably enhancing a possible metabolic and a cardiovascular phenotype. Metabolic and 

hemodynamic tests in vivo were performed. In parallel to the HFD challenge, mice underwent 

an extensive primary screening, aimed at a deeper complete analysis of the mutant mice and a 

valuable starting point for further investigations. Moreover to confirm the results obtained in 

these mice and in order to exclude an incomplete phenotype potentially due to the adopted 

targeting strategy (81) we also performed baseline experiments in SHG17 Artemis mice, a 

Gpr30 KO mouse model generated through a recombinase-based approach (51). 
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3 Materials and Methods 

3.1 Gpr30 mutant mouse models  

3.1.1 Gpr30-T181 Deltagen mice  

Gpr30-T181 mice were purchased by Deltagen (San Carlos, USA). Gpr30-T181 Deltagen 

mice were generated by gene targeting strategy. Embryonic stem (ES) cells derived from the 

129/OlaHsd mouse substrain were used to generate chimeric mice. The third exon of Gpr30 

mouse gene, coding for the open reading frame (ORF), was targeted by homologous 

recombination using a gene targeting construct containing a LacZ reporter gene and a 

neomycin resistance gene (LacZ-neor) (Fig. 3.1). ES cells from the 129/OlaHsd mouse 

substrain were transfected with the linearized construct. Selected ES cells containing the gene 

targeting construct were injected into C57BL/6 blastocyst and the blastocyst implanted into a 

CD-1 pseudo recipient. Male chimeras (producing C57BL/6 sperm and 129 sperm) were 

mated to C57BL/6 mice. Offspring that resulted from the outcross of the 129 sperm and the 

C57BL/6 ova were the F1 generation and had an agouti colour. Agouti pups were genotyped. 

F1 heterozygous males were in house backcrossed to C57BL/6 parental line, for at least 6 

generations. 

 

Figure 3.1: Targeting vector used to generate Gpr30-T181 Deltagen mice 

The targeting vector is consisting in: a splice acceptor (SA) site, an internal ribosome entry site (IRES), a β-
galactosidase gene sequence (LacZ), a polyadenylation site from SV40 virus (SV40 pa), and in a 
phosphoglycerate kinase (PGK) promoter. The PGK promoter drives the transcription of neomycin for a positive 
selection of ES cells undergoing homologous recombination. Gpr30 mouse gene is consisting of three exons; the 
third one contains the open reading frame (ORF): 349 bp of the ORF were deleted by the insertion of the 
targeting vector. The ATG position, a schematic representation of probes for southern blotting primers used in 
genotyping and Real-Time PCR are reported (P1, P2, P3, P10, P15). Adapted from Iseensee et al. (60). 
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3.1.2 SHG17 Artemis mice  

SHG17 Artemis mice were provided by Bayer Schering Pharma (Berlin, Germany). Gpr30 

KO mice were generated through a Cre-recombinase approach (45). The inactivation of 

Gpr30 was obtained deleting the exon 3 from the murine genome which encodes the complete 

ORF of the Gpr30 protein. The targeting construct was based on a genomic fragment 

containing the genomic sequence of exon 1, 2 and 3 and the surrounding introns of the murine 

Gpr30 gene. The fragment was modified in order to introduce two LoxP sites flanking the 

exon 3 and a cassette containing a PGK promoter driving the transcription of neomycin and 

thymidine kinase genes (PGK-tk-neor cassette) flanked by two Frt sites. After transfection in 

embryonic stem cells and selection with G418, one of the homologously recombined clones 

harbouring the targeted allele was used for the generation of chimeric mice by blastocyst 

injection. To eliminate exon 3 and the selection marker, mice heterozygous for the targeted 

allele were crossed with transgenic mice carrying a copy of Cre-recombinase gene. In order to 

eliminate the Cre recombinase transgene the resulting offspring heterozygous for the null 

allele was backcrossed with C57BL6 mice.  

 

3.1.3 Genotyping of Gpr30-T181 Deltagen mice 

3.1.3.1 Materials 

Tail lysis buffer: NaAcetate 300 mM, Tris-HCl 10.0 mM, EDTA 5.0 mM, Triton X-100 1%, 

Proteinase K 750 µg/ml; pH 8.3. 

dNTPs 10 mM (Fermentas, Burlington, Canada) 

10 X Taq Buffer with Magnesium 15 mM (Eppendorf, Hamburg, Germany) 

Taq DNA Polymerase 5 u/µl (Eppendorf, Hamburg, Germany) 

Primers genes, sequences and relative abbreviations are reported in the table 3.1. 
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Table 3.1 Primers 

Primer Sequence Gene/localization/orientation Experiment 

P1 GGTGGAGATCTACCTAGGTCCCGTG Gpr30, exon 3; fw 
Gpr30-T181 mice 

genotyping 

P2 ACCTGTCGAAGCTCATCCAGGTGAG Gpr30, exon 3; rev 
Gpr30-T181 mice 

genotyping 

P3 GGGGATCGATCCGTCCTGTAAGTCT Neo: fw 
Gpr30-T181 mice 

genotyping 

P4 CCCGAATTCGTGCCATCTCAGGTAGGAGC 
5´construct arm targeting vector 

Gpr30 T181-mice; fw 
southern blotting: for 

5´ probe 

P5 CCCGAATTCCCAGAGCTGAGGTGCTTTCC 
5´construct arm targeting vector 

Gpr30-T181mice; rev 
southern blotting:for 

5´ probe 

P6 CCCGAATTCTTCTGCGTACTCTCCTATGTACC 
3´construct arm targeting vector 

T181-mice; fw 
southern blotting: for 

3´ probe 

P7 CCCGAATTCGCTCTGCCAAGTCCACTAAACC 
3´construct arm targeting vector 

T181-mice; rev 
southern blotting: for 

3´ probe 

P8 CCCGAATTCCACGTCTCTTTCCAACAGCTGC 
LacZ-Neor-cassette Gpr30-T181 mice; 

fw 
southern blotting: 
for internal probe 

P9 CCCGAATTCAGTAGTCGCATCCATGGCTTCC 
LacZ-Neor cassette Gpr30-T181 mice; 

rev 
southern blotting: 
for internal probe 

P10 TGTCCACCCTTCTGGTTTTC Gpr30 exon 3; fw 
Gpr30-T181 mice: 

mol. characterization: 

P11 GGTAGATCTCCACCCCAACA Gpr30 exon3; rev 
Gpr30-T181 mice: 

mol. characterization: 

P12 CTGCTTCTGCTTTGCTGATG Gpr30 exon 3; fw 
Gpr30-T181 mice: 

mol. characterization 

P13 CGATGAGGGAGTAGCAGAGG Gpr30 exon 3; rev 
Gpr30-T181 mice: 

mol. characterization 

P14 GTGCACATGCTTTACATGTGTTT Lac Z; fw 
Gpr30-T181 mice: 

mol. characterization 

P15 GTGGCCATATTATCATCGTGTTT LacZ; rev 
Gpr30-T181 mice: 

mol. characterization 

P16 TGTTCCTACCCCCAATGTGT Gapdh; fw 
Real Time: reference 

gene 

P17 CCTGCTTCACCACCTTCTTG Gapdh; rev 
Real Time: reference 

gene 

P18 TGTTGTTGGATATGCCCTTG Hprt; fw 
Real Time: reference 

gene 

P19 TTGCGCTCATCTTAGGCTTT Hprt; rev 
Real Time: reference 

gene 

P20 CCATCATCAATGGGTACAAGC PO; fw 
Real Time: reference 

gene 

P21 CAGATGGATCAGCCAGGAAG PO; rev 
Real Time: reference 

gene 

P22 ACCCACAGCTCTCTTGTGTGC Shg17 mice targeting vector; fw 
SHG1717 mice 

genotyping 

P23 TCTGCGTACTCTCCTATGTACC Shg17 mice targeting vector; fw 
SHG1717 mice 

genotyping 

P24 TCATTTTATCGCCTACTTGTTACC Shg17 mice targeting vector; rev 
SHG1717 mice 

genotyping 

P25 GAGAACGCTCACACAAAGACC Atp2a2; fw* 
Thymus microarray 

validation 

P26 CAATTCGTTGGAGCCCCAT Atp2a2; rev* 
Thymus microarray 

validation 

P27 ACATGGTCTGGGACTTCTGG Cat; fw 
Thymus microarray 

validation 

P28 CAAGTTTTTGATGCCCTGGT Cat; rev 
Thymus microarray 

validation 

P29 TCTGCGTACTCTCCTATGTACC Ccr5; fw 
Thymus microarray 

validation 

P30 TGTCATAGCTATAGGTCGGAACTG Ccr5; rev 
Thymus microarray 

validation 

P31 ATTGACAGGATTGGAGCCCAGAGT Nppa; fw** 
Thymus microarray 

validation 

P32 TGACACACCACAAGGGCTTAGGAT Nppa; rev** 
Thymus microarray 

validation 

Primers list. fw: forward; rev: reverse; mol.: molecular; Gapdh: Glyceraldehyde-3-phosphate dehydrogenase; 
Hprt: hypoxanthine-guanine phosphoribosyltransferase; PO: ribosomal protein, large; Atp2a2: ATPase, Ca++ 
transporting, cardiac muscle, slow twitch 2; cat: catalase; Ccr5: chemokine (C-C motif) receptor 5; Nppa: 
natriretic peptide A.*: published in Primer Bank, http://pga.mgh.harvard.edu/primerbank/;. **: published in RT primer 
Data Base: http://medgen.ugent.be/rtprimerdb/index.php.  

http://pga.mgh.harvard.edu/primerbank/�
http://medgen.ugent.be/rtprimerdb/index.php�
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3.1.3.2 Method 

Tail samples were collected in a 96-well format. Hundred µl tail lysis buffer were added to 

the biopsies. The samples were incubated over night at 55 °C and the day after centrifuged at 

2000 rpm. In order to destroy proteinase K the supernatant was heated at 95 °C for 5 minutes. 

Supernatants were transferred in a new tube and subsequently diluted 1:10 in Tris 10 mM, pH 

8.3. Two µl of the dilutions were used as template in genotyping PCR reaction (Table 3.2).  

Inheritance of the targeting construct was monitored by three types of PCR genotyping assays 

(Table 3.2) using three primers (P1, P2, P3, Table 3.1). Primers P1 and P2 were drawn on the 

5´ and 3´ regions of exon 3 respectively, flanking the targeting vector; primer P3 was drawn 

on the neomycin gene of the targeting vector (Fig. 3.1). The first type of reaction (multiplex, 

primers P1, P2 and P3) was designed to simultaneously detect the endogenous and targeted 

alleles and was used to genotype mice from both the F1 and F2 generations. The second type 

of reaction (targeted, primers P2 and P3) was designed to detect only the targeted allele and 

was used to genotype mice from the F1 generation. This step ensured that only heterozygous 

mutant mice (Gpr30-T181+/-) proceeded to the breeding programs. The third type of reaction 

(endogenous, primers P1 and P2) was designed to detect the wildtype (Gpr30-T181+/+) or 

endogenous allele and was only used to genotype mice from the F2 generation. This quality 

control step ensured that homozygous mutant mice (Gpr30-T181-/-) were always accurately 

genotyped. 

Table 3.2: Genotyping PCR reaction 

Reagent Amount (µl) Final concentration 
dH2O 14.6  
10X Taq Buffer 2 1X 
dNTPs 0.4 0.2 mM 
Primer Mix* (5 µM each one) 0.8 0.2 µM 
Taq DNA Polymerase  0.2 0.05 u/µl 
Template 2  
Final volume 20 

Genotyping PCR reaction types 
Primer combination Genome amplified 

fragment (bp) 
Allele Reaction  

P1/P2/P3 433; 618 wildtype; targeted multiplex 
P2/P3 618 targeted targeted 
P1/P2 433 wildtype endogenous 

*for the multiplex PCR reaction primers P2 and P3 were used at the final concentration of 2.5 µM, whereas P1 
primer at the final concentration of 5 µM 
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Thermic profile of the genotyping PCR reaction 

1) 94 °C 3 min 

2) 35 cycles:  

 94 °C 10 sec 

 60 °C 30 sec 

 68 °C 1.5 min 

3) 68 °C 7 min 

PCR products were separated on a 1.4% agarose gel for 50 min at 180 V (see also Results). 

 

3.1.4 Southern Blotting 

3.1.4.1 Materials 

Lyses buffer: Tris-Cl 10 mM, EDTA 100 mM, SDS 0.5%, pH 8.0 

RNAse A 30 mg/ml (Sigma-Aldrich, St. Louis, USA) 

Proteinase K 10 mg/ml (Boehringer Mannheim, Mannheim, Germany) 

Buffered phenol (Roth, Karlsruhe, Germany) 

Ammonium acetate10 M (Merck, Darmstadt, Germany) 

Ethanol (Merck, Darmstadt, Germany) 

TE: tris-EDTA solution 

Nanodrop (Thermo Scientific, Wilmington, USA) 

PCR2.1 TOPO cloning kit (Invitrogen, Carlsbad, USA) 

PCR DIG Probe synthesis kit (Roche, Basel, Switzerland) 

Restriction endonucleases enzymes: 

EcoRI, BamHI, HindIII (New England Biolabs, Ipswich, USA) 

TBE buffer: tris-borate-EDTA solution 

DIG-labelled DNA marker (Roche, Basel, Switzerland) 

Denaturation solution: NaOH 0.5 M, NaCl 1.5 M 

Neutralization solution: Tris-HCl 0.5 M pH 7.5; NaCl 1.5 M 

20X SSC: NaCl 3M, sodium citrate 300 mM, pH 7.0 

Nylon membrane (Roche, Basel, Switzerland) 

Transilluminator: (Stratagene, Cedar Creek, USA) 

DIG Easy Hyb buffer (Roche, Basel, Switzerland) 

Hybridisation oven: (Binder, Tuttlingen, Germany) 

                                                 
 Southern blotting was realized in collaboration with Jörg Isensee. 
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Low stringency buffer: 2X SSC, SDS 0.1% 

High stringency buffer: 0.5X SSC, SDS 0.1 % 

Washing buffer: maleic acid 0.1 M, NaCl 0.15 M, Tween 20 0.3 % (v/v), pH 7.0 

Blocking solution: 10X blocking solution (Roche, Basel, Switzerland) diluted 1:10 in maleic 

acid buffer 

Antibody solution: anti-digoxigenin-AP 75 mU/ml, 1:10000 in blocking solution 

Detection buffer: Tris-HCl 0.1 M, NaCl 0.1 M, pH 9.5 

CSPD 

x-ray films: Amersham hyperfilm ECL (GE Healthcare, Buckinghamshire, UK) 

3.1.4.2 Method 

High molecular weight genomic DNA was isolated from liver and spleen using a phenol-

based protocol according to Sambrook and Russel (177). Hundred mg of powdered tissue was 

suspended in 800 μl lyses buffer in a 2.0 ml tube. RNA was digested by adding 1 μl RNAse A 

for 1 h at 37 °C. The sample was gently mixed with 10 μl proteinase K and incubated at 50° 

overnight. After adding an equal amount of buffered phenol the solution was mixed for 10 

min. The emulsion was separated by centrifugation at 5000 g for 15 min at room temperature. 

The viscous aqueous phase was carefully transferred into a new tube and 0.2 volumes of 

ammonium acetate 10 M and 2 volumes of ethanol were added. The precipitate was collected, 

washed twice with ethanol 70%, and stored in an open tube at room temperature until the 

ethanol was evaporated. Subsequently the DNA was dissolved in 200-500 μl Tris-HCl 10 mM 

at 4 °C for 12 hours. The obtained high molecular weight DNA was diluted 1:10 in TE and 

vigorously vortexed before quantification with a Nanodrop at 260 nm.  

DIG-labeled probes were constructed in order to match outside and adjacent the 5´ and 3´ 

construct arms as well as the targeting vector (internal probe). The sequences were amplified 

from genomic DNA by PCR employing primers P4-P5 for the 5´ probe, P6-P7 for the 3´ 

probe, and P8-P9 for the internal probe. The probes sequences were subcloned in PCR2.1-

TOPO vector. For DIG-labeling the PCR DIG Probe synthesis kit was used with purified 

plasmid DNA as template. Control reactions without DIG-dUTP were included.  

About 10 μg genomic DNA was digested with 100 U of the restriction endonucleases EcoRI, 

Bam HI or Hind III in a total reaction volume of 50 μl at 37 °C overnight. Digested DNA 

samples (5 μg) were separated by gel electrophoresis in large gels (agarose 0.8% in TBE 

buffer) at 30 V overnight. Five μl of DIG-labelled DNA marker was used as molecular weight 

marker. The gel was briefly stained in ethidium bromide 0.3 μg/ml and examined under UV 

light. 
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DNA denaturation was obtained submerging the gel in HCl 250 mM for 10 min at room 

temperature and placing it twice in denaturation solution for 15 min. Following a quick rinse 

in double distilled water, the gel was submerged in a neutralization solution for 15 minutes 

and then equilibrated in 20X SSC for at least 10 min.  

The DNA was transferred overnight onto a positively charged nylon membrane using a 

downward capillary transfer procedure. On the next day, the damp membrane was placed on a 

Whatman 3MM paper previously soaked in 2X SSC and exposed to UV light in a trans-

illuminator. The blot was rinsed briefly in double distilled water, air dried and stored at 4 °C.  

For hybridization the blots were placed in roller bottles containing 10 ml pre-warmed DIG 

Easy Hyb buffer and incubated for at least 30 minutes at 46.5 °C in a hybridization oven. To 

prepare the hybridization solution, 10 μl of DIG-labelled PCR product was diluted 1:5 in 

dH2O, denatured at 95 °C for 5 min, chilled on ice, and added to 5 ml pre-warmed DIG Easy 

Hyb buffer. The pre-hybridization solution was replaced by the hybridization solution and 

blots were incubated at 46.5 °C overnight. On the next day they were washed twice for 5 min 

in low stringency buffer at room temperature transferred into high stringency buffer pre-

warmed at 68 °C and incubated twice for 15 min at 68 °C with gentle shaking. 

To visualize probe-targeted hybrids by chemiluminescence, the blots were washed twice for 2 

minutes in washing buffer at room temperature, transferred into blocking solution for 30 min 

and incubated with antibody solution for 30 min while shaking. After washing twice for 15 

minutes with washing buffer, the blots were equilibrated in detection buffer and placed on 

acetate sheets, covered with 1 ml diluted CSPD, sealed, and incubated for 10 min at 37 °C to 

enhance the luminescence reaction. Finally the x-ray films were exposed to the sealed blots 

for 30-60 min. 

3.1.5 RNA extraction 

3.1.5.1 Materials 

PureLink™ Micro-to-Midi Total RNA Purification System (Invitrogen, Carlsbad, USA) 

GIBCO ultraPURE distilled water DNAse, RNAse free (Invitrogen, Carlsbad, USA) 

Dnase I, Amplification Grade 1 u/μl (Invitrogen, Carlsbad, USA) 

GIBCO ultraPURE distilled water DNAse, RNAse free (Invitrogen, Carlsbad, USA) 

Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, USA) 

Agilent 2110 expert software (Agilent Technologies, Santa Clara, USA) 

Agilent RNA6000 Nano Kit (Agilent Technologies, Santa Clara, USA) 

RNA Nano Chips (Agilent Technologies, Santa Clara, USA) 
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3.1.5.2 Method 

Using a rotor stator 10-60 mg of tissue sample was homogenized in 0.6 ml of RNA Lysis 

Solution containing guanidinium isothiocyanate. The sample was centrifuged at 2600 g for 5 

minutes at room temperature. The supernatant was carefully transferred to a clean RNase-free 

tube. A volume of ethanol 70% was added to each volume of tissue homogenate. After 

mixing the sample was transferred to a RNA spin cartridge and centrifuged at 12000 g for 15 

sec: the flow-through discarded. Ten μl of DNase I (1u/μl), properly resuspended in 70 μl of a 

DNase buffer, was added to the column for 15 minutes and subsequently removed through 

centrifugation at 12000 g for 15 sec. To remove impurities, the silica-based membrane in the 

spin cartridge binding RNA was properly washed, and RNA eluted using 30 μl of RNAse-free 

water. 

For an electrophoretic analysis of the extracted RNA, 1 μl of the RNA sample was loaded in 

an Agilent Nano Chip in presence of 1 μl of RNA 6000 Nano marker. The RNA-chip was run 

in an Agilent 2100 Bioanalyzer and concentration and quality of the extracted RNA analysed 

through Agilent 2100 expert software. Indeed per each RNA sample analysed were reported 

and evaluated the RNA ratio (28S/18S) and a RNA integrity number (RIN).  

3.1.6 Reverse transcription 

3.1.6.1 Materials 

High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, USA) 

3.1.6.2 Method 

For the cDNA synthesis of RNA samples a reverse transcription reaction (RT+) along with a 

reverse transcription negative control (RT-) were assembled as reported in the Table 3.3. 

Samples were incubated at 25 °C for 10 min and at 37 °C for 120 min. 

Table 3.3: Reverse transcription 

Reagent RT+ (μl) RT- (μl) Final Concentration 
RNA 0.1 μg/ μl 10 10 0.05 μg/μl 
RNAse -free H20 10 11  
10X RT Buffer 2 2 1X 
dNTPs mix 100 mM 0.8 0.8 4 mM 
10X Random Primers mix 2 2 1X 
Multiscribe™ RT 50 u/μl 1 - 2.5 u/μl 
Ribonuclease Inhibitor 20 u/μl 0.5 0.5 0.5 u/μl 
Final volume 20 20  
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3.1.7 Real Time PCR 

3.1.7.1 Materials 

Sybr-Green I Master Mix (Applied Biosystems, Foster City, USA) 

Stratagene Mx3000P™ (Stratagene, Cedar Creek, USA) 

Stratagene MxPro. Software (Stratagene, Cedar Creek, USA) 

96 well Multiply-PCR plates (Sarstedt, Nümbrecht, Germany) 

Primer 3 software (http://frodo.wi.mit.edu/) 

3.1.7.2 Method 

Real-Time PCR quantification of sequences within and flanking the Lacz-neor cassette was 

realized using the following couples of primers: P10-P11, P12-P13, P2-P3 and P10-P15 

(Table 3.1). Quantification of the wildtype allele was realized using specific primers designed 

for Gpr30 (P1-P2) (Table 3.1). 

Real-Time PCR reactions were performed in triplicate using SYBR-Green master mix. Real-

Time was performed using per every cDNA sample the corresponding reverse transcription 

negative control (RT-). cDNA and RT- samples were diluted 1:50 in water in order to obtain 

approximately a final cDNA concentration of 1 ng/μl. The reactions were assembled as 

showed in Table 3.4.  

Table 3.4: Real-Time PCR 

Reagent Amount (μl) Final Concentration 
SYBR Mix 2X 12.5 1X 
H2O 1.25  
Primer mix (5 pmol/μl each one) 1.25 0.25 pmol/μl 
Template (1 ng/μl) 10 0.4 ng/μl 
Final volume 25  
 
1) Relative quantification of gene expression  

Normalisation and error propagation were calculated as in Vandesompele et al. (178).  
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3.1.8 SHG17 Artemis mice genotyping 

3.1.8.1 Materials 

See genotyping of Gpr30-T181 Deltagen mice. 

3.1.8.2 Method 

SHG17 Artemis mice genotyping was performed as described by Otto et al. (45). Genomic 

DNA was extracted from 1-2 mm long tail tips as above described (see Genotyping of Gpr30-

T181 mice). Two PCR reaction using three primers P22, P23 and P24 (Table 3.1) were 

performed. The wildtype allele was amplified using primers 3´ to exon 3 (P22, P24) and 

mutant allele using primers flanking the inserted LoxP sites (P23, P24). Amplification of the 

wildtype allele resulted in a band of 398 bp, whereas amplification of the mutant allele 

resulted in a band of 560 bp. 

Thermic profile of the genotyping PCR reaction 

1) 94 °C 3 min 

2) 35 cycles:  

 94 °C 45 sec 

 60 °C 1 min 

 72 °C 1 min 

3) 72 °C 10 min 

PCR products were separated on a 1.4% agarose gel for 50 min at 180 V (see also Results).  
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3.2 Primary screen 

All animal procedures here reported were performed in accordance with German animal 

welfare law and with the permission of the District Government of Berlin. 

 

Animals breeding were set up using, brother/sister mating (intercrosses) in the following 

ratio: 2 females: 1 male. 50 Gpr30-T181+/- females (N=6) were bred with 25 males Gpr30-

T181+/- (N=6). A cohort of 80 animals was selected and the following mouse groups shipped 

to the Germany Mouse Clinic for a primary screen: 20 Gpr30-T181-/- females, 20 Gpr30-

T181+/+ females, 20 Gpr30-T181-/- males, 20 Gpr30-T181 +/+ males. Breeding records were 

realized using both the “mating unit” system (each mating pair and its offspring were 

registered) and the animal/litter system (each litter and each individual animal were 

registered) (99). Animals were sent to the German Mouse Clinic at the age of 4 weeks.  

The primary screen was performed on 8 weeks old animals, along two main pipelines and in 

the following areas: dismorphology, cardiovascular system, energy metabolism, clinical 

chemistry and haematology, eye, lung function, molecular phenotyping, behaviour, 

neurology, nociception, immunology and allergy, steroid metabolism, pathology (Fig. 3.2). 

All the experiments were performed in 10 weeks. 

 

 

Figure 3.2: Workflow at the German Mouse Clinic 
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3.2.1 Microarray RNA analysis  

3.2.1.1 Materials 

RNeasy Midi kit (Qiagen, Hilden, Germany) 

Hybridization buffer: 6X SSC, 0.5% SDS, 5X Denhardt’s solution, 50% formamide 

HS4800 Hybstation (Tecan, Männerdorf, Switzerland) 

GenePix 4000A microarray scanner (Axon Instruments, Foster City, USA) 

GenePix Pro 6.1 image processing software (Axon Instruments, Foster City, USA) 

3.2.1.2 Method 

1) Organ collection 

Twelve male mice (6 Gpr30-T181-/- mice and 6 wildtype littermates) of the Gpr30 Deltagen 

mutant mouse line were provided to the molecular phenotyping screen. Brain, kidney and 

thymus organs were collected. To minimize the influence of circadian rhythm on gene 

expression, mice were killed between 9 am and 12 am by carbon dioxide asphyxiation.  

2) Isolation of total RNA 

Total RNA was isolated just before processing for expression profiling. For preparation of 

total RNA individual organs were thawed out in buffer containing chaotropic salt and 

homogenized using a Polytron homogenizer. Total RNA from individual samples was 

obtained according to manufacturer’s protocol using RNeasy midi kits. The concentration was 

calculated from OD 260/280 measurement and 2 μg RNA aliquots were run on a 

formaldehyde agarose gel to check for RNA integrity. The RNA was stored at -80 °C in 

RNase free water. 

3) Chip Hybridization 

Two chip hybridizations were performed with RNA from all selected organs of each 

individual Gpr30-T181 mouse. Each chip hybridization experiment was performed against the 

identical pool of the same organ of reference RNA (reference RNA pool). For each individual 

Gpr30-T181 mouse the chip experiment included a color–flip experiment.  

4) Reverse transcription and fluorescent labeling 

For labeling 15 μg of total RNA were used for reverse transcription and indirectly labeled 

with Cy3 or Cy5 fluorescent dye according to a modified TIGR protocol (179). Labeled 

cDNA was dissolved in 50 μl hybridization buffer and mixed with 50 μl of reference cDNA 

solution (pool from 6 control animals) labeled with the second dye. This hybridization 

mixture was injected on a pre-hybridized microarray in a HS4800 Hybstation and incubated at 

42 °C for 16 hours. After hybridization slides were washed with 3X SSC, 1X SSC, 0.5X SSC 
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and 0.1X SSC at room temperature. Slides were dried with nitrogen. Dried slides were 

scanned with a GenePix 4000A microarray scanner and the images were analysed using the 

GenePix Pro6.1 image processing software. 

5) Normalization 

To normalize the signal intensities of the two channels of the microarray experiment a moving 

average approach was used. The sum of the two signal intensities of each feature was 

calculated and these sums of all features were ranked. Following, the ratio of the moving 

averages (± 50 features) of both channels was calculated for each feature, leading to a signal 

intensity dependent on a normalization factor. 

5) Detection of differentially expressed genes 

For the identification of differentially expressed genes in the comparison of two conditions 

with microarrays (Gpr30-T181-/- vs. control mice) we used the Significance Analysis of 

Microarrays (SAM). The SAM statistic identifies significant changes in gene expression by 

performing a set of gene-specific t-tests. For each gene, a score is calculated on the basis of 

expression change relative to the standard deviation of repeated measurements for that gene. 

Genes with scores greater than a threshold delta were defined as significantly deregulated. 

Manual adjustment of this threshold delta allows the identification of smaller or larger gene 

cohorts. In addition, based on random permutations of all measurements, a false discovery 

rate was estimated.  

6) Functional annotation and pathway analysis 

For the detection of gene ontology (GO, www.geneontology.org) categories and KEGG 

pathways (Kyoto Encyclopedia of Genes and Genomes, www.kegg.com) with a significant 

overrepresentation of genes in a given group compared to the whole genome, the web-based 

DAVID tool was used (Database for Annotation Visualization and Integrated Discovery, 

National Institute of Allergy and Infectious Disease). Fisher’s Exact test was applied to 

determine whether or not the proportion of those genes falling into each GO category or 

KEGG pathway differed significantly between the input data set and the whole genome. In 

order to create networks of biologically related genes Ingenuity Pathways Analysis was used 

(Ingenuity Systems, www.ingenuity.com).  

7) Gene expression validation through Real Time PCR 

RNA extraction, reverse transcription and Real Time PCR were performed as above 

described. Four different couples of primers were used in order to perform Real Time PCR 

quantification of the following genes: ATPase, Ca++ transporting, cardiac muscle, slow twitch 

http://www.ingenuity.com/�
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2 (Atp2a2) also known as sarcoplasmic reticulum calcium-ATPase 2 (Serca2), catalase (Cat), 

chemokine (C-C motif) receptor 5 (Ccr5) and the natriuretic peptide A (Nppa), (Table 3.1).  

Relative quantification of gene expression was performed using the comparative Ct method 

(ΔΔCt) as described in (180). A de-regulation gene expression fold factor (2-ΔΔCt) was 

measured. Normalized Ct values of the gene of interest with the reference genes (house 

keeping genes) were compared using the Student’s t-test, and the hypothesis of equality of 

means rejected with a p-value < 0.05. 
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3.3 Secondary screen 

3.3.1 Groups 

For the experiments were used male and female of both Gpr30 Deltagen and Artemis mutant 

mice, with sex-and age-matched control mice. Gpr30-T181 homozygous mutants (Gpr30-

T181-/-) and littermate control mice (Gpr30-T181+/+) were fed with a high fat diet (HFD) or a 

control diet (CD); SHG17 homozygous mutant mice (SHG17-/-) and littermate controls 

(SHG17+/+) were fed with a standard diet.  

Sex, diet, genotype, age and number of mice groups used for all the experiments are reported 

in Table 3.5. 

Table 3.5: Animal groups 

Deltagen Gpr30-T181 mice 
sex diet genotype age (weeks) number 
female CD +/+ 24 12 
female CD -/- 24 9 
male CD +/+ 24 12 
male CD -/- 24 10 
female HFD +/+ 24 12 
female HFD -/- 24 9 
male HFD +/+ 24 11 
male HFD -/- 24 11 
Artemis SHG17 mice 
sex diet genotype age (weeks) number 
female standard +/+ 13 10 
female standard -/- 13 10 
male standard +/+ 13 10 
male standard -/- 13 10 
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3.3.2 Diets 

3.3.2.1 Materials 

Standard diet: complete diet for mice-maintenance meal V1534-300 (Ssniff, Soest, Germany) 

High fat diet (HFD): rodent purified diet w/60% energy from fat, blue (TestDiet, Purina Mills 

LLC/PMI Nutrition International, Richmond, USA) 

Control Diet (CD): rodent purified diet w/10% energy from fat, yellow (TestDiet, Purina 

Mills LLC/PMI Nutrition International, Richmond, USA) 

The nutritional and energetic profiles of the last two diets are reported in the Tables 3.6 and 

3.7 respectively:  

Table 3.6: Rodents purified diets: nutritional profile 

Control diet High fat diet Components 
% % 

Protein 17.3 24.2 
Fat 4.3 34.7 
Fiber 4.7 5.5 
Carbohydrates 67.5 

 
 
fat source: lard 
 

27.8 

 
 
fat source: lard 
 

Kcal/g Kcal/g Energy  
3.78 5.21 

 
 

Table 3.7: Rodents purified diet: energetic profile 

Control diet High fat diet Components 
Kcal % Kcal % 

Protein 0.692 18.3 0.943 18.3 
Fat 0.384 10.2 3.140 60.9 
Carbohydrates 2.697 71.5 1.037 20.1 
 
 

3.3.2.2 Method 

Gpr30-T181 Deltagen mice were fed with HFD or CD for 25 weeks. Fresh food was used to 

replace old food twice per week. Mouse food intake was recorded twice per week between 10 

a.m. and 12 a.m. 
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3.3.3 Body weight and body mass composition 

3.3.3.1 Materials  

Balance 1219 MP (Sartorius, Goettingen, Germany) 

EchoMRI system (Echo Medical System, Houston, USA) 

3.3.3.2 Method 

Body weights were recorded twice per week between 10 a.m. and 12 a.m. Total body fat and 

lean mass of mice was assessed using an EchoMRI system. During the procedure, lasting 70 

sec, mice were kept awake. For the measurements mice were put in an appropriate cylinder 

keeping them immobilized. Three different measurements per each mouse were recorded. 

3.3.4 Intraperitoneal glucose tolerance test (IPGTT) 

3.3.4.1 Materials 

Precision Xtra Blood Glucose & Ketone Monitoring System glucometer (Abbott GmbH & 

Co.KJ, Wiesbaden, Germany) 

Precision Xtra Blood Glucose Test Strips (Abbott GmbH & Co.KJ, Wiesbaden, Germany) 

D-glucose, anhydrous (Sigma-Aldrich, St. Louis, USA) 

Isotonic solution NaCl 0.9% (Fresenius Kabi, Bad Homburg, Germany) 

Surgical Disposable Scalpel (Aesculap Ag & CO KG., Tuttlingen, Germany) 

3.3.4.2 Method 

The evening prior to the IPGTT mice were transferred into a clean cage only with water and 

fasted for 15 hours. The following morning mice were prepared for the glucose tolerance test: 

animals were weighed; the tail was nicked with a fresh razor blade by a horizontal cut of the 

very end, ~35 to 50 μl of blood was very gently massaged from the tail to a Precision Xtra 

glucometer test strip. Baseline blood glucose was measured by the glucose oxidase method 

using a Precision Xtra Blood Glucose & Ketone Monitoring System glucometer. When all 

mice were prepared the test was begun. A glucose solution (0.2 g/ml in 0.9% NaCl) was 

injected into the intraperitoneal cavity (1g glucose/Kg body weight). After 15, 30, 60, 90 and 

120 minutes, blood glucose was sampled from the tail of each mouse by gently massaging a 

small drop of blood onto the glucose test strip. Glucose injections were timed so that the 

sample times were accurate for each animal. An IPGTT matrix example for a batch of 15 

animals is reported in Table 3.8. 
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Area under the curve (AUC) values were calculated as reported by Nishikawa and colleagues 

(149). 

 

Table 3.8: Intraperitoneal Glucose Tolerance Test Matrix 

m bw g0 ig t1 g1 t2 g2 t3 g3 t4 g4 t5 g5 t6 g6 
1    0  15  30  60  90  120  
2    2  17  32  62  92  122  
3    4  19  34  64  94  124  
4    6  21  36  66  96  126  
5    8  23  38  68  98  128  
6    10  25  40  70  100  130  
7    12  27  42  72  102  132  
8    14  29  44  74  104  134  
9    16  31  46  76  106  136  
10    18  33  48  78  108  138  
11    20  35  50  80  110  140  
12    22  37  52  82  112  142  
13    24  39  54  84  114  144  
14    26  41  56  86  116  146  
15    28  43  58  88  118  148  

m: mouse identification number; bw: mouse body weight; g0: blood glucose in baseline; ig: injected glucose for 
the test (1g glucose/Kg body weight); tn scheduled time for injection (minutes); gn: measured blood glucose 
(mg/dl) at the time tn. 
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3.3.5 Echocardiography 

3.3.5.1 Materials  

Vevo 7700 (VisualSonics Inc., Toronto, Canada) 

Vevo anaesthesia system (VisualSonics Inc., Toronto, Canada) 

Isofluran Florene R (Abbott GmbH & Co.KJ, Wiesbaden, Germany) 

Ultrasonic gel (Aquasonic 100, Fa. Parker, Fairfield, USA) 

Electrodes gel (Signa Gel, Fa. Parker, Fairfield, USA) 

Hair remover (Veet®, Reckitt Benckiser, Germany) 

Surgical Tape Durapore™ (3M Health Care, Neuss, Germany) 

Medical lamp (Petra Electric, Burgau, Germany) 

3.3.5.2 Method 

1) Animal preparation 

Mice were anaesthetized using isoflurane (isoflurane 2%, oxygen 98%), and laid supine fixed 

to a platform for analysis through surgical tape stripes (Fig 3.3). Body temperature was 

monitored via a rectal thermometer and maintained at 36-38 °C using a heating pad and a 

medical lamp. All hair was removed from the chest using a chemical hair remover. Scanning 

was performed using an ultrasonic gel opportunely pre-warmed and spread on the mouse 

chest.  

 

 

Figure 3.3: Echocardiography in mice, mouse preparation 

Mice are fixed to a warmed plate using surgical tape, and a mask for anaesthesia (isoflurane).  
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2) Left ventricle: images acquiring 

All the procedures used for echocardiography imaging and echocardiography calculations in 

the present study were performed as described and reported by Zhou and colleagues (2004) 

(173). A left parasternal transverse section of the left ventricle (LV) was obtained locating the 

transducer at the lower 1/3 of the mouse chest midline, orientating the direction of the 

transducer central axis in a posterior and slightly rightward direction so as to form 

approximately a 70° angle with the coronal plane. The orientation of imaging plane resulted 

rotated counter-clockwise from transverse plane approximately by 15° (Fig. 3.4, Fig. 3.5).  

 

 

Figure 3.4: Echocardiography in mice, mouse orientation and its spatial relation with the transducer 

In the upper panel it is shown the transducer and the related two-dimensional (2D) imaging planes. In the figure 
below the orthogonal planes of body mouse for investigation are schematically indicated, and the mouse chest 
midline subdivision in three parts reported. Taken from Zhou et al. (2004) (173). 
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Figure 3.5: Echocardiography in mice, obtaining a left ventricle short axis view 

Left: simplified heart schema in parasternal long axis view (heart sagittal section). The red line indicates 
schematically at which level the heart is transversally “cut” to obtain a left ventricle short axis view. Right: 
simplified 2D short axis view of the left ventricle as visualized by the operator in echocardiography (heart 
transversal section at papillar muscles level). Arrow: blood flow direction. RA: right atrium. RV: right ventricle. 
LV: left ventricle. LA: left atrium; IVS: internal ventricle septum; LVW: left ventricle wall.  
 

 

3) Aorta: images acquiring 

A right parasternal longitudinal section of the aortic arch with the descending tract in 

evidence was obtained locating the transducer at the middle 1/3 of the mouse chest midline, 

and orientating the direction of the transducer central axis leftward and posterior so as to form 

approximately a 40° angle with the coronal plane. The orientation of imaging plane resulted 

parallel to the central axis of mouse body (Fig. 3.6). A right parasternal longitudinal section of 

the aorta was obtained locating the transducer at the lower 1/3 of the mouse chest midline, 

orientating the direction of the transducer central axis leftward and posterior so as to form 

roughly a 70° angle with the coronal plane. The orientation of imaging plane resulted parallel 

to the central axis of mouse body. A right parasternal transverse section of the ascending 

aortic tract was obtained locating the transducer at the lower 1/3 third of the mouse chest 

midline, and orientating the direction of the transducer central axis posterior, slightly superior 

and leftward so as to form approximately a 70° angle with the coronal plane. The orientation 

of imaging plane resulted rotated counter clockwise from transverse plane approximately by 

30°.  
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Figure 3.6: Echocardiography in mice, simplified schema of the mouse aortic arch 

The green lines evidence the descending and the ascending aortic tracts. AscAo: ascending aorta. LA: left 
atrium; RPA: right pulmonary artery; IA: inanimate artery; LCC: left common carotid; LSA: Left subclavian; 
DTA: descending thoracic aorta.  
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4) Left ventricular parameters, formulas and calculations 

A left ventricle short axis view was obtained to measure in M-Mode the following parameters 

left ventricular internal diameter in diastole (LVIDd) and left ventricular internal diameter in 

systole (LVIDs) (Fig. 3.7). Left ventricular volume in diastole (LV Vold), left ventricular 

volume in systole (LV Vols), ejection fraction (EF) and fractional shortening (FS) were 

calculated using the following formulas:  

LV Vold= [7/ (2,4xLVIDd)] x LVIDd3 

LV Vols= [7/ (2,4xLVIDs)] x LVIDs3 

EF= 100 x [(LV Vold-LV Vols)/LVIDd] 

FS= 100 x [(LVIDd-LVIDs)/LV Vold] 

 

 

 

Figure 3.7: Echocardiography in mice 

Left ventricle short axis view  (upper panel) and measurements of LVIDd (3), LVIDs (3) and HR in M-Mode 
(lower panel) are shown. LVIDd: left ventricle diameter in diastole (mm); LVIDs: left ventricle diameter in 
systole (mm). HR: heart rate (beats per minute, BPM). 
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4.2.2 Southern blotting 

In order to verify the correct and single integration of the LacZ-neor cassette into the mouse 

genome, a Southern blotting analysis was performed (Materials and Methods Fig. 3.1; Fig. 

4.2). Genomic DNA from liver of wildtype, heterozygous and homozygous Gpr30-T181 

Deltagen mice was used. Two probes hybridizing outside and adjacent the 5´ and 3´ arms (5´ 

and 3´probes respectively) and a probe hybridizing to the targeting vector (internal probe) 

were used. The integration of the 5´ construct arm was confirmed by detecting a 10.5 kb 

EcoRI-fragment from the wildtype allele and an 8.8 kb targeted fragment. Integration of the 

3´ construct arm was confirmed by the 3´ external probe detecting fragments of 6.1 and 6.8 kb 

corresponding to the wildtype allele, and two fragments of 6.8 kb and 10.7 kb corresponding 

to the targeted allele. Single vector integration was verified using an internal probe which 

detected two fragments of 6.1 and 6.9 kb corresponding to the wildtype allele as well as two 

fragments of 2.0 and 2.5 kb corresponding to the targeted allele. As shown in Fig. 3.2 all the 

detected fragments had the expected size, confirming a single successful event of homologous 

recombination.  

 

 

Figure 4.2: Southern blotting  

Analysis of genomic DNA from liver of wildtype (+/+), heterozygous (+/-) and homozygous (-/-) Gpr30-T181 
Deltagen mice. The blots show the hybridization products for the three different probes (5´, internal and 
3´probes), and the corresponding enzymatic digestions (EcoRI, BamHI, Hind III). 
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4.2.3 Real Time PCR 

Then we evaluated the correct splicing and proper expression of the targeted locus. Therefore 

brain cDNA samples from male and female wildtype, heterozygous and homozygous Gpr30-

T181 Deltagen mice were used for the quantification analysis of sequences flanking and 

within the targeting vector. Primers within the 5´ region of exon 3 and within the LacZ 

cassette (Materials and Methods Fig. 3.1) were used to evaluate proper splicing within the 

targeted Gpr30 locus as well as LacZ expression levels. Highest relative expression levels of 

the amplicon obtained using primers within the 5´ region of exon 3 and the 3´ of the LacZ 

cassette were found in homozygous Gpr30-T181 mice. Consistently with these results 

intermediate values were found in heterozygous Gpr30-T181 mice (Fig. 4.3 a). The results 

showed that the cassette spliced to the 5´ region of exon 3. Using a couple of primers 

designed in the neor cassette and in the 3´ region of exon 3, a fusion transcript of the neor gene 

and part of exon 3 was also detected (Fig. 4.3 b). Our results point to a correct splicing of the 

mutated exon 3 and to a transcription product of the neor gene and the 3´ region of this exon. 

Note that the highest expression levels of this mutant transcript occur in homozygous mutant 

mice (Fig. 4.3 b).  

 

 

Figure 4.3: Real Time PCR quantification of the fusion transcripts  

Real Time PCR quatification of the fusion transcripts was performed using brain cDNAs from wildtype (+/+), 
heterozygous (+/-) and homozygous (-/-) male and female Gpr30-T181 Deltagen mice. a) relative expression 
levels of a fusion transcript using primers within the 5´ region of exon 3 and the LacZ cassette. b) relative 
expression levels of a fusion transcript using primers within the 3´ region of exon 3. 
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To simplify the analysis of potential phenotype alterations, we first examined Gpr30 gene 

expression levels in different tissues and organs. Therefore a relative quantification of Gpr30 

mRNA levels was performed using different tissue cDNAs from male and female Gpr30-

T181 heterozygous mice. Heterozygous Gpr30-T181 mice were used because in a preliminary 

analysis we could show that LacZ expression exactly reflected Gpr30 expression (60). 

Therefore the experiments were done using only one set of mice allowing a smaller number of 

animals to be sacrificed. The highest expression levels of Gpr30 were found in brain vessels 

and the lowest in the liver (Fig. 4.4). In addition, no differences between sexes were detected.  

 

 

Figure 4.4: Gpr30 mRNA relative expression  

Gpr30 mRNA relative expression levels were measured using Real Time on different tissue cDNAs from a 
heterozygous Gpr30-T181 male mouse and a heterozygous Gpr30-T181 female mouse respectively. Gpr30 
highest relative expression was found in brain vessels and the lowest in the liver. 



Results                                                                                                                                                  72 
_________________________________________________________________________________________________________________                           
 

 

4.3 SHG17 Artemis mice genotyping 

SHG17 Artemis mice were obtained through a Cre-recombinase lox P approach. Gpr30 

inactivation was achieved by deleting the complete exon 3 containing the ORF of the Gpr30 

gene. SHG17 mice were generated on a pure C57BL/6 genetic background and genotyping 

was performed as described by Otto and colleagues (45). The wildtype allele was amplified 

using primers 3´ to exon 3 and the mutant allele using primers flanking the inserted LoxP 

sites. Amplification of the wildtype allele resulted in a band of 398 bp, whereas amplification 

of the mutant allele resulted in a band of 560 bp. 

Briefly, genotyping PCR analysis was performed using a combined strategy of two reactions 

(M and T) and three primers. For wildtype animals only the band of 398 bp was obtained, 

whereas for the heterozygous an additional fragment of 560 bp was observed (Fig. 4.5).  

 

 

Figure 4.5: SHG17 Artemis mice genotyping 

Three different samples of wildtype (+/+), heterozygous (+/-) and homozygous (-/-) mutant mice were analysed 
by PCR using two reactions (M and T) to detect the mutant (560 bp) and the wildtype (398 bp) alleles. PCR 
products were run on 1.4% of agarose gel. Arrows indicate the mutant and the wildtype bands, respectively. 
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4.4 Gpr30-T181 Deltagen mice phenotypic assessment 

In order to assess the physiological function of Gpr30 in vivo, Gpr30-T181 Deltagen mice 

underwent an extensive phenotypic analysis at two different levels: 1) a primary screen 

performed at the German Mouse Clinic, providing a comprehensive phenotype analysis of the 

mice; 2) a secondary screen consisting of the diet-induced obesity (DIO) model based on the 

use of a defined high fat diet (HFD). 

4.4.1 Primary screen 

Gpr30-T181 Deltagen mice underwent a primary screen consisting of a wide phenotype 

analysis in many different fields of mouse genetics, physiology and pathology (Materials and 

Methods Fig. 3.2). The analysis was performed on a cohort of 80 animals: 40 homozygous 

mutant mice (20 males and 20 females) and 40 age-sex-matched wildtype littermates as 

controls.  

 
The most relevant result was observed in the immunological analysis. A flow cytometric 

analysis of several T cell lines in blood samples of both Gpr30-T181-/- male and female mice 

was performed. Gpr30-T181-/- male and female mice showed lower levels of T cells and a 

lower proportion of CD62L expressing cells within the T cell cluster compared to control 

mice (Table 4.1). In particular, the fraction of CD4+ cells was reduced by 24.8% and by 

30.2% in females and males Gpr30-T181-/- respectively. The number of CD8+ cells was also 

lower by 20.6% in Gpr30-T181-/- females and by 28.2% in Gpr30-T181-/- males. CD62L 

expressing T cell levels represent the naïve T cell compartment, newly produced in the 

thymus. These cells were reduced by 59% and 44.9% in female and male Gpr30-T181-/- mice, 

respectively. These results were confirmed in a second independent experiment, suggesting a 

potential immunological susceptibility in Gpr30-T181-/- mice. 
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Table 4.1: Immunology screen of Gpr30-T181 Deltagen mice 

females 
1st bleeding 2nd bleeding  

parameter -/- +/+ p value -/- +/+ p value 
CD3+ 21.5 ± 0.9 26.6 ± 1.6 < 0.05 18.7± 0.9 24.0± 1.7 < 0.05 

CD3e+/CD4+ 9.7 ± 0.5 12.9 ± 1.1 < 0.05 8.5 ± 1.0 11.6 ± 0. < 0.05 

CD3e+/CD8a+ 8.5 ± 0.4 10.7 ± 0.6 < 0.05 7.4 ± 0.4 9.9 ± 0.7 < 0.05 

CD3e+/CD4+/CD25+ 6.4 ± 0.5 4.9 ± 0.4 < 0.05 7.5 ± 0.6 5.6 ± 0.5 < 0.05 

CD3e+/gd+ 0.38 ± 0.02 0.046 ± 0.03 n.s 0.35 ± 0.02 0.4 ± 0.02 n.s 

CD4+/CD62L+ 16.8 ± 4.8 40.1 ± 6.4 <0.01 25.6 ± 5.2 58.9 ± 6.0 <0.001 

CD4+/CD44+ 70.4 ± 0.8 73.1 ± 1.5 n.s 72.9 ± 0.8 75.4 ± 0.9 n.s 

CD8a+/CD62L+ 19.0 ± 5.6 47.4 ± 7.2 <0.01 29.8 ± 5.6 66.3 ± 6.8 <0.001 

CD8a+/CD44+ 58.1 ± 0.9 58.8 ± 1.2 n.s 64.1 ± 0.8 62.4 ± 0.9 n.s 
CD11b+/Gr1+ 7.6 ± 0.9 6.3 ± 0.4 n.s 16.4 ± 2.1 12.6 ± 0.6 n.s 
CD11b+/nonGra/nonNK 6.2 ± 1.0 5.9 ± 0.4 n.s 4.03 ± 0.6 3.0 ± 0.5 n.s 
NK+CD5+ 0.3 ± 0.01 0.3 ± 0.02 n.s 0.3 ± 0.02 0.4 ± 0.02 n.s 
NK+CD5- 3.6 ± 0.03 3.8 ± 0.2 n.s 3.4 ± 0.7 3.7 ± 0.3 n.s 
CD19+ 58.19 ± 1.7 54.3 ± 2.1 n.s 53.7 ± 2.2 50.3 ± 1.9 n.s 
CD19+/IgD+ 92.8 ± 0.03 92.6 ± 0.04 n.s 92.8 ± 0.8 90.7 ± 0.9 n.s 
CD19+/CD5+ 2.5 ± 0.1 2.6 ± 0.2 n.s 1.9 ± 0.1 2.5 ± 0.2 <0.01 

CD19+/MHCII+/B220+ 81.8 ± 1.2 85.2 ± 0.9 <0.05 84.1 ± 1.0 82.8 ± 1.0 n.s 

CD11b+/NK+ 45.4 ± 1.8 51.8 ± 2.4 <0.05 39.6 ± 1.9 44.4 ± 2.4 n.s 

males 
1st bleeding 2nd bleeding  

parameter -/- +/+ p value -/- +/+ p value 
CD3+ 13.6 ± 1.3 18.7 ± 1.0 <0.01 12.3 ± 1.0 17.2 ± 1.0 <0.01 

CD3e+/CD4+ 6.0 ± 0.6 8.6 ± 0.6 <0.01 5.1 ± 0.5 7.4 ± 0.6 <0.01 

CD3e+/CD8a+ 5.6  ± 0.5 7.8 ± 0.5 <0.01 5.9 ± 0.5 8.1 ± 0.4 <0.01 

CD3e+/CD4+/CD25+ 7.1 ± 0.5 5.9 ± 0.5 n.s 8.3 ± 0.5 6.2 ± 0.06 <0.05 

CD3e+/gd+ 0.27 ± 0.03 0.3 ± 0.02 n.s 0.25 ± 0.03 0.3 ± 0.02 n.s 

CD4+/CD62L+ 22.6 ± 7.1 43.4 ± 7.1 n.s 16.8 ± 2.8 42.6 ± 7.9 <0.01 

CD4++/CD44+ 70.5 ± 1.0 72.0 ± 0.9 n.s 69.3 ± 1.2 70.5 ± 0.9 n.s 

CD8a+/CD62L+ 28.2 ± 7.1 48.6 ± 7.2 n.s 24.2 ± 3.4 50.1 ± 8.1 <0.05 

CD8a+/CD44+ 65.4 ± 1.8 63.8 ± 1.9 n.s 66.2 ± 0.8 64.3 ± 1.3 n.s 

CD11b+/Gr1+ 9.6 ± 1.8 8.0 ± 0.9 n.s 16.4 ± 1.1 14.7 ± 1.0 n.s 

CD11b+/nonGra/nonNK 6.3 ± 0.7 6.0 ± 0.6 n.s 3.3 ± 0.1 3.4 ± 0.2 n.s 
NK+CD5+ 0.3 ± 0.03 0.3 ± 0.01 n.s 0.3 ± 0.02 0.3 ± 0.03 n.s 
NK+CD5- 3.3 ± 0.2 3.2 ± 0.2 n.s 4.2 ± 0.3 3.7 ± 0.3 n.s 
CD19+ 66.8 ± 2.4 63.6 ± 1.9 n.s 60.3 ± 1.9 57.4 ± 1.5 n.s 
CD19+/IgD+ 92.7 ± 0.3 93.5 ± 0.2 <0.05 92.1 ± 0.5 92.2 ± 0.4 n.s 
CD19+/CD5+ 1.9 ± 0.1 2.4 ± 0.1 <0,05 1.4 ± 0.1 1.9 ± 0.1 <0.05 

CD19+/MHCII+/B220+ 85.1 ± 0.7 85.7 ± 0.8 n.s 81.4 ± 1.2 81.2 ± 1.2 n.s 

CD11b+/NK+ 29.7 ± 3.1 32.8 ± 2.4 n.s 48.0 ± 3.5 45.4 ± 2.6 n.s 

Immunology screen of Gpr30-T181 Deltagen mice. Main lineages: CD3+ T cells, CD4+ T cells, CD8+ T cells, 
γδT cells, T regulatory cells (CD4+ CD25+), B cells (CD19+, responsive B220+), B1 B cells (/CD5+), mature B 
cells (/IgD+), granulocytes (CD11b+Gr1+), NK cells (DX5+CD3-), NK T cells (DX5+CD3+). Subpopulations 
are identified by bi-variate gating with the following markers: Tcells/non T cells: CD25, CD62L, Ly-6C, CD44, 
CD45RB, CD103. CD19+ cells: IgD, B220, CD11b, CD5, Gr1. CD19-cells: Gr1, B220, CD5, CD11b. +/+: 
Gpr30-T181 wildtype mice; -/-: Gpr30-T181 homozygous mutant mice. Statistical analysis: means comparison 
by t-test. The most relevant results are evidenced in red. 
 



Results                                                                                                                                                  75 
_________________________________________________________________________________________________________________                           
 

 

Slight differences between Gpr30-T181-/- mice and control mice were also observed in the 

behavioural and clinical chemistry screens.  

Behavioural analysis of spontaneous activity in a novel environment measured by the Open 

Field Test (OFT) revealed subtle behavioural alterations in Gpr30-T181 mice-/-. Briefly, the 

OFT was conducted in a transparent and infrared light permeable acrylic test arena (45.5 x 

45.5 x 39.5 cm). For data analysis the arena was divided in two areas: the periphery defined as 

a corridor of 8 cm width along the walls and the remaining part representing the centre. The 

following parameters were measured: distance travelled, resting and permanence time as well 

as speed of movement in the centre of the arena or in the periphery. During a 20 min 

observation period Gpr30-T181-/- mice compared to control mice moved significantly less 

during the first 5 minutes, with a lower speed and later to the centre of the arena (Table 4.2). 

 

Table 4.2: Behavioural observations of Gpr30-T181 Deltagen mice 

control Gpr30-T181 mutant p value in two-way ANOVA 
parameter 

males females males  females sex genotype interaction 
trav.distance 
(cm) 

5967.6 
± 442.59 

6667.95 
± 372.69 

5576.38 
± 162.02 

5548 
± 206.87 ns < 0.05 ns 

centre-mean 
velocity (cm/s) 

23.77 
± 0.92 

29.07 
± 1.56 

22.77 
± 1.21 

24.11 
± 1.16 ns < 0.05 ns 

latency (s) 
6.41 
± 1.62 

4.64 
± 0.96 

11.2 
± 2.28 

7.55 
± 2.05 ns < 0.05 ns 

Behavioural observations of Gpr30-T181 Deltagen mice. The travelled distance indicates the total distance 
travelled by the mice during the Open Field Test. Centre-mean velocity indicates the velocity of mice in entering 
the centre of the test arena. Latency indicates the time spent to enter the centre of the arena. A genotype effect 
was observed in all three parameters. Trav: travelled. Statistical analysis: Two-way Anova. Values are expressed 
± standard deviation. 
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In the clinical chemistry analysis, several parameters were measured and among these, 

alkaline phosphatase (AP) activity resulted significantly lower in Gpr30-T181-/- female mice 

than in the respective controls (Fig.4.6). Males showed a similar trend. In a second analysis 

AP levels resulted slightly, but not significantly lower in Gpr30-T181-/- female mice 

compared to control mice. Moreover changes in AP levels were also observed in mutant male 

mice in response to HFD (secondary screen), suggesting a potential link between Gpr30 and 

AP activity. 

 

 

Figure 4.6: Primary screen of Gpr30-T181 Deltagen mice 

Clinical chemistry revealed in a first experiment slightly but significantly higher values of alkaline phosphatase 
(AP) in littermate control female mice compared to homozygous mutant mice. In a second analysis no 
differences were reported between groups. Male mice 13 or 17 weeks old did not show any significant 
difference. Statistical analysis: Two-way ANOVA and means comparisons by t-test, * p-value < 0.05. 
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In order to understand the molecular basis of the phenotypic alterations detected in the 

immunological behavioural and clinical chemistry screens and taking into account also Gpr30 

gene expression pattern, microarray analysis was performed on three different organs: 

thymus, brain and kidney. Briefly, tissue RNA was isolated from Gpr30-T181-/- male mice 

and control mice, the latter constituting the RNA reference pool. For each RNA sample chip 

hybridazations were performed in duplicate. Normalization of the two channels (2 probes per 

array) was obtained through the calculation of a moving average with a fixed length window 

(± 50). Significance Analysis of Microarrays (SAM) did not identify differentially expressed 

gene in brain or kidney. However, SAM identified 20 significantly regulated genes in the 

thymus of Gpr30-T181-/- mice compared to wildtype controls. All the genes resulted to be 

down-regulated. Some of these genes are reported in the Table 4.3, as well as Gene Ontology 

classification, significance level (q value) and fold change. 
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Table 4.3: Gene ontology annotation of deregulated genes in the thymus of Gpr30-T181-/- Deltagen mice 

Gene symbol Molecular function Biological process Cellular component q-value (%) Fold change 

Nppa hormone activity 
regulation of blood pressure; 
regulation of blood vessel size 

extracellular region; 
cytoplasm 

0.00 -9.09 

Wnt7a 
signal transducer 
activity; receptor 
binding 

signal transduction; Wnt 
receptor signaling pathway 

extracellular region; 
proteinaceous 
extracellular matrix; 
extracellular space 

19.25 -8.33 

Tnnt2 

actin binding; 
tropomyosin 
binding; troponin C 
binding; troponin I 
binding 

regulation of heart contraction; 
muscle filament sliding; 
negative and positive 
regulation of ATPase activity; 
response to calcium ion 

troponin complex 24.75 -8.33 

Ccr5 

actin binding; 
phosphoinositide 
phospholipase C 
activity; G-protein 
coupled receptor 
activity; protein 
binding; coreceptor 
activity; C-C 
chemokine receptor 
activity 

chemotaxis; inflammatory 
response; immune response; 
cellular defense response; G-
protein coupled receptor 
protein signaling pathway; 
elevation of cytosolic calcium 
ion concentration 

cytoplasm; 
endosome; plasma 
membrane; integral 
to plasma membrane; 
external side of 
plasma membrane 

24.75 -4.00 

Serca2 

nucleotide binding; 
magnesium ion 
binding; calcium-
transporting 
ATPase activity; 
calcium ion 
binding; ATP 
binding; hydrolase 
activity 

regulation of the force of heart 
contraction; ATP biosynthetic 
process; cation transport; 
cellular calcium ion 
homeostasis; ER-nuclear 
signaling pathway 

membrane fraction; 
microsome; integral 
to plasma membrane; 
membrane; 
sarcoplasmic 
reticulum membrane 

32.08 -6.25 

Cat 

aminoacylase 
activity; catalase 
activity; growth 
factor activity; 
heme binding; 
protein 
homodimerization 
activity; metal ion 
binding; NADP or 
NADPH binding 

response to reactive oxygen 
species; triglyceride metabolic 
process; cholesterol metabolic 
process; cell proliferation; 
aerobic respiration 

mitochondrion; 
peroxisome; 
peroxisomal 
membrane 

39.51 -6.67 

Hspa1a protein stabilization  
folding of the newly translated 
proteins, ubiquitine-proteasome 
pathway 

cytosol 51.67 -16.67 

Myl4 

motor activity; actin 
monomer binding; 
calcium ion 
binding; structural 
constituent of 
muscle; myosin II 
heavy chain binding 

regulation of the force of heart 
contraction; muscle organ 
development; positive 
regulation of ATPase activity; 
cardiac muscle contraction 

muscle myosin 
complex; myosin 
complex; A band 

51.67 -4.35 

Slc35e1  transport 
membrane; integral 
to membrane 

51.67 -9.09 

Usp26 

ubiquitin 
thiolesterase 
activity; peptidase 
activity; cysteine-
type peptidase 
activity 

ubiquitin-dependent protein 
catabolic process 

nucleus 51.67 -7.14 

Atp13a4 

nucleotide binding; 
magnesium ion 
binding; ATP 
binding; ATPase 
activity  

ATP biosynthetic process; 
cation transport 

membrane; integral 
to membrane 

51.97 -4.17 

Itfg1 protein binding  
extracellular region; 
membrane 

53.52 -10.00 

Gene ontology annotation. SAM: Significance Analysis of Microarrays; Nppa: natriuretic peptide precursor A; 
Wnt7a: wingless-type MMTV integration site family, member 7A; Tnnt2: troponin T type 2; Ccr5: chemokine 
(C-C motif) receptor 5; Serca2: sarcoplasmic reticulm Ca(2+)-ATPase2; Cat: catalase; Hspa1a: heat shock 
70kDa protein 1A; Myl4: myosin, light chain 4´; Slc35e1: solute carrier family 35, member E1; Usp26: ubiquitin 
specific peptidase 26; Atp13a4: ATPase type 13A4; Itfg1: integrin alpha FG-GAP repeat containing ; q value: 
significance; fold change: regulation factor.  
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SAM analysis identified Nppa, Serca2, Ccr5, and Cat genes to be down-regulated in the 

thymus of Gpr30-T181-/- males. Some of these genes are known to be involved in T cell 

development such as the Nppa gene (181). Their involvement might contribute to substantiate 

the hypothesis of a lower rate of T cells in the thymus of mutant mice. Therefore, in order to 

validate microarray results, Nppa, Serca2, Ccr5, and Cat mRNA levels were measured in 

thymus cDNA of male homozygous mutants and wildtype control mice using Real-Time 

PCR. Real-Time results are reported in Table 4.4. In agreement with microarray analysis, a 

pronounced trend of down-regulation for Nppa, Ccr5, Atpa2a and Cat gene expression was 

found in Gpr30-T181-/- mice compared to wildtype control mice. Nppa, Ccr5, Atpa2a and Cat 

genes resulted 14, 5, 7 and 6 times down-regulated in mutant mice, respectively. Note, that 

the small number of animals used (4 wildtypes and 5 mutants), might explain p values not 

expressing significant differences. 

 

Table 4.4: Validation of microarray data 

GOI/ 
Biological 
replicate 

Normalized Ct 
biological 
replicate 

Gpr30-T181 +/+ 

Normalized Ct 
biological 
replicate 

Gpr30-T181 -/- 

Ct 
 

Fold-expression p value 

Nppa  1 31.55 31.91 3.74 0.07 0.19 
 2* 34.89 30.08    
 3 27.40 31.94    
 4 24.82 31.79    
 5  32.60    
Ccr5  1 30.46 33.79 2.26 0.21 0.11 
 2* 34.04 29.73    
 3 27.55 31.70    
 4 30.09 31.60    
 5  31.32    
Serca2  1 27.67 30.07 2.79 0.14 0.12 
 2* 30.97 26.27    
 3 23.64 28.34    
 4 26.04 29.73    
 5  28.48    
 Cat 1 26.85 29.27 2.61 0.16 0.14 
 2* 30.13 25.45    
 3 22.76 27.27    
 4 25.33 28.00    
 5  27.98     

Validation of microarray data. GOI: gene of interest. Nppa: natriuretic peptide precursor A; Ccr5: chemokine (C-
C motif) receptor 5; Serca2: sarcoplasmic reticulum Ca(2+)-ATPase 2; Cat: catalase. Ct was calculated as: 
average of normalized Gpr30-T181-/- Ct values- average of normalized Gpr30-T181+/+ Ct values. Reference 
genes used for normalization of Ct values were: Gapdh: Glyceraldehyde-3-phosphate dehydrogenase; Hprt: 
hypoxanthine-guanine phosphoribosyltransferase; PO: ribosomal protein, large. Fold-expression= 2-Ct. p value 
calculated in a t-test used to compare Ct value means obtained in Gpr30-T81+/+ versus Gpr30-T181-/- mice. *: Ct 
value of the biological replicate 2, among Gpr30-T81+/+ mice, was identified as an outlier (mouse weight 20.4 g 
vs. mouse weight average 29.2 ± 1.57 g) and excluded in the fold calculation.  
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4.4.2 Secondary screen 

In order to unravel a potential metabolic and cardiovascular role of Gpr30, Deltagen mice 

were challenged in a diet induced obesity model (DIO model) by a defined high fat diet 

(HFD). Wildtype and homozygous mutant, male and female mice, were fed for 25 weeks with 

a defined high fat diet (HFD) along with age-and sex matched littermates fed with a control 

diet (CD) (Fig.4.7). Mice were analysed for body weight and body mass composition (by 

nuclear magnetic resonance), glucose metabolism (by intraperitoneal glucose tolerance test), 

left ventricular function (by echocardiography) and blood chemical parameters (by blood 

chemistry). Experiments were performed at three different time-points: before starting HFD 

(1st time-point or baseline experiments, mice age 6 months); after 4 weeks of HFD (2nd time-

point, mice age 8 months); and after 20 weeks of HFD (3rd time-point, mice age 12 months). 

 

 

Figure 4.7: HFD workflow 

Mice were fed with HFD or CD for 25 weeks. Experiments were performed at three different time-points. NMR: 
nuclear magnetic resonance; IPGTT: intra-peritoneal glucose tolerance test. HFD: high fat diet, (60% Kcal from 
fat); CD: control diet (14% Kcal from fat); 1st time-point: before starting HFD (mice age 6 months); 2nd time-
point: 4 weeks of HFD (mice age 8 months); 3rd time-point: 20 weeks of HFD (mice age 12 months).  
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4.4.2.1 Body weight and body mass composition  

In order to assess the endocrine function of Gpr30-T181 Deltagen mice in response to HFD, 

animals underwent different metabolic measurements. Body weight was regularly recorded 

twice per week, lean and fat mass accumulation assessed by NMR and glucose clearance 

analysed by IPGTT. 

During the experiment, mice on HFD gained progressively weight compared to groups on 

CD. Moreover no differences in both sexes were reported between Gpr30-T181-/- and control 

mice (Fig. 4.8).  

 

 

Figure 4.8: Gpr30-T181 Deltagen mice, body weight (BW) 

BW was recorded twice per week for 25 weeks. Mice on HFD gain progressively more weight. However, 
genotype did not make any difference in weight gaining. CD: control diet. HFD: high fat diet. wt: control 
littermates. 
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Body mass composition assessed by NMR did not show any genotypic difference between 

groups assigned to HFD or CD. However, as expected a stronger increase of fat mass was 

reported in animals fed with HFD compared to littermate controls (Fig. 4.9). 

 

 

Figure 4.9: Gpr30-T181 mice, nuclear magnetic resonance (NMR) 

Animals on HFD accumulated progressively more fat. As expected a significant difference in both sexes was 
found between mice on HFD and mice on CD. However, genotype did not make any difference. CD: control 
diet. HFD: high fat diet. *: Statistical analysis: One-way ANOVA followed by post-hoc analysis for multiple 
comparisons, * p value < 0.05. wt: control littermates. 
 

4.4.2.2 Intraperitoneal Glucose Tolerance test (IPGTT) 

In order to detect potential differences in glucose clearance efficiency between homozygous 

mutant and control mice the IPGTT was performed. Mice on HFD (2nd and 3rd time-points) 

showed wider peaks of glucose clearance compared to mice on CD, reflecting the tendency, 

following HFD, to develop a less efficiency in glucose clearance (Fig. 4.10). Moreover for a 

statistical analysis, area under the curve (AUC) values were calculated. No statistically 

significant differences were found between homozygous mutant and control mice (Fig. 4.11). 
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Figure 4.10: Gpr30-T181 mice, intraperitoneal-glucose tolerance test (IPGTT) 

IPGTT measurements were performed at three different time-points. Mice on HFD showed metabolic curves 
(dashed lines) with a wider profile, reflecting a slower efficiency in metabolizing glucose. In particular, this 
trend is evident in both sexes and genotypes after 20 weeks of HFD (3rd time-point). wt: control littermates. 
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Figure 4.11: Gpr30-T181 Deltagen mice intraperitoneal glucose tolerance test (IPGTT), area under the 
curve (AUC) 

In order to compare glucose clearance efficiency between the different groups, AUC values were calculated from 
curves in Fig. 3.10. No statistically differences were found between homozygous mutant and control mice on 
HFD or CD. Statistical analysis: One-way ANOVA followed by post-hoc analysis for multiple comparisons. wt: 
control littermates. 
 

4.4.2.3 Echocardiography 

Left ventricular function and potential changes induced by HFD on the heart were assessed 

using echocardiography. In order to analyse left ventricular systolic function, ejection fraction 

(EF), fractional shortening (FS) and left ventricular internal diameter in diastole (LVIDd) and 

in systole (LVIDs) were measured. Left ventricular diastolic function was examined 

measuring aortic blood flow velocity (AoVel).  

The only significant difference between homozygous and mutant mice was found in baseline 

measurements. Six months old Gpr30-T181-/- female mice showed a slight but significant 

decrease of AoVel when compared to control female mice (Fig. 4.12, Table 4.5), suggesting a 

potential impaired cardiac output. However, the same difference was not found in female 

mutant mice at 8 and 12 months of age. Statistical analysis did not reveal other significant 

genotype-dependent differences (Table 4.5 and Table 4.6.). 
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Figure 4.12: Gpr30-T181 Deltagen mice, echocardiography 

The analysis revealed a slight but significant decrease of AoVel in 6 months old Gpr30-T181-/- female mice 
compared to control mice, suggesting a potential impaired cardiac output. However this difference was not found 
at 8 and 12 months of age. On the right, AoVel values in male mice are shown: no statistically significant 
differences were found among groups. Statistical analysis: t-test. *: p value < 0.05. wt: control littermates. 
 
 

Table 4.5: Echocardiography of Gpr30-T181 Deltagen female mice 

parameters 
groups 

time-
point 

 
EF FS LVIDd LVIDs AoVel HR EDD(M) EDD(B) 

mean 50.53 25.76 4.12 3.06 785.83 445.36 1.66 1.51 
+/+ ♀ baseline 

± s.d 8.90 5.63 0.23 0.37 90.44 47.93 0.16 0.07 

mean 46.92 23.50 4.2 3.22 698.40 433.28 1.65 1.52 
-/- ♀ baseline 

± s.d 8.61 5.13 0.35 0.41 89.39 53.97 0.60 1.52 
t-test p value n.s n.s n.s n.s .03 n.s n.s n.s 

mean 43.51 21.46 4.38 3.44 675.63 398.33 n.a n.a +/+ ♀ 
CD 

2nd  
± s.d 5.77 3.39 0.17 0.24 98.11 29.24 n.a n.a 
mean 42.79 21.26 4.20 3.32 629.84 399.16 n.a n.a -/- ♀ 

CD 
2nd 

± s.d 12.09 7.24 0.23 0.44 93.19 41.89 n.a n.a 
mean 46.40 23.02 4.24 3.38 713.88 447.72 n.a n.a +/+ ♀ 

HFD 
2nd  

± s.d 4.13 2.40 0.24 0.41 105.98 35.91 n.a n.a 
mean 51.63 26.71 4.13 3.04 782.43 439.50 n.a n.a -/- ♀ 

HFD 
2nd  

± s.d 10.93 7.41 0.15 0.39 174.24 50.91 n.a n.a 
ANOVA p value .030 .036 n.s n.s .003 .012   

mean 49.06 24.95 4.23 3.17 727.80 470.66 n.a n.a +/+ ♀ 
CD 

3rd  
± s.d 9.33 5.88 0.22 0.33 148.86 52.58 n.a n.a 
mean 44.61 22.01 4.07 3.17 687.69 481.06 n.a n.a -/- ♀ 

CD 
3rd 

± s.d 7.70 4.70 0.24 0.24 172.26 48.41 n.a n.a 
mean 51.63 26.71 4.13 3.04 782.43 439.50 n.a n.a +/+ ♀ 

HFD 
3rd 

± s.d 10.93 7.41 0.15 0.39 174.24 50.91 n.a n.a 
mean 45.73 23.80 4.36 3.35 707.94 446.50 n.a n.a -/- ♀ 

HFD 
3rd 

± s.d 6.41 3.73 0.20 0.27 154.49 48.83 n.a n.a 
ANOVA p value n.s n.s n.s n.s n.s n.s   

Echocardiography of Gpr30-T181 Deltagen female mice. +/+ ♀ CD: wildtype female mice on control diet; -/- ♀ 
CD: Gpr30-T181-/- female mice on control diet ; +/+ ♀ HFD: wildtype female mice on high fat diet; -/- ♀ HFD: 
Gpr30-T181-/- female mice on high fat diet. EF: ejection fraction (%); FS: fractional shortening (%); LVIDd: left 
ventricular internal diameter in diastole (mm); LVIDs: left ventricular internal diameter in systole (mm); AoVel: 
aorta blood flow velocity (cm/s). HR: heart rate (beats/min). EDD (M): end-diastolic diameter calculated in M-
mode. EDD (B): end-diastolic diameter calculated in B-mode. Statistical analysis: t-test and One-way ANOVA 
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followed by post-hoc test for multiple comparisons. Hypothesis of equality of the means rejected with a p value 
< 0.05. Note that the in one-way ANOVA analysis, only statistically significant differences found in post-hoc 
tests between mutant and control mice groups, on CD, or on HFD, respectively, were considered relevant. s.d: 
standard deviation. n.s: not significant (p value > 0.05); n.a: not available. Values significantly different are 
reported in red. 
  

Table 4.6: Echocardiography of Gpr30-T181 Deltagen male mice 

parameters 
groups 

time-
point 

 
EF FS LVIDd LVIds AoVel HR 

mean 
+/+ ♂ baseline 

± s.d 
51.55 
11.45 

26.74 
7.78 

4.50 
0.40 

3.30 
0.49 

873.55 
221.22 

422.15 
42.96 

mean 
-/- ♂ baseline 

± s.d 
50.34 
7.35 

25.67 
4.50 

4.47 
0.31 

3.33 
0.37 

862.25 
168.22 

423.92 
51.53 

t-test p value n.s n.s n.s n.s n.s n.s 

mean +/+ ♂ 
CD 

2nd  
± s.d 

45.67 
7.15 

22.86 
4.27 

4.61 
0.29 

3.68 
0.47 

826.89 
171.92 

416.33 
46.24 

mean -/- ♂ 
CD 

2nd 
± s.d 

43.69 
7.51 

22.90 
2.95 

4.67 
0.30 

3.60 
0.30 

780.53 
161.31 

401.70 
54.64 

mean +/+ ♂ 
HFD 

2nd  
± s.d 

53.05 
13.45 

27.82 
8.82 

4.38 
0.33 

3.18 
0.54 

808.81 
217.95 

455.14 
64.48 

mean -/- ♂ 
HFD 

2nd  
± s.d 

44.56 
5.33 

22.20 
3.09 

4.63 
0.58 

3.60 
0.46 

838.50 
295.29 

426.22 
58.48 

ANOVA p value n.s n.s n.s n.s n.s n.s 

mean +/+ ♂ 
CD 

3rd  
± s.d 

45.28 
7.01 

22.59 
4.05 

4.55 
0.41 

3.53 
0.42 

798.37 
119.35 

466.22 
31.95 

mean -/- ♂ 
CD 

3rd 
± s.d 

43.02 
8.64 

21.36 
4.97 

4.55 
0.53 

3.58 
0.55 

756.54 
115.21 

456.11 
44.66 

mean +/+ ♂ 
HFD 

3rd 
± s.d 

51.90 
6.05 

26.70 
3.75 

4.45 
0.34 

3.27 
0.39 

866.83 
178.98 

467.00 
57.40 

mean -/- ♂ 
HFD 

3rd 
± s.d 

47.02 
3.40 

23.46 
1.93 

4.33 
0.56 

3.30 
0.51 

806.79 
224.90 

463.78 
59.31 

ANOVA p value .0018 .014 n.s n.s n.s n.s 

Echocardiography of Gpr30-T181 Deltagen male mice. +/+ ♂ CD: wildtype male mice on control diet; -/- ♂ CD: 
Gpr30-T181-/- male mice on control diet; +/+ ♂ HFD: wildtype male mice on high fat diet; -/- ♂ HFD: Gpr30-
T181-/- male mice on high fat diet. EF: ejection fraction (%); FS: fractional shortening (%); LVIDd: left 
ventricular internal diameter in diastole (mm); LVIDs: left ventricular internal diameter in systole (mm); AoVel: 
aorta blood flow velocity (cm/s). HR: heart rate (beats/min). Statistical analysis: t-test and One-way ANOVA 
followed by post-hoc test for multiple comparisons. Hypothesis of equality of the means rejected with a p value 
< 0.05. Note that in the one-way ANOVA analysis, only statistically significant differences found in post-hoc 
tests between mutant and control mice groups, on CD, or on HFD, respectively, were considered relevant. s.d: 
standard deviation. n.s: not significant (p value > 0.05).  
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4.4.2.4 Blood chemistry 

In order to detect potential alterations induced by HFD in Gpr30-T181 Deltagen mice, blood 

chemistry analysis was performed and several parameters were checked (Table 4.7 and Table 

4.8). 

Table 4.7: Blood chemistry of Gpr30-T181 Deltagen female mice 

parameters group time-
point 

 
ALAT Alb Amy AP ASAT Bil Ca Ch CK Cre Fe Fru 

mean 0.51 57.57 45.73 1.82 1.54 5.79 1.85 2.15 2.16 10.52 22.18 248.00 +/+ ♀  
CD 

2nd 
± s.d 0.17 3.30 5.81 0.40 0.38 0.82 0.17 0.43 0.95 1.85 8.76 23.08 

mean 0.45 57.00 46.77 1.52 1.47 5.79 1.89 1.89 1.76 9.93 20.19 241.38 -/- ♀  
CD 

2nd 
± s.d 0.18 1.65 6.00 0.16 0.33 0.58 0.19 0.29 0.97 1.44 4.41 26.28 

mean 1.50 57.69 55.58 1.32 2.48 4.68 2.08 3.98 2.57 8.89 28.07 243.42 +/+ ♀  
HFD 

2nd 
± s.d 0.27 2.79 4.75 0.14 0.48 0.86 0.17 0.66 0.95 0.96 3.10 19.66 

mean 1.17 57.53 56.75 1.19 1.92 4.68 1.92 3.61 1.62 9.45 35.23 235.50 -/- ♀  
HFD 

2nd 
± s.d 0.44 2.71 7.90 0.25 0.39 0.52 0.24 0.56 0.89 0.97 6.81 11.34 

ANOVA p value .000 n.s .000 .000 .000 .001 .031 .000 n.s .032 .000 n.s 

mean 0.30 28.37 19.33 0.85 0.91 1.70 0.95 0.96 0.61 6.60 7.21 138.55 +/+ ♀  
CD 

3rd 
± s.d 0.16 2.08 1.98 0.34 0.40 0.26 0.10 0.22 0.31 0.95 2.65 18.11 

mean 0.31 28.56 20.45 0.60 0.81 1.75 1.03 0.87 0.62 6.74 8.19 142.38 -/- ♀  
CD 

3rd 
± s.d 0.24 1.82 2.81 0.13 0.44 0.33 0.09 0.18 0.35 0.74 2.10 12.85 

mean 1.08 29.93 24.67 0.54 1.50 1.69 1.13 1.97 1.22 6.29 12.88 125.33 +/+ ♀  
HFD 

3rd 
± s.d 0.27 0.77 3.77 0.11 0.28 0.18 0.03 0.29 0.25 0.59 2.61 5.39 

mean 1.09 28.28 27.58 0.50 1.50 1.66 1.02 1.60 0.68 6.00 13.06 114.80 -/- ♀  
HFD 

3rd 
± s.d 0.34 1.39 6.81 0.11 0.37 0.19 0.10 0.18 0.30 0.87 5.36 10.55 

ANOVA p value .000 n.s .000 .008 .001 n.s .001 .000 .000 n.s .000 .002 

parameters group time-
point 

 
 GGT GLDH Glu HDL IP LDH LDL Lip TG Urea 
mean 0.04 187.08 11.14 1.56 1.89 5.60 0.44 0.59 0.48 7.37 +/+ ♀  

CD 
2nd 

± s.d 0.02 86.09 2.36 0.38 0.26 2.37 0.05 0.25 0.11 1.32 

mean 0.05 175.00 10.56 1.40 1.86 4.82 0.42 0.60 0.47 7.36 -/- ♀  
CD 

2nd 
± s.d 0.02 70.71 1.49 0.24 0.22 1.80 0.07 0.17 0.09 1.07 

mean 0.05 406.00 11.55 3.17 1.79 8.14 0.64 0.67 0.73 8.68 +/+ ♀  
HFD 

2nd 
± s.d 0.02 120.85 1.94 0.57 0.22 3.34 0.08 0.17 0.12 0.89 

mean 0.03 322.50 11.64 2.87 1.84 6.31 0.58 0.55 0.81 8.51 -/- ♀  
HFD 

2nd 
± s.d 0.01 121.16 1.98 0.50 0.33 3.27 0.09 0.10 0.25 1.17 

ANOVA p value n.s .000 n.s .000 n.s .061 .000 n.s .000 .035 

mean 0.03 80.00 5.07 1.35 0.86 1.96 0.41 0.46 0.25 2.86 +/+ ♀  
CD 

3rd 
± s.d 0.02 70.74 0.69 0.33 0.11 0.71 0.07 0.10 0.03 0.38 

mean 0.02 87.25 5.49 1.26 0.93 1.91 0.39 0.48 0.24 3.00 -/- ♀  
CD 

3rd 
± s.d 0.01 95.17 0.43 0.28 0.12 1.11 0.07 0.09 0.01 0.25 

mean 0.03 337.00 5.21 3.14 0.92 2.97 0.62 0.71 0.40 3.54 +/+ ♀  
HFD 

3rd 
± s.d 0.01 103.03 0.62 0.42 0.11 0.65 0.12 0.10 0.05 0.62 

mean nd 287.00 4.99 2.58 0.93 3.66 0.51 0.97 0.42 3.19 -/- ♀  
HFD 

3rd 
± s.d nd 151.87 0.70 0.34 0.11 0.52 0.07 0.23 0.13 0.64 

ANOVA pvalue n.s .000 n.s .000 n.s .000 .000 .000 .000 .022 

Blood chemistry of Gpr30-T181 Deltagen female mice. +/+ ♀ CD: wildtype female mice on control diet; -/- ♀ 
CD: Gpr30-T181-/- female mice on control diet ; +/+ ♀ HFD: wildtype female mice on high fat diet; -/- ♀ HFD: 
Gpr30-T181-/- female mice on high fat diet; ALAT: alanine aminotransferase (μKat/l); Alb: albumin (g/l); Amy: 
α –amylase (μKat/l); AP: alkaline phosphatase (μKat/l); ASAT: aspartate transaminase (μKat/l); Bil: bilirubin 
(μmol/l); Ca: calcium (mmol/l); Ch: cholesterol (mmol/l); Cre: creatinine (μmol/l); CK: creatine kinase (μKat/l); 
Fru: fructosamine (μmol/l); GTT: γ-glutamyl transferase (μKat/l); Glu: glucose (mmol/l); GLDH: glutamate 
dehydrogenase; HDL: high-density lipoprotein-cholesterol (mmol/l); IP: inorganic phosphate (mmol/l); Fe: iron 
(μmol/l); LDH: lactate dehydrogenase (μKat/l); Lip: lipase (μKat/l); LDL: low-density lipoprotein-cholesterol 
(mmol/l); TG: triglycerides (mmol/l); urea: urea (mmol/l). Statistical analysis: One-way ANOVA followed by 
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post-hoc test for multiple comparisons. Hypothesis of equality of the means rejected with a p value < 0.05. Note 
that only statistically significant differences found in post-hoc tests between mutant and control mice groups, on 
CD, or on HFD, respectively, were considered relevant (in red). p values in post-hoc test: ASAT, <0.035; Ch, < 
0.029; CK, < 0.015; HDL, < 0.034. s.d: standard deviation. n.s: not significant (p value > 0.05). nd: not detected. 
 

Table 4.8: Blood chemistry of Gpr30-T181 Deltagen male mice 

parameters group time-
point 

 
ALAT Alb Amy AP ASAT Bil Ca Ch CK Cre Fe Fru 

mean 0.70 55.20 57.43 0.98 1.24 5.21 1.95 3.58 2.57 9.53 29.47 243.17 +/+ ♂  
CD 

2nd 
± s.d 0.52 3.56 9.09 0.16 0.52 0.97 0.23 0.93 1.05 0.79 5.75 19.06 

mean 0.70 57.22 56.74 1.06 1.20 6.06 2.01 3.84 2.84 9.74 30.50 250.20 -/- ♂  
CD 

2nd 
± s.d 0.44 3.76 6.92 0.18 0.36 1.28 0.24 0.69 0.92 0.71 8.47 14.98 

mean 1.20 60.49 79.43 0.89 1.43 3.37 2.20 5.65 1.89 9.26 33.74 231.13 +/+ ♂  
HFD 

2nd 
± s.d 0.51 5.01 8.10 0.17 0.36 0.38 0.31 0.55 0.54 1.68 8.44 21.08 

mean 1.23 58.08 76.54 0.85 1.39 3.25 2.03 5.31 1.70 9.84 31.28 221.38 -/- ♂  
HFD 

2nd 
± s.d 0.72 2.32 10.30 0.12 0.37 0.60 0.34 0.66 0.85 2.11 6.37 14.17 

ANOVA p value .059 .033 .000 .027 .587 .000 .275 .000 .028 n.s n.s .007 

mean 0.34 57.98 51.31 1.03 0.93 3.71 2.09 3.65 2.37 11.03 18.30 264.60 +/+ ♂  
CD 

3rd 
± s.d 0.12 4.15 7.31 0.15 0.31 0.69 0.20 0.52 2.51 2.11 6.34 31.96 

mean 0.54 57.13 43.29 1.03 1.08 3.96 2.08 3.32 2.57 10.34 20.50 278.25 -/- ♂  
CD 

3rd 
± s.d 0.33 3.12 9.33 0.23 0.42 0.68 0.29 0.58 1.64 1.14 9.41 19.11 

mean 2.49 61.15 65.60 1.49 1.98 3.25 2.22 5.52 3.20 12.20 25.55 258.80 +/+ ♂  
HFD 

3rd 
± s.d 0.72 0.94 9.84 0.27 0.36 0.30 0.11 0.68 2.04 2.32 6.39 20.13 

mean 1.88 60.48 64.96 1.00 1.78 3.33 2.08 5.61 1.97 12.00 22.67 251.33 -/- ♂  
HFD 

3rd 
± s.d 0.50 2.09 5.17 0.27 0.57 0.39 0.23 0.89 1.46 1.65 8.29 19.13 

ANOVA p value .000 .021 .000 .000 .000 .042 n.s .000 n.s n.s n.s n.s 

parameters group time-
point 

 
GGT GLDH Glu HDL IP LDH LDL Lip TG Urea 

mean 0.08 278.18 10.48 2.71 1.78 6.51 0.52 0.70 0.83 7.64 +/+ ♂ 
CD 

2nd 
± s.d 0.03 155.81 2.90 0.73 0.23 5.44 0.14 0.19 0.22 1.12 

mean 0.09 294.00 11.59 2.94 2.03 4.96 0.53 0.67 0.70 7.50 -/- ♂  
CD 

2nd 
± s.d 0.01 174.88 2.91 0.51 0.26 1.75 0.12 0.12 0.11 0.74 

mean 0.08 407.14 14.16 4.50 1.97 6.26 0.76 0.78 1.18 9.34 +/+ ♂  
HFD 

2nd 
± s.d 0.00 208.14 1.89 0.45 0.42 2.83 0.14 0.25 0.36 1.44 

mean nd 423.75 12.69 4.16 2.05 6.64 0.62 0.72 0.94 9.91 -/- ♂  
HFD 

2nd 
± s.d nd 248.02 1.16 0.46 0.31 3.30 0.11 0.16 0.27 0.95 

ANOVA p value .075 n.s .016 .000 n.s n.s .001 n.s .002 .000 

mean 0.06 240.60 10.12 2.94 1.91 3.52 0.52 1.10 0.77 7.03 +/+ ♂  
CD 

3rd 
± s.d 0.04 160.68 2.13 0.43 0.34 1.44 0.14 0.34 0.12 1.00 

mean 0.04 222.80 10.34 2.62 1.88 3.59 0.53 1.00 0.74 7.00 -/- ♂  
CD 

3rd 
± s.d 0.02 150.79 2.42 0.50 0.25 0.94 0.11 0.23 0.19 0.94 

mean 0.06 751.86 9.84 4.39 2.23 7.24 0.76 0.82 0.85 7.69 +/+ ♂  
HFD 

3rd 
± s.d 0.02 325.52 1.37 0.54 0.20 1.63 0.15 0.21 0.26 0.49 

mean 0.07 655.14 10.12 4.49 1.87 5.66 0.76 1.06 0.93 7.84 -/- ♂  
HFD 

3rd 
± s.d 0.02 235.93 0.99 0.66 0.28 1.10 0.20 0.36 0.18 0.71 

ANOVA pvalue n.s .000 n.s .000 .035 .000 .001 n.s n.s .069 

Blood chemistry of Gpr30-T181 Deltagen male mice. +/+ ♂ CD: wildtype male mice on control diet; -/- ♂ CD: 
Gpr30-T181-/- male mice on control diet ; +/+ ♂ HFD: wildtype male mice on high fat diet; -/- ♂ HFD: Gpr30-
T181-/- male mice on high fat diet; ALAT: alanine aminotransferase (μKat/l); Alb: albumin (g/l); Amy: α –
amylase (μKat/l); AP: alkaline phosphatase (μKat/l), ASAT: aspartate transaminase (μKat/l); Bil: bilirubin 
(μmol/l); Ca: calcium (mmol/l); Ch: cholesterol (mmol/l); Cre: creatinine (μmol/l); CK: creatine kinase (μKat/l); 
Fru: fructosamine (μmol/l); GTT: γ-glutamyl transferase (μKat/l); Glu: glucose (mmol/l); GLDH: glutamate 
dehydrogenase; HDL: high-density lipoprotein-cholesterol (mmol/l); IP: inorganic phosphate (mmol/l); Fe: iron 
(μmol/l); LDH: lactate dehydrogenase (μKat/l); Lip: lipase (μKat/l); LDL: low-density lipoprotein-cholesterol 
(mmol/l); TG: triglycerides (mmol/l); urea: urea (mmol/l). Statistical analysis: One-way ANOVA followed by 
post-hoc test for multiple comparisons. Hypothesis of equality of the means rejected with a p value < 0.05. Note 
that only statistically significant differences found in post-hoc tests between mutant and control mice groups, on 
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CD, or on HFD, respectively, were considered relevant (in red). p values in post-hoc test: AP, < 0.01. s.d: 
standard deviation. n.s: not significant (p value > 0.005); nd: not detected.  
 

After 20 weeks of HFD, total cholesterol (Ch), high density lipoprotein (HDL) and creatine 

kinase (CK) plasma levels were significantly higher in control female mice compared to 

homozygous mutant mice (Fig. 4.13, 4.14 and 4.15). Such a variation in HDL and total 

cholesterol might indicate an imbalance of lipid metabolism, whereas unchanged values of 

CK might suggest a well preserved muscular metabolism in female mutants despite HFD. 

Indeed, after 20 weeks of HFD, alkaline phosphatase (AP) plasma levels were found 

significantly higher in control male mice compared to homozygous mutant mice (Fig. 4.16). 

An increase of AP levels may indicate liver or bone disorders induced by HFD, an effect 

maybe attenuated in mutant males.  

 

 

Figure 4.13: Blood chemistry of Gpr30-T181 Deltagen mice: cholesterol (Ch) levels 

After 20 weeks of HFD total Ch levels in homozygous mutant females (12 months old) were significantly lower 
than in control mice, probably reflecting diminished levels of the HDL component  also registered in mutant 
females (see Fig. 3.14). This finding might suggest a slight impairment in lipid metabolism. On the right Ch 
values in males are shown: no genotype-dependent differences were observed at any time-point. Statistical 
analysis: One-way ANOVA followed by post-hoc analysis for multiple comparisons, * p value < 0.05. wt: 
control littermates. 
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Figure 4.14: Blood chemistry of Gpr30-T181 Deltagen mice: high density lipoprotein (HDL) levels 

After 20 weeks of HFD HDL levels in homozygous mutant females (12 months old) were significantly lower 
than in control mice. This finding might suggest a slight impairment in reverse cholesterol transport. On the right 
HDL levels in males are shown: no genotype-dependent differences were observed at any time-point. Statistical 
analysis: One-way Anova followed by post-hoc analysis, *: p value < 0.05. wt: control littermates. 
 
 
 

 

Figure 4.15: Blood chemistry of Gpr30-T181 Deltagen mice: creatine kinase (CK) levels 

After 20 weeks of HFD CK levels in homozygous mutant females (12 months old) were significantly lower than 
in control mice, a result probably indicating an unaltered muscular metabolism in mutant females. On the right 
CK male levels are shown: no genotype-dependent differences were observed at any time-point. Statistical 
analysis: One-way Anova followed by post-hoc analysis for multiple comparisons, *: p value < 0.05. wt: control 
littermates. 
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Figure 4.16: Blood chemistry of Gpr30-T181 Deltagen mice: alkaline phosphatase (AP) levels 

After 20 weeks of HFD AP levels in homozygous mutant males (12 months old) were significantly lower than in 
control mice (right panel). This finding might suggest a better adaptation of male homozygous mutant mice in 
terms of liver or bone disorders induced by HFD. On the left AP levels in females are shown: no genotype-
dependent differences were observed at any time-point. Statistical analysis: One-way Anova followed by post-
hoc analysis for multiple comparisons, *: p value < 0.01. wt: control littermates. 
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4.5.1 Thymus gene expression 

Statistical analysis of microarray (SAM) revealed in the thymus of Deltagen male 

homozygous mutant mice several genes to be down-regulate and this effect could be validated 

by Real-Time PCR. Nppa, Serca2, Ccr5 and Cat gene expression analysis by Real-Time PCR, 

was also performed in the thymus of male Artemis mice. In these mice gene expression was 

clearly unchanged, being the fold of gene deregulation always close to 1 (Table 4.9). The 

different results obtained in Deltagen and Artemis mice showed for the two mutant mice a 

divergent phenotype, likely reflecting the two different strategies used to generate them. 

Therefore, the presence of the LacZ-neor cassette in Deltagen mice might have determined the 

immunological phenotype observed in this Gpr30 mouse model. 

 

Table 4.9: Validation of microarray data 

GOI/ 
Biological 
replicate 

Normalized Ct 
biological 
replicate 
SHG17+/+ 

Normalized Ct 
biological 
replicate 
SHG17-/- 

Ct 
 

Fold-expression p value 

Nppa  1 34.57 28.09 -0.08 1.06 0.96 
 2 31.43 32.72    
 3 32.61 31.96    
 4 33.34 33.32    
 5 30.55 36.02    
Cccr5  1 28.84 26.39 0.20 0.87 0.84 
 2 27.20 27.67    
 3 27.10 26.98    
 4 27.98 28.26    
 5 28.58 31.39    
Atp2a2  1 27.28 25.22 0.23 0.85 0.76 
 2 26.21 26.46    
 3 25.99 25.91    
 4 26.42 27.21    
 5 27.02 29.29    
 Cat 1 26.90 24.47 0.01 0.99 0.99 
 2 25.26 25.55    
 3 25.24 24.76    
 4 25.78 26.53    
 5 26.72 28.65    

Validation of microarray data. GOI: gene of interest. Nppa: natriuretic peptide precursor A; Ccr5: chemokine (C-
C motif) receptor 5, Serca2: sarcoplasmic reticulum Ca(2+)-ATPase 2, Cat: catalase. Ct was calculated as: 
average of normalized SHG17-/- Ct values- average of normalized SHG17+/+ Ct values. Reference genes used for 
normalization of Ct values were: Gapdh: Glyceraldehyde-3-phosphate dehydrogenase; Hprt: hypoxanthine-
guanine phosphoribosyltransferase; PO: ribosomal protein, large; Fold-expression= 2-Ct. p value calculated in a 
t-test used to compare Ct value means obtained in SHG17+/+ versus SHg17-/- mice.  
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4.5.2 Body weight and body mass composition 

Body weight of 13, 16, 19, 21 and 22 weeks old SHG17 Artemis mice was measured. No 

genotype-dependent differences were found among groups (Fig. 4.17).  

 

 

Figure 4.17: SHG17 Artemis mice, body weight (BW) 

BW of mice between 13 and 22 weeks old was measured. No genotype-dependent differences were found among 
female or male groups.  
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Body mass composition was assessed by NMR and results are reported in Fig. 4.18. No 

relevant differences were observed between control mice and SHG17-/- mice among male or 

female groups. Fat mass in SHG17-/- female mice was slightly but significantly higher than in 

SHG17-/- male mice [(13.11 ± 2.11)% body weight vs. (10.53 ± 1.66)% body weight] 

evidencing a sexual dimorphism in body mass composition only for this Gpr30 KO mouse 

model. 

 
 

 

Figure 4.18: SHG17 Artemis mice, nuclear magnetic resonance (NMR) 

Fat mass composition did not differ between SHG17 mice and relative control groups. However SHG17-/- female 
fat mass was significantly higher than in SHG17-/- male mice, evidencing a sexual dimorphism for this mutant 
mouse model (13.11 ± 2.11 vs. 10.53 ± 1.66; p-value <0.05). Statistical analysis: t-test. 
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4.5.3 Intraperitoneal glucose tolerance test 

Intraperitoneal glucose tolerance test was performed on 17 weeks old SHG17 Artemis mice. 

The experiment did not evidence any difference between groups in terms of glucose clearance 

as reported in Fig 4.19.  

 

 

Figure 4.19: SHG17 Artemis mice, IPGTT 

On the left IPGTT curves of SHG17 Artemis mice; on the right calculation of the area under the curves (AUC). 
IPGTT was performed using 17 weeks old mice. No differences were found among groups. Statistical analyisis: 
One-way ANOVA followed by post-hoc analysis for multiple comparisons. 
 
 

 

Altogether our results pointed to exclude in both Deltagen and Artemis mutant mice a 

metabolic phenotype in terms of body weight regulation, fat mass deposition and glucose 

clearance.  
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4.5.4 Echocardiography 

In order to assess the left ventricular function of SHG17 Artemis mice, 14 weeks old animals 

underwent echocardiographic analysis. In particular control male mice showed a significantly 

higher heart rate (HR) value compared to SHG17-/- male mice (Table 4.10). The same trend 

was observed between female groups, even tough the reported difference was not statistically 

significant. In order to confirm this result, a second method was adopted and ECG analysis 

performed. However in this case no differences in HR were reported among groups (Table 

4.10). Artemis mice as well as Deltagen mice did not show any cardiac abnormality, at least 

for the parameters evaluated in this study. 

 

Table 4.10: Echocardiography of SHG17 mice 

parameter 
groups 

time-
point 

 

EF FS LVIDd LVIDs AoVel HR HR(ECG) 

mean 51.37 26.21 4.17 3.08 855.59 432.00 474.58 
+/+ ♀ baseline 

± s.d 9.04 5.54 0.14 0.26 170.35 35.56 45.78 

mean 45.97 22.77 4.15 3.20 838.35 415.10 463.53 
-/- ♀ baseline 

± s.d 6.36 3.79 0.24 0.21 151.78 41.59 28.32 

t-test p value ns ns ns ns ns ns ns 

mean 45.92 22.91 4.50 3.46 936.01 438.33 452.92 
+/+ ♂ baseline 

± s.d 6.20 3.63 0.24 0.22 152.01 33.12 36.31 

mean 49.94 25.05 4.53 3.40 1008.42 412.89 450.12 
-/- ♂ baseline 

± s.d 3.91 2.39 0.23 0.23 298.15 29.22 35.17 

t-test p value ns ns ns ns ns .048 ns 

Echocardiography of SHG17 Artemis mice. +/+ ♀: wildtype control female mice; -/- ♀: SHG17-/- female mice; 
+/+ ♂: wildtype control male mice; -/- ♂: SHG17-/- female mice. EF: ejection fraction (%); FS: fractional 
shortening (%); LVIDd: left ventricle internal diameter (mm); LVIDs: left ventricle internal diameter systole 
(mm); HR: heart rate (beats/min) recorded in echocardiography. HR (ECG): heart rate (beats/min) recorded in 
electrocardiogram (ECG). Statistical analysis: t-test. s.d: standard deviation. n.s: not significant (p value > 0.05). 
Values significantly different are reported in red. 
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Table 5.1: Results summary 

 Gpr30 mouse model 
 Deltagen  Artemis  
Experiments 
performed in 
baseline 

♀ ♂ ♀ ♂ 

BW ns ns ns ns 
NMR ns ns ns ns 
GTT ns ns ns ns 
Echo decresed AoVel 

in mutant mice 
ns ns ns 

Clinical Chem. 
 

decreased AP levels 
in mutant mice 
(primary screen) 

ns na na 

Immunology  lower frequencies 
of T cells 

lower frequencies 
of T cells 

unchanged levels of 
T cells 

na 

Molecular Phen. na 20 down-regulated 
genes in thymus 
RNA microarray 
experiments; 
confirm of a down-
regulation trend for 
Nppa, Ccr5, Serca2, 
Cat genes in Real-
Time PCR 

na 
 

absence of a down-
regulation trend of 
Nppa, Ccr5, Serca2, 
Cat genes in Real-
Time PCR 

 Gpr30 mouse model 
 Deltagen  Artemis  
Experiments 
performed during 
HFD protocol 

♀ ♂ ♀ ♂ 

BW ns ns na na 
NMR ns ns na na 
GTT ns ns na na 
Echo ns ns na na 
Clinical Chem. decreased levels of 

plasma Ch, HDL 
and CK in mutant 
mice on HFD 

decreased levels of 
plasma AP in 
mutant mice on 
HFD 

na na 

Results summary: ♀: female homozygous mutant mice; ♂: male homozygous mutant mice; ns: no significant 
differences found between deficient Gpr30 mice and littermate control mice; na: not available; BW: body 
weight; NMR: nuclear magnetic resonance; GTT: glucose tolerance test; Echo: echocardiography; Clinical 
chem.: clinical chemistry; Molecular phen.: molecular phenotyping; AP: alkaline phosphatase; Ch: cholesterol; 
HDL: high density lipoprotein; CK: creatine kinase; Nppa: natriuretic precursor peptide A; Ccr5: chemokine 
(motif C-C) receptor 5; Serca2: sarcoplasmic reticulum calcium ATPase 2, Cat: catalase.  
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