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Summary 

The kallikrein‐kinin system (KKS) in mammals consists of kininogens, kallikreins, kininases and 

kinins. One of the main products of this cascade is bradykinin (BK). The physiological activity of 

BK is multidirectional and, besides its cardioprotective functions, it has multiple pathophysiologic 

functions such as:  induction of vasodilation, increase in vascular permeability and the consequent 

induction of angioedema. Two kinin receptors have been described; the inducible B1 receptor 

(B1R) and the constitutive B2 receptor (B2R). To clarify their vascular function, we generated 

transgenic rats overexpressing either B1R (B1R-TGR) or B2R (B2R-TGR) exclusively on the 

endothelium. We observed spontaneous edema formation together with a severe pancreatitis in 

about 10% of B2R-TGR. To clarify the contribution of second messenger systems as well as K+ and 

Ca2+ channels to the signaling mechanisms involved in B1R and B2R mediated vasorelaxation, the 

reactivity of aorta rings was first investigated. Our data suggest that prostaglandins are not 

involved in the B1R and B2R agonist-induced vasorelaxation. However, the present data provide 

strong evidence that NO-mediated stimulation of K+ channels is involved both in B1R- and B2R-

induced vasorelaxation. It is evident that, in particular, the large conductance Ca2+ sensitive K+ 

channels are involved. In addition, we also found the involvement of transient receptor potential 

channels, specifically TRPC4, in vasorelaxation induced by kinins in both B1R and B2R transgenic 

aorta. Since it has been shown that ACE-inhibitors such as enalapril (ENA) induce edema in 

patients, we tested the chronic treatment of ENA in B2R-TGR animals, which may be a model for 

spontaneous angioedema. In addition, the acute effect of the B2R antagonist Hoe140 was tested 

in B2R-TGR with spontaneous edema. Our data revealed that ENA significantly increased 

extravasations in some tissues like testis, stomach, heart, lung and kidney compared to the control 

group. Furthermore, we observed that acute treatment of edemic B2R-TGR with the B2R 

antagonist Hoe140 significantly decreased extravasations in the heart.  

Since carboxypeptidase M (CPM) generates the agonists of B1R, we generated CPM knock-out rats 

(CPM-KO). Besides kinins, CPM also metabolizes other proteins, peptides and several chemokines, 

in particular CXCL12. In the bone marrow, CXCL12 affects the development and regulation of 

hematopoietic stem cells and their mobilization. Using FACS, we observed a significant reduction 

of B‐cells in CPM‐KO blood compared to controls, and the percentage of non‐classical monocytes 

decreased and CD8+ T cells increased in CPM‐KO spleen. In CPM‐KO bone marrow, the percentage 

of T cells, CD8+ T cells and classical monocytes increased. 
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Zusammenfassung 

Das Kallikrein‐Kinin‐System (KKS) besteht aus Kininogenen, Kallikreinen, Kininasen und Kininen. 

Eines der Hauptprodukte dieser Kaskade ist Bradykinin (BK). BK hat neben seinen 

kardioprotektiven Funktionen mehrere pathophysiologische Funktionen wie: Induktion der 

Vasodilatation, Erhöhung der Gefäßpermeabilität und folglich Induktion von Angioödemen. Zwei 

Kinin-Rezeptoren wurden beschrieben; der induzierbare B1-Rezeptor (B1R) und der konstitutive 

B2-Rezeptor (B2R). Um ihre vaskuläre Funktion zu klären, haben wir transgene Ratten erzeugt, 

die entweder den B1R (B1R-TGR) oder B2R (B2R-TGR) ausschließlich auf dem Endothel 

überexprimieren. Bei etwa 10% der B2R-TGR beobachteten wir eine spontane Ödem Bildung 

zusammen mit einer schweren Pankreatitis. Zur Klärung der Beteiligung von Second-Messenger-

Systemen, K+- und Ca2+-Kanälen an den Signalmechanismen der B1R- und B2R-vermittelten 

Vasorelaxation, wurde zunächst die Reaktivität von Aortenringen untersucht. Unsere Daten legen 

nahe, dass Prostaglandine nicht an der durch B1R- und B2R-Agonisten induzierten 

Gefäßrelaxation beteiligt sind. Unsere Daten liefern jedoch starke Beweise dafür, dass die NO-

vermittelte Stimulation von K+-Kanälen sowohl an der B1R- als auch an der B2R-induzierten 

Vasorelaxation beteiligt ist. Es ist offensichtlich, dass besonders Ca2+-regulierte K+-Kanäle 

beteiligt sind. Darüber hinaus fanden wir auch die Beteiligung von transient receptor potential 

channels, insbesondere TRPC4, an der durch Kinine induzierten Vasorelaxation sowohl in der 

transgenen B1R- als auch in der B2R-transgenen Aorta. Da gezeigt wurde, dass ACE-Hemmer wie 

Enalapril (ENA) bei Patienten Ödeme induzieren, wurde die chronische Behandlung von ENA an 

B2R-TGR-Tieren getestet, die ein Modell für spontane Angioödeme sein können. Außerdem wurde 

die akute Wirkung des B2R-Antagonisten Hoe140 in B2R-TGR mit Spontanödem getestet. Unsere 

Daten zeigten, dass ENA die Permeabilität in einigen Geweben wie Hoden, Magen, Herz, Lunge 

und Niere im Vergleich zur Kontrollgruppe signifikant erhöhte. Weiter beobachteten wir, dass die 

akute Behandlung von ödemischem B2R-TGR mit dem B2R-Antagonisten Hoe140 die 

Extravasation im Herzen signifikant verringerte. Da Carboxypeptidase M (CPM) die Agonisten für 

B1R generiert, haben wir CPM Knockout Ratten (CPM-KO) generiert. Neben Kininen metabolisiert 

CPM weitere Proteine, Peptide und verschiedene Chemokine, insbesondere CXCL12. Im 

Knochenmark beeinflusst CXCL12 die Entwicklung und Regulation von hämatopoetischen 

Stammzellen und deren Mobilisierung. Mit FACS beobachteten wir eine signifikante Reduktion 

von B-Zellen im CPM-KO Blut im Vergleich zu Kontrollen und der Anteil nicht-klassischer 

Monozyten nahm ab und CD8+ T-Zellen stiegen an in der CPM-KO Milz. Im CPM-KO Knochenmark 

stieg der Prozentsatz an T-Zellen, CD8+ T-Zellen und klassischen Monozyten. 
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1 Introduction 
 

1.1 The Kallikrein kinin system 
 

Coordinated action of several systems is essential for cardiovascular regulation. The renin-

angiotensin system (RAS) and the kallikrein-kinin system (KKS) are two such systems that 

regulate cardiovascular mechanisms through their interactive responses. The KKS in mammals is 

a well characterized biological pathway which, upon activation, releases vasoactive peptides such 

as kinins 1. Kinins comprise a set of blood and tissue peptides that play a key role in the trigger of 

inflammation, blood pressure control and coagulation processes 2. The KKS is initiated by the 

serine protease tissue and plasma kallikreins, which produce kinins from high- and low-

molecular-weight kininogen (HK and LK), respectively (Figure 1). Different biological actions of 

kinins are mediated by acting on their specific receptors, B1 and B2. 

 

1.1.1 Kininogens 
 

Kininogens are glycoproteins generated/synthetized in the liver and are mainly found in the 

plasma, but also in organs like kidney. HK and LK are formed by alternative splicing of the Kng1-

primary transcript composed of eleven exons and ten introns. Both kininogens contain an 

identical N-terminal heavy chain, which consists of domains D1, D2, D3 and D4, including 

bradykinin (BK) and two different C-terminal light chains (consisting of D5 and D6 domains). The 

LK C-terminus consists of a D5 domain, whereas the HK C-terminus possesses D5 and D6 (which 

binds to prekallikrein and factor XI) domains 3. There is also a T‐kininogen (TK) encoded by a 

separate gene, but it has only been identified in the rat 4. The human kininogen gene is a single 

copy gene, whereas the mouse genome contains 2 homologous kininogen genes, Kng1 and Kng2. 

These two kininogens have different expression profiles in tissues 5. Plasma HK, LK, and also 

Delta-HK-D5, another kininogen isoform, do not exist in the plasma of mice with Kng1 deletion, as 

Merkulov et al. reported in 2008 6. 

 
 

1.1.2 The kinin-forming enzymes 
 

Classically, kinins are generated by two main pathways of the KKS. They are termed as tissue and 

plasma systems depending on the location of kininogen and kallikrein 7, 8 (Figure 1). The plasma 

KKS starts with the induction of the intrinsic coagulation pathway and was initially considered 

as a surface-activated coagulation system. Tissue KKS, the second pathway of kinin generation, 

includes tissue kallikrein and its substrate, LK. Each of these enzyme systems is involved in 

different pathophysiological conditions 9. Tissue kallikrein mainly forms kallidin (lysyl‐

bradykinin, KD) from LK, and plasma kallikrein forms BK from HK 10. Plasma kallikrein and tissue 

https://www.sciencedirect.com/topics/medicine-and-dentistry/alternative-rna-splicing
https://www.sciencedirect.com/topics/medicine-and-dentistry/factor-xi
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kallikrein are different in terms of their gene structure, specificity toward substrates, 

immunological features, type of kinin generated and their molecular weight 11, 12.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.2.1 Plasma kallikrein 

 

Plasma kallikrein (KLKB1), or Fletcher factor, is encoded by the KLKB1 gene, a single gene located 

on human chromosome 4q35. Plasma kallikrein has no known paralogue. This gene possesses 15 

exons and encodes an inactive precursor, prekallikrein, which must undergo proteolytic 

processing to become activated 13, 14. Prekallikrein is exclusively expressed by the liver. 

Coagulation factor XII converts plasma prekallikrein to the active enzyme. Factor XII is also 

present as a proenzyme and is activated by exposure to an anionic surface, which leads to 

conformational alterations as well as auto-activation and conversion of prekallikrein to activate 

plasma kallikrein. Plasma kallikrein is able to reciprocally activate factor XII to activated factor 

XIIa and cleaves HK to BK 15 (Figure 2). Overall, two distinct pathways can be started by activated 

factor XII. The first pathway triggered is the intrinsic coagulation pathway through FXI activation, 

and the second pathway is the KKS by plasma kallikrein activation 16. 

 

 

 
 

Figure 1:  Schematic diagram of the KKS. Plasma and tissue kallikrein are secreted in a zymogen form and activated 
by proteolytic cleavage. They generate bradykinin (BK) and kallidin from HK and LK kininogens, which act through 
the B2 receptor (B2R). BK is converted by carboxypeptidases (kininases I) to des-Arg9-BK, which acts through the 
B1 receptor (B1R). Different biological actions of kinins, such as control of blood pressure, electrolyte balance and 
inflammation, are mediated by their action on B1R and B2R 2. 

https://en.wikipedia.org/wiki/Paralogue
https://en.wikipedia.org/wiki/Prekallikrein
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/coagulation-factor-xii
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/plasma-kallikrein
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/factor-xii
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1.1.2.2 Tissue kallikrein 

 

The recently revised nomenclature of the human kallikrein gene family identified 15 different 

genes (KLK1 to KLK15) localized on human chromosome 19q13.3-q13.4. All the genes code for 

serine proteases, consist of five coding exons, and exhibit significant structural similarities 17. All 

proteins encoded by these genes are initially synthesized as preproenzymes, and they are 

converted to active enzymes undergoing different processes. The KLK1 gene is mainly expressed 

in the pancreas, kidney and salivary glands 18. The KLK2 and KLK3 genes are mainly expressed in 

prostatic tissues, and also to a lesser extent in other different tissues 19. All of the remaining 

kallikreins are expressed in different tissues and are not tissue-specific. KLK1, among all the 

human kallikreins is the only enzyme that efficiently exerts kininogenase activity. KLK1 is 

considered as tissue kallikrein, which play an important role in the release of kinins, mainly KD, 

from LK. It has been shown that KLK1 is also involved in the processing of growth factors and 

peptide hormones 8. In addition to the kininogenase activity, KLK1 is capable of binding and 

activating the B2R directly and it induces smooth muscle contraction 20, 21. Recent investigations 

have demonstrated the importance of KLK1 in the regulation of microcirculation and 

cardiovascular system health 22, 23. In human tissue, kallikrein liberates KD and plasma kallikrein 

liberates BK, whereas in the rat both tissue and plasma kallikrein only generate BK 24, 25 (Figure 

2). 

 

 

 

 

                                                   
 
Figure 2:  Plasma kallikrein cleaves HK to produce BK, whereas tissue kallikrein cleaves both LK and HK to 
produce KD. BK can also be generated by aminopeptidase-mediated cleavage of KD 26. 

 
 
 
 

 

 

 

 

 

 

https://onlinelibrary.wiley.com/doi/abs/10.1111/jnc.14793
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1.1.2.3 Other kinin forming enzymes 

 

In addition to tissue and plasma kallikrein, there are serum and tissue proteases which also form 

kinins 27. Plasmin is a serine protease which degrades many blood plasma proteins, 

including fibrin clots, being essential for fibrinolysis, the breakdown of fibrin polymers in blood 

clots. Apart from this function, plasmin is involved in the release of BK and des-Arg9-BK from HK. 

Numerous studies indicate the existence of an axis between the plasminogen (plasmin precursor) 

activation system and the contact system 16, 28. The major activator of plasminogen is tissue 

plasminogen activator (t-PA), a serine protease from endothelial cells. Urokinase or urinary type 

plasminogen activator (u-PA) can also activate plasminogen 29. There is also clinical evidence 

supporting the role of FXIIa as plasminogen activator 30. Studies have shown that proteinase 3 

(PR3) cleaves HK and forms another type of BK, with two additional amino acids on both the C 

and N termini 31. 

 

1.1.3 Kinin metabolizing enzymes 
 

Kinins have a very short half-life (< 1 minute) in tissues and blood since they are quickly 

metabolized/inactivated by different proteases. Five metallopeptidases, including 

aminopeptidase P (APP), angiotensin I-converting enzyme (ACE), neutral endo-peptidase 24.11 

(NEP) and carboxy-peptidases M and N (CPM, CPN), are primarily Kinin metabolizing enzymes. 

The CPM and N (kininase I) metabolites of BK and KD, which are agonists for the B2R, are 

bradykinin-(1-8) or des-Arg9-BK and des-Arg10-KD, respectively, which are also active, but more 

potent on B1R 15. Therefore, these carboxypeptidases are very important enzymes in the 

regulation of the KKS. 

 

1.1.3.1 Carboxypeptidases 

 

A protease is an enzyme that catalyzes the hydrolysis of proteins into smaller polypeptides or 

single amino acids. Recently it has been recognized that proteases can react as precise modulators 

of diverse proteins and play a key role in cellular processes in all living organisms 32. Based on the 

structure of their catalytic site or catalytic mechanism that they use 33 proteases are grouped into 

six catalytic groups including serine, threonine, cysteine, aspartic, glutamic and metallo proteases. 

Some proteases particularly cleave amino acids from the N- or C-termini like aminopeptidases 

and carboxypeptidases, which are called exopeptidases. Other proteases cleave proteins and 

peptides in the middle, which are called endopeptidases (Figure 3). 

As mentioned above carboxypeptidases (CPs) are specified as proteases that catalyse the 

hydrolysis of peptides and proteins at their C-terminus. The carboxypeptidases are classified into 

three major groups:  serine, cysteine or metallo-carboxypeptidases (Table1). They can be found 

in all living organisms and accomplish great variety of biological functions such as: food digestion 

and cell signalling regulating. 

 

 

 
 

https://en.wikipedia.org/wiki/Serine_protease
https://en.wikipedia.org/wiki/Blood_plasma
https://en.wikipedia.org/wiki/Fibrin
https://en.wikipedia.org/wiki/Thrombus
https://www.jimmunol.org/content/138/2/428
https://www.jimmunol.org/content/138/2/428
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Figure 3:  Scheme of the concept of endo-and exopeptidases according to the position of the cleavage of the 
peptide bond. Endopeptidases cleave peptide bonds in the middle of protein or peptide. Exopeptidases cleave 
N or C termini. They can be subdivided into amino-and carboxypeptidases. 34. 
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         Table1:  carboxypeptidase subfamilies  34 

Catalytic type MEROPS family Name 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Metallo 

M2 ACE2 

 
 
 
 

M14 subfamily A 

CPA1
CPA2
CPA3
CPA4
CPA5
CPA6
CPB 

CPU or TAFI 

CPO 

 
 
 

M14 subfamily B 

CPE 
CPD 
CPM 
CPN 
CPZ 
CPX1 

CPX2 

AEBP1 

M14 subfamily C Gamma-D-glutamyl-(L)-meso- 

diaminopimelate peptidase I 

M14 subfamily D CCP1 
CCP2 
CCP3 
CCP4 
CCP5 
CCP6 

M15 Zinc D-Ala-D-Alacarboxypeptidase 

M20 subfamily A Glutamate carboxypeptidase 

M20 subfamily D Carboxypeptidase Ss1 

M28 subfamily B 
Glutamate carboxypeptidase II 

NAALADASE L peptidase 

 
M32 

CarboxypeptidasetaqT
cCP1 
TcCP2 

 

Serine 

 
S10 

Serine carboxypeptidase A 
Vitellogenic carboxypeptidase-like 
RISC peptidase 

S28 Lysosomal Pro-X carboxypeptidase 

Cysteine C1 subfamily A Cathepsin X 
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1.1.3.2 Metallo-carboxypeptidases 

 

The M14 family, also named the N/E subfamily or regulatory carboxypeptidases from metallo-

type carboxypeptidases (MCPs) group, is the family of carboxypeptidases with the most members 
33. MCPs are again classified into six different families of proteases based on their zinc binding site 

according to the MEROPS database (Table1). The subfamily M14B of MCPs is composed of CPN, 

CPM, CPE, CPZ, CPX1, CPX2, AEBP1 and CPD (Figure 4). 

 
 
 
 

 

 

 

 

CPE, CPN, CPM, CPD and CPZ are produced and secreted as active enzymes and do not have any 

pro-domain to regulate their activity. However, other members of the M14B subfamily are 

produced as inactive enzymes, including AEBP1, CPX1 and CPX2. The function of these inactive 

members is unknown 35, 36. 

 

 

 

 

1.1.3.2.1 Carboxypeptidase M and N 

 

CPM has been proposed to regulate peptide hormone activity and processing. CPM is a membrane-

bound enzyme and most abundant in lung and placenta 37. It is also present in blood vessels and 

on myeloid cells where it was discovered as a differentiation-dependent cell surface antigen. 

Moreover, soluble forms of CPM are found in urine, seminal plasma and amniotic fluid 37. The 

primary and the most important function of CPM is to inactivate or change the specificity of 

vasoactive peptides including kinins and the anaphylatoxins, C3a, C4a and C5a. Furthermore, 

these enzymes also process peptide hormones that are not fully processed by other CPs within 

the secretory pathway. A unique feature of CPM is its binding via a glycosylphosphatidylinositol 

(GPI) glycan anchor 38 to the plasma membranes of various cell types like lung endothelial cells, 

alveolar macrophages, ovarian follicles, trophoblasts, placental and kidney microvilli, blood 

vessels, and nerves. Stromal cells in bone marrow (BM) also express CPM. It mobilizes progenitor 

cells of myeloid, erythroid, and megakaryocytic cells, as well as polymorphonuclear (PMN) and 

mononuclear cells (MNC). Some factors, such as Granulocyte-colony-stimulating factor (G-CSF), 

Figure 4:  Members of M14B subfamily with their domain structures  
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are able to increase the expression of CPM in the above mentioned cells 39. Recent studies have 

shown that the chemokine stromal cell‐derived factor (SDF)‐1α (CXCL12), with a lysine at the C 

terminus, is a CPM substrate. In the bone marrow (BM) microenvironment, SDF‐1α is produced 

by different cell types including fibroblastic cells, endothelial cells, and osteoblasts. CXCL12, via 

binding to its receptor CXCR4 expressed on hematopoietic stem/progenitor cells (HSPC), 

produces a strong retention signal for these cells 40. CPN is another member of subfamily M14B, 

or regulatory carboxypeptidases. CPN is a zinc metallo protease consisting of two small and two 

large subunits which form a tetramer. The small subunits are responsible for the enzymatic 

activity, and the large subunits protect the enzyme against degradation in the blood stream 41. The 

cDNA encoding the human CPN have been cloned, and the genes for the large and small subunits 

were localized to human chromosomes 8p22–23 and 10, respectively 42, 43. CPN is generated by 

liver cells and secreted into the blood, and is not present in tissues, differing from the CPM, which 

is mainly found on the cell membranes of various tissues, including blood vessels. CPN, similarly 

to CPM, is capable of cleaving carboxyl-terminal arginine or lysine residues of peptides, such as 

BK, KD, complement anaphylatoxins, fibrinopeptides and other substrates 44, 45, 46. 

 

 

 

1.1.3.3 Other kinin metabolizing enzymes 

 

Aminopeptidase P can transform KD to BK by removing the N-terminal Lys. Both KD and BK 

activate B2R. Neutral endopeptidase 24.11 (NEP, also called neprilysin) and ACE, also called 

kininase II, both liberate dipeptides from the C-terminus of KD and BK, thereby inactivating the 

peptides. 

 

 

1.1.4 Kinin receptors 
 

Kinin receptors have been characterized through studies on isolated organs in vitro and have been 

named B1 and B2 47, 48, 49. Both receptors belong to the family of G-protein coupled receptors with 

seven-transmembrane domains. A gene analysis of human, rabbit and rat genomes has shown that 

a single-copy gene encodes B1R and B2R in both cases 50, 51, 47. The human kinin receptor genes 

are located in the same locus of chromosome 14 (14q32.1 – q32.2), with less than 20 kb of genomic 

DNA separating them. The degree of amino acid identity is 36% between the human B1R and B2R 

sequences, and most of the homology is located in the seven transmembrane regions 47. The 

intracellular loops of both BK receptors only exhibit low homologies 52.  

 

  

 

1.1.4.1 Kinin B1 receptor  

 

The product of the human B1R gene (BDKRB1) consists of 353 amino acids and is 70% 

homologous to the mouse and the rat Bdkbr1 genes 51. It has been shown that B1R genes contain 

three exons separated by two introns and an intronless coding region located on the third exon 53, 
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54, 55 (Figure 5). B1R is less responsive to BK and KD than to its carboxypeptidase metabolites, des-

Arg9-BK and des-Arg10-BK 48, 56. B1R receptors are normally not expressed under physiological 

conditions, but induced after tissue injury or during certain inflammatory processes and 

pathological conditions such as:  exposure to bacterial endotoxins or cytokines, Interleukin 1 beta 

(IL‐1β) and tumour necrosis factor alpha (TNFα) inflammation, and myocardial infarction 57, 58, 59, 
60. This is an unusual characteristic for a G-protein-coupled receptor which is very similar to the 

tyrosine-kinase-linked receptors. Nevertheless, the constitutive expression of B1R in some cell 

types such as sensory neurons has also been reported 61. The induction of B1R has been linked to 

mediators produced in inflammation. B1R expression is regulated by signalling pathways 

including mitogen-activated protein kinase (MAPKs), protein kinase C (PKC) and 

phosphatidylinositol-3 kinase (PI3-K), that are activated by stimuli such as infection and 

inflammation, and which are able to modulate transcription factors like nuclear factor-кB (NF-

κB), activating protein-1 (AP-1) and cAMP response element-binding protein (CREB) 58. Gene 

analysis of B1R has revealed that the receptor promoter possesses different sequence-specific 

regions for different DNA binding proteins, which shows that B1R expression could be regulated 

by several transcription factors 62, 63. Recent studies have demonstrated that p38 MAPK and c-Jun 

NH2-terminal kinase (JNK) are basically involved in the regulation of B1R mRNA expression 

induced by vascular tissue trauma 64. Moreover, PKC is also associated with the B1R upregulation 

in various isolated tissue preparations 65 (Figure 6). B1R and B2R often exert similar effects after 

stimulation, but the signalling pattern is different. In contrast to most other G-protein-coupled 

receptors, B1R is not internalized following binding of its ligand, des-Arg9-BK, resulting in 

prolonged activation of signal transduction. Moreover, it has been shown to exert constitutive, 

ligand-independent activity. Thus, all responses of the B1R to agonist stimulation favour 

persistent signalling, which contributes to the switch from an acute to a chronic phase of 

inflammation and/or tissue repair in KKS 57. 

 

 

 

 

 
 
 
 

 
 
 
 
 

 
 
 

 

 

 

 

 

Figure 5:  Gene and mRNA of the human B1R receptor:  BDKRB1, location 14q32.1–q32.2 67. 
 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3188922/#b42
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3188922/#b34
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1.1.4.2 Kinin B2 receptor  

 

The human B2R (BDKRB2) gene product consists of 391 amino acids, is about 80% homologous 

to the mouse and rat Bdkrb2 gene, and consists of three exons separated by two introns and an 

intronless coding region located on the third exon 50, 66, 53, 54, 55 (Figure 7). However, Pesquero et al. 

(1994), based on the findings of others 67, demonstrated an additional exon in the rat gene, 

revealing a four exon-three intron gene. The B2R has been found in the majority of tissues and is 

particularly located on endothelial cells, smooth muscle cells, fibroblasts, mesangial cells, some 

neurons and neutrophils astrocytes. Since B1R is constitutively expressed under normal 

conditions, most biological functions of kinins are dependent on the presence of B2R on these cell 

types 68. B2R are activated by BK and KD, generated by either plasma or tissue kallikreins, and 

removal of the C‐terminal arginine from BK and KD via CPN strongly reduces their affinity toward 

B2R 69, 15. The B2R populations are not static, and some studies show that the B2R is regulated; 

however, this subtype is expressed in many cell types and its expression does not undergo rapid 

modulation 47. B2R is a so-called recycling receptor and exerts a strong but short response to 

stimulation, due to a rapid receptor internalization and sequestration. Under long duration 

stimulation, its mRNA is down regulated 70, 71. 

 

Figure 6:  Possible mechanisms underlying B1R upregulation. AP-1, activating protein-1; AKT/PKB, protein kinase 
B; CREB, c-AMP response element-binding; ERK, c-junNH2-terminal kinase; MAPK, extracellular signal-regulated 
kinase; JNK, mitogen-activated protein kinase; MEKK, mitogen-activated protein kinase; NF-кB, nuclear factor-кB; 
PI3-K, phosphatidylinositol-3 kinase; PLC, mitogen-activated protein kinase kinase; MEK, phospholipase C; PKC, 
protein kinase C; TLR, Toll-like receptors 59. 
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1.2 Kinin receptor signalling in the vascular wall 
 

Stimulation of both kinin receptors - B1 and B2 - starts an almost similar pathway of intra and 

intercellular responses, and several second messenger systems are activated which change with 

cell and tissue type. Kinin peptides induce excitability, cell division, contraction, permeability, and 

the release of a diversity of biologically active factors. Studies have demonstrated that both B1R 

and B2R link to Gαq/11 and Gαi/o 52, 72. Stimulation of B1R and B2R leads to the initiation of PKC and 

tyrosine kinase pathways, correlated with the activation of MAPK and NF-κB. The interaction of 

Kinins with B1R and B2R induces PLC activation, and subsequently hydrolysis of 

phosphatidylinositol to inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG), followed by 

increases in intracellular Ca2+. It also leads to the mobilization of phospholipase A (PLA) and the 

biosynthesis and release of prostaglandins and eicosanoids 47. Other signal transductions 

promoted by kinin receptors are the mobilization of phospholipase A and the biosynthesis and 

release of prostaglandins and eicosanoids. Furthermore, B1R and B2R activation leads to the 

translocation of PKC from the cytosol to the plasma membrane. Ca2+ mediates the activation of 

endothelial nitric oxide synthase (eNOS) and ultimately the production of NO in endothelial cells 

as well as the stimulation of PLA2. Arachidonic acid can also be liberated from cellular membrane 

phospholipids by the action of PLA2 and lead to prostaglandin production 73, 74. In spite of the fact 

that the B1R and B2R seem to start similar signal transduction pathways, the patterns of signalling 

are distinctive in terms of the variation of Ca2+ concentration in duration and in intensity. While 

the intracellular Ca2+ increase mediated by B2R is transient and independent of extracellular Ca2+, 

B1R induces a more sustained signal depending on extracellular Ca2+ 48 (Figure 8). 

 

 

 

Figure 7:  Gene and mRNA of the human B2R:  BDKRB2, location 14q32.1-q32.2 67. 
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In the first reference to the KKS in 1909, Abelous and Bardier described the hypotensive impact 

of tissue kallikrein in dogs. Tissue kallikrein as well as LK are expressed in the vascular wall; PPK 

and HK circulate and can bind to endothelial cells. Furthermore, B2R is expressed in endothelial 

and smooth muscle cells constitutively and B1R can also be induced in these cell types 75. The kinin 

generating enzymes as well as the kinin degrading enzymes, particularly ACE, are also localised 

in vascular tissue 76. One important biological function of BK is the regulation of vascular tone. It 

is very important to comprehend the interaction between kinin peptides and endothelial cells and 

their influence on the physiology of the vascular system. Kinins can both contract or dilate 

vascular smooth muscle depending on: (a) the kinin receptor present on the cell; (b) the sort and 

intensity of kininases present on endothelial cells 56. It has been indicated that BK is able to induce 

both endothelium-dependent and endothelium-independent relaxation in a variety of vessels 77, 

78. It has been demonstrated in the porcine iliac artery that BK-induced endothelium-dependent 

relaxation by activating B2R at low concentration, whereas it induced an endothelium-

independent contraction by activating B1R at higher concentrations 79. Another biological effect 

of BK in vessels alongside vasodilatation is the ability to increase in vascular permeability. 

Cytosolic Ca2+ increase as a result of the kinin binding receptor leads to the shortening of 

contractile proteins present in the endothelial cells, resulting in the formation of fenestrations in 

the walls of microvascular tissue and the extravasation of plasma constituents as well as of 

leukocytes 80, 81. In the vasculature, both B1R and B2R activate a wide spectrum of vasoactive 

pathways, including NO release, prostaglandins formation and endothelium derived relaxation 

factors 82, 83
. 

 

 

 

Figure 8:  Kinin receptors and their signalling pathways in the vascular wall. Kinin interaction with 
B1R and B2R starts PLC activation and the hydrolysis of IP to IP3 and DAG. Stimulation of B1R and B2R 
leads to the initiation of PKC and tyrosine kinase pathways, correlated with the activation of MAPK. 
ER:  endoplasmic reticulum 9. 
 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1571924/#bib37
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1.2.1 Bradykinin-induced Nitric Oxide release 
 

The major mechanism responsible for BK-stimulated NO production at least partly involves eNOS 

phosphorylation 84. Several studies indicated that inhibition of NO synthesis significantly 

decreases the BK-induced relaxation of coronary arteries of dogs and also less pronounced 

relaxation of porcine coronary arteries 85. The classical G (q)-protein-coupled receptor activation 

of phospholipase C-β (PLC-β) after stimulation of B2R by BK initiates the formation of IP3 and 

DAG, driving a biphasic increment in intracellular free Ca2+. The PLC-β is thought to be involved in 

the activation of transient receptor potential (TRPC) channels, and in some endothelial cells, BK 

stimulates TRPC6 to induce increases in intracellular Ca2+. Another important mechanism, by 

which BK induces the activation of eNOS, is the phosphorylation of PKA 86.   

 

 

 

 

1.2.1.1 Vascular physiological and pathophysiological actions of NO 

 
In Table 2 some physiological and pathophysiological functions of NO in vasculature are shown. 
 
Table 2:  Vascular physiological and pathophysiological actions of NO 87 

 

Direct vasodilation 

 

receptor mediated and flow dependent  

 

Indirect vasodilation by inhibiting 

vasoconstrictors 

 

inhibits angiotensin II and sympathetic 

vasoconstriction 

 

Anti-thrombotic effect 

 

blocked platelet adhesion to the vascular 

endothelium 

 

Anti-inflammatory effect 

inhibits leukocyte adhesion to vascular 

endothelium; scavenges superoxide anion 

 

Anti-proliferative effect 

 

inhibits smooth muscle hyperplasia  

 

 

Vasoconstriction 

 

coronary vasospasm, elevated systemic vascular 

resistance, hypertension 

 

Thrombosis 

 

as a result of platelet aggregation and adhesion to 

vascular endothelium 

 

Inflammation 

 

is able to regulate the release of several 

inflammatory mediators from different cells 

participating in inflammatory responses, including 

leukocytes, macrophages, mast cells, endothelial 

cells, and platelets 
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1.2.1.2 Signaling pathways of vascular tone regulation by NO 

 

NO is a membrane-permeable gas that reacts with a variety of biomolecules to evoke cellular 

responses, particularly the activation of soluble guanylylcyclase (sGC) in vascular smooth muscle 

cells, and it produces the cyclic guanosine monophosphate (cGMP). Vascular endothelial cells 

synthesize NO in response to a variety of stimuli, including shear stress, bradykinin, acetylcholine, 

histamine, serotonin, substance P, and ATP (Figure 9). These factors increase intracellular Ca2+ 

and thereby stimulate the Ca2+/CaM-activated eNOS. Endothelial eNOS produces NO from 

arginine, and NO subsequently diffuses to the vascular smooth muscle cell to initiate downstream 

signalling events and vasorelaxation 88. NO induces the formation of cGMP by activating sGC in the 

vascular smooth muscle cells. Cyclic GMP inhibits calcium influx by protein kinase G (PKG) 

activation through  the voltage-dependent calcium channel (VDCC) and calcium release mediated 

by IP3 receptor (IP3R) 89. PKG also acts on sarco/endoplasmic reticulum calcium ATPase (SERCA) 

to promote the reuptake of cytosolic calcium into the sarcoplasmic reticulum (SR). The decreased 

intracellular calcium concentration and inactive calmodulin avoid the activation of myosin light 

chain kinase (MLCK). The activity of myosin light chain phosphatase (MLCP) increases due to the 

decreased calcium and the actin-myosin link is destroyed, which results in smooth muscle 

relaxation. NO also is able to induce the production of inosine cyclic 3,5'-monophosphate (cIMP) 

instead of cGMP by GC, which activates Rho-associated protein kinase (ROCK) and inhibits MLCP, 

resulting in contraction under hypoxic condition 90. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

Figure 9:  Regulation of vascular tone by NO. Acetylcholine or BK binding to its receptor B1 or B2 
on endothelial cells activates eNOS to produce the diffusible signalling molecule NO. NO induces 
the formation of cGMP in the vascular smooth muscle cells. cGMP, by the activation of PKG, inhibits 
calcium influx, causing arterial vessels to relax and increase blood flow 91. 
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1.2.2 Prostaglandins 
 

In addition to NO, endothelial cells also produce and release prostacyclin (PGI2) from 

cyclooxygenase-derived metabolites in response to shear stress and agonists. Bradykinin 

increases the production of prostaglandins (PGs) in different ways mediated through its 

receptors. It leads to the phosphorylation and translocation of cytosolic phospholipase A2 in a 

Ca2+ dependent manner 91, 92. Bradykinin also stimulates membrane-associated Ca2+-independent 

phospholipase A2 93. Both the Ca2+-dependent and -independent A2 phospholipase stimulation 

lead to the liberation of arachidonic acid from membrane phospholipids. Bradykinin also induces 

cyclooxygenase-2, which forms PGs from arachidonic acid 94. The bradykinin-stimulated 

formation of prostaglandin E2 (PGE2) is mediated by the Gi protein connected to B1R and B2R. 

Eventually PGs mediate some   of   the   effects   of   the   kinins   on vascular tone 95, 96 (Figure 10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

 
 
 
 
 

 

 

 

 

 

 

Figure 10:  Prostaglandin generation by binding of kinins to B1 and B2 receptors. PIP2, 
phosphatidylinositol-4,5-bisphosphate; PI-PLC, phosphatidylinositol-specific phospholipase C; IP3, 1,4,5-
inositol triphosphate; ER, endoplasmic reticulum; PL, phospholipids; PLA2, phospholipase A 98. 
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1.2.3 Endothelium-Derived Hyperpolarizing Factor (EDHF) 
 

In contrast to the well-defined NO and PGI2 pathways, the molecular constituents and mechanism 

of EDHF-mediated relaxation remain controversial. In  Endothelium-Derived Hyperpolarizing 

Factor, or EDHF, there is a substance and/or electrical signal generated in endothelial cells and 

acting by increasing potassium (K+) conductance, resulting in vascular smooth muscle cell 

hyperpolarization, causing these cells to relax 97, 98. NO released from endothelial cells to a great 

extent mediates relaxation in the large conduit artery, but it has been shown that EDHF modulates 

vascular tone in small resistance arteries 99. The contribution of EDHFs increases as the vessel size 

decreases, with the predominant EDHF activity in the resistance vessels 100, 101. EDHFs vary in 

different vascular beds, but always increase K+ conductance and lead to vascular smooth muscle 

cell hyperpolarization and relaxation 98, 102 (Figure 11). This EDHF-induced membrane 

hyperpolarization is mediated by the opening of smooth muscle cell K+ channels and K+ efflux 

along its chemical gradient. Therefore, EDHF activity is defined as agonist-induced, endothelium-

dependent relaxation that is not inhibited by cyclooxygenase or NO synthase inhibitors, but rather 

by K+ channel blockers 103. 

 

 

1.2.3.1 Potassium (KCa
+) Channels 

Agonists such as BK stimulate endothelial GPCR, provoking an increase in intracellular calcium in 

the endothelial cell 104. Agonists that produce hyperpolarization also stimulate the efflux of K+  105. 

However, there are several smooth muscle K+ channels; endothelium-dependent 

hyperpolarization is not inhibited by glibenclamide, an inhibitor of ATP-dependent K+ channels 

(KATP+), or by inhibition of inward rectifying potassium channels (KIR+) 106. Signalling mediated by 

EDHF is abolished by applying a combination of inhibitors including apamin (a specific inhibitor 

of KCa+ channels of small conductance (SKCa+ channels)), charybdotoxin (a nonselective inhibitor 

of large-conductance channels (BKCa
+)), and TRAM-34 (an inhibitor of intermediate-conductance 

(IKCa
+) channels). These inhibitors act on KCa

+ channels on endothelial cells, rather than 

K+ channels on smooth muscle cells 107, 108. An increased level of intracellular calcium in 

endothelial cells opens KCa+ channels and causes efflux of K+ into the myoendothelial space that 

initiates the following signalling pathways. The first is the synthesis of cytochrome P450 (CYP450) 

metabolites (see below). The second is the transferring of endothelial cell hyperpolarization to 

the vascular smooth muscle via gap junctions, and the third is that the release of K+ via 

KCa
+ channels located in the endothelial cells induces smooth muscle hyperpolarization by 

activating KCa
+ channels and/or Na+-K+-ATPase on vascular smooth muscle cells 103. 

 

 

 

 

https://en.wikipedia.org/wiki/Smooth_muscle_cells
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1.2.3.2  Epoxyeicosatrienoicacids (EETs) 

 

EETs are generated from arachidonic acid by cytochrome P450 (CYP450) epoxygenases 102. EETs 

induce activation of KCa
+ channels, which apparently is mediated by a series of intracellular 

pathways and finally results in the hyperpolarization of smooth muscle cells by increasing the 

efflux of K+ through KCa+  channels 109, 110. Studies have shown that 11, 12-EET activates large-

conductance KCa+ channel current and hyperpolarizes arterial smooth muscle. Large-conductance 

KCa+ channels are largely located in vascular smooth muscle, whereas the CYP450-2C enzyme is 

located in both the endothelium and smooth muscle cells 111. The role of EETs as potential EDHFs 

can be assessed using azoles such as miconazole to selectively inhibit arachidonic acid oxidation, 

and they have been made partially responsible for endothelium-dependent vasodilation in the 

human microcirculation 112 (Figure 11). 

 

1.2.3.3 Hydrogen peroxide involved in EDHF responses 

 

Hydrogen peroxide is one of the activators of calcium-dependent potassium channels and remains 

a contender as an EDHF 113 (Figure 11). It has been suggested that reactive oxygen species are 

able to increase K+ efflux by activating K+ channels and hyperpolarize smooth muscle cells, and 

that hydrogen peroxide may be considered as an EDHF 114. Vascular endothelial cells have the 

ability to create superoxide and hydrogen peroxide from a few intracellular sources, including 

endothelial NO synthase, cyclooxygenases, lipoxygenases, cytochrome P-450 epoxygenases, 

nicotinamide adenine dinucleotide phosphate (NAD(P)H) oxidases, and xanthine oxidase 115. 

Hydrogen peroxide, like EDHF, is able to stimulate endothelial K+ channels and cause 

hyperpolarization. The type of K+ channels activated may vary in different species 116. 

 

 

1.2.3.4 Gap junctions 

 

The EDHF phenomenon may possibly be described by the passive  

electrotonic spread of hyperpolarization from the endothelium to smooth muscle cells via gap 

junctions 117, 118. These connect endothelial cells to other endothelial cells and to smooth muscle 

cells, preparing a passage with a low electrical resistance between the cells. Gap junctions are 

formed by the attachment of two connexons present in neighbor cells forming an aqueous pore, 

allowing the transfer of ions and electrical continuity in membrane potential between cells 119. 

The number of gap junctions increases with the decreasing size of the artery 120, indicating a 

higher importance of EDHF in the resistance than in the conductance vessels 121.  
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1.2.3.5 Potassium (K+) 

 

It has been shown that a medium elevation in the myo-endothelial K+ concentration is able to 

induce hyperpolarization in vascular smooth muscle cells by activating the inwardly rectifying 

K+ channels and the Na+/ K+ ATPase 106,122, 123. However, it is unlikely that K+ per se is EDHF. 

 

1.2.4 Interactions between Nitric Oxide, Prostacyclin, and 

EDHF 
 

NO, prostacyclin and EDHF are principle mediators of the vasodilatory effect of the endothelium. 

These three factors apparently act synergistically to regulate the vascular tone in a complex 

manner. In conduit arteries like the aorta, NO is the prevailing endothelium-derived vasodilator, 

but it has a relatively lower contribution in the resistance vessels of the microcirculation, where 

EDHF plays a more important role 121.  

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 
 

 

 

 

 

Figure 11: Pathways of endothelium-derived vasodilation. Bradykinin, acetylcholine, substance P or 
shear stress stimulate the activation of eNOS and cyclooxygenase (COX), providing NO-, PGI2- and 

EDHF-mediated dilation in the endothelial cells 124. 
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1.2.5 Transient Receptor Potential Channels (TRPC) 

1.2.5.1 Molecular biology of TRP channels 

 

There are three endothelium dependent relaxation pathways: NO, PGI2 and EDHF. As described 

above, triggering of all these pathways requires the Ca2+ ion and the intracellular Ca2+ should be 

increased. There are different Ca2+ channels on the cell membrane. But among them, transient 

receptor potential channels (TRPs) are the most important Ca2+ channels (Figure 12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

TRP channels are conserved integral membrane tetramer proteins formed by subunits with six 

transmembrane domains, and containing cation-selective pores. These ion channels exhibit non-

selective permeability to cations, including sodium, calcium and magnesium. In several cases they 

show high calcium permeability. In particular TRPV5 and TRPV6 show significant specificity for 

Ca2+ ions 124 . The TRP superfamily of ion channels comprises seven subfamilies 125 (Figure 13), 

namely: TRPC (canonical); TRPM (melastatin or long TRPs); TRPV (vanilloid); TRPA (ankyrin), 

whose only member is the transmembrane protein 1; TRPP (polycystin); TRPML (mucolipin); and 

TRPN (Nomp-C homologues), which has a single member. Primarily, TRPs are classified by relying 

on their amino acid sequence and less on their ion or ligand selectivity. TRP channels play an 

important role in the function of diverse physiological processes, including homeostatic functions 

(Ca2+ and Mg2+ reabsorption and osmoregulation), sensory functions (temperature sensation, 

taste transduction, nociception), and some other functions like muscle contraction and relaxation 
125. There are different stimuli that are able to activate TRPs and temperature is one of the most 

remarkable of them. Several natural products (capsaicin, menthol, or carvacrol) have been shown 

to activate TRP channel gating 126. All TRPCs are linked to G protein-coupled receptors and 

receptor tyrosine kinases, but some TRPs have also been described that are activated by PLC and 

production of DAG and IP3 126.  

Figure 12:  Endothelium-dependent vasorelaxation pathway. TRP channels are the most important Ca2+ 
channels, which provide the required amount of Ca2+ for the endothelium dependent relaxation pathways 
NO, PGI2 and EDHF 125. 
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1.2.5.2 Physiological functions of TRP channels in the vasculature 

 

The main function of the vasculature is to ensure efficient oxygenation and nutrition of tissues by 

the regulation of blood flow and vascular permeability. The vasculature is also pivotal for other 

homeostatic functions, such as:  haemostasis, lipid transport, and immune surveillance 127. Acute 

regulation of vascular diameter, blood flow and consequently vascular resistance relies on the 

activation of the contractile machinery in vascular smooth muscle cells 128. Changes in cytosolic 

Ca2+, ion fluxes, and membrane potential are important factors in the regulation of smooth 

muscle’s contractile machinery 129. Endothelial cells play a pivotal role on vascular tone and 

permeability, and endothelial dysfunction may lead to the pathogenesis of cardiovascular diseases 
130, 131.  Studies confirmed that many TRP channels are highly expressed in endothelial and 

vascular smooth muscle cells and play an essential role in the modulation and integration of 

regulatory pathways within the vascular wall to control vasomotor tone 132, 133, 134, 135, 136. 

These studies showed the importance of TRP channels in the regulation of vascular smooth 

muscle tone and tissue blood flow 137. 

 

 

 

 

 

 

 

 

 

 

Figure 13:  The TRP superfamily of ion channels comprises 
seven subfamilies 127. 
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1.2.5.2.1 The role of TRP channels in vascular smooth 

muscle cells 

 

Vascular resistance is regulated by the activation of the contractile machinery in vascular smooth 

muscle cells, which contract when exposed to a variety of excitatory neurotransmitters and 

hormones. Many of these constrictors act through the activation of PLC, which converts 

phosphatidylinositol-4,5-bisphosphate into IP3 and DAG 138, 128. IP3 mediates the Ca2+ release from 

the sarcoplasmic reticulum, leading to the transient increase in cytosolic Ca2+ level, which 

primarily is not sufficient for vasoconstriction 139, 140. Extracellular Ca2+ influx,  in part through 

voltage-gated Ca2+ channels, increases the cytosolic Ca2+ level required for a maintained 

vasoconstriction 141, 142. The L-type voltage-dependent Ca2+ channel (VDCC) is activated by 

membrane depolarization. Accumulating evidence supports the idea that cation influx through 

TRP channels depolarizes the plasma membrane, which subsequently leads to the activation of 

VDCC channels 137. The resultant increase in Ca2+ results in a formation of calmodulin-Ca2+ (Cd-

Ca2+) complexes. An important Cd-Ca2+ target is the enzyme MLCK which phosphorylates the light 

chain of myosin, enabling the molecular interaction of myosin with actin for contraction  137. On 

the other hand, dephosphorylation of myosin by MLCP is associated with muscle relaxation. Thus, 

membrane depolarization and the subsequent influx of Ca2+ through the TRP channel is a primary 

mechanism of vascular smooth muscle cell contraction. Several recent studies have shown the 

important functional roles for TRP channels expressed by vascular smooth muscle cells 137 (Table 

3). 

 

 
Table 3: Types of TRP channels in vascular smooth muscle and their function 137 

TRP Function Tissue 

TRPC1 ROCE (receptor-operated Ca2+ 

entry) (ET-1 constriction), SOCE 

(store-operated Ca2+ entry) 

Brain, aorta, lung  

TRPC3 GPCR-mediated vasoconstriction Brain, aorta, heart, kidney, lung 

TRPC4 SOCE Aorta, mesentery  

TRPC5 SOCE Brain  

TRPC6 GPCR-mediated vasoconstriction, 

myogenic tone 

Portal vein, aorta, brain  

TRPV1 Vasoconstriction Aorta, skeletal muscle, mesentery, 

cephalic circulation 

TRPV2 Mechanosensitive Ca2+ influx Aorta  

TRPV3 mRNA present in VSM but no known 

function 

Aorta, lung 

TRPV4 Ca2+ influx, vasodilation Brain, mesentery  
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1.2.5.2.2 The role of TRP channels in the vascular 

endothelium 

 

The vascular endothelium is a highly differentiated cellular monolayer of metabolically dynamic 

endothelial cells that line the entire circulatory system, from the heart to the smallest capillaries 

in the body, and is strategically located at the interface between the vascular lumen and the 

underlying smooth muscle cells. Endothelial cells are involved in a variety of physiological and 

pathophysiological processes. The main functions of the endothelium are: regulation of vascular 

tone, control of vascular permeability, coagulation, fibrinolysis, vascular inflammatory reactions, 

angiogenesis, and blood vessel formation 143. Endothelial cells express a great variety of 

membrane-bound ion channels. The most important functions of the endothelial ion channels are 

to regulate the influx of Ca2+ and to modulate endothelial cell membrane potential 144. The 

evidence available suggests that TRP channels are the most important cation channels in vascular 

endothelial cells and function as intracellular [Ca2+] regulators, which are important for 

endothelial cell function. Around 20 diverse TRP channel family members are expressed in 

endothelial cells 135, and the following channels are functional in endothelial cells:  TRPC1, TRPC3 
145, TRPC4, TRPC5, TRPC6 146, TRPV1, TRPV3 147, TRPV4 148 and TRPA1 149 (Table 4).  

 

 

 

Table 4:  Types of TRP channels in vascular endothelium and their function 137 

TRP Function Tissue 

TRPC1 Angiogenesis, permeability Embryonic tissue, lung  

TRPC3 Angiogenesis, endothelium-

dependent relaxation 

Mesenteric arteries 

TRPC4 Angiogenesis, endothelium-

dependent relaxation, permeability 

Aorta, lung 

TRPC5 Angiogenesis Umbilical vein  

TRPC6 Angiogenesis, permeability Umbilical vein, epidermis 

TRPV1 Endothelium-dependent relaxation Mesenteric arteries, heart 

TRPV3 Endothelium-dependent relaxation Brain  

TRPV4 Angiogenesis, endothelium-

dependent relaxation, permeability 

Aorta, mesenteric arteries, 

skeletal muscle, heart, lung, 

brain 

TRPA1 Endothelium-dependent relaxation Brain 
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1.2.5.2.2.1 TRP channels and endothelium-dependent vasodilation 

 

The endothelium exerts important effects on vascular tone by balancing constrictor and dilator 

actions. It has been investigated whether endothelium-dependent vasodilation is stimulated by 

Ca2+ influx pathways via TRP channels 144 such as TRPV1, TRPV3, TRPV4, TRPA1, TRPC3 and 

TRPC4 149.  

 

TRPV1 channels (Vanilloid Receptor 1) are stimulated by capsaicin, a small lipophilic molecule in 

chili peppers that induces sensations of heat 150. TRPV1 plays a role in endothelium-dependent 

relaxation. Poblete et al. demonstrated that Ca2+ influx through TRPV1 channel activation with 

anandamide increased the release of endothelium-derived NO and caused vasodilation 151.  

 

TRPV3 channel is a sensitizing receptor 152 and is stimulated by harmless heat and dietary 

monoterpenes 153. Earley et al. found that TRPV3 channels are present in the endothelium of rat 

cerebral arteries. Administration of Carvacrol (TRPV3 activator) induced an endothelium-

dependent dilation of isolated cerebral arteries that was not prevented by NOS or COX inhibitors 
147.   

 

TRPV4 channels are present in endothelial cells of aorta and are activated by heat (25–43°C) 154 

and cell swelling 155. Recent studies suggest that arachidonic acid metabolites like 5,6-

epoxyeicosatrienoic acid (5,6 EET) and 8,9 epoxyeicosatrienoicacid (8,9 EET) generated by 

cytochrome P450 epoxygenases lead to channel activation 154,156. These compounds are generated 

by endothelial cells and may act as EDHFs in some vascular beds 137. Exogenous administration of 

EETs leads to the vasodilation of isolated mesenteric arteries from wild-type, but not TRPV4−/−, 

mice 149.  

 

TRPA1 channels respond to a wide range of agonists, including: the dietary molecules allicin 157 

(found in garlic) and allylisothiocyanate (AITC 158, extracted from mustard oil); ambient toxins, 

such as acrolein and nicotine 159, 160; and anesthetic agents, such as propofol and lidocaine 161, 162. 

TRPA1 channels are highly permeable to Ca2+ 163. Recent studies have demonstrated the 

involvement of TRPA1 channels in vascular regulation 137. Other studies demonstrated that the 

TRPA1 channel causes an endothelium-dependent vasodilation through Ca2+ influx in arterial 

endothelial cells. In a study done by Earley and colleagues, they showed that TRPA1 channels exist 

in arterial endothelial cells, and that the compound AITC induced relaxation in cerebral arteries, 

which was inhibited by TRPA1 inhibitors and endothelium denudation. They also demonstrated 

that the AITC induced relaxation response was not blocked by NOS and COX blockade, whereas 

the response was inhibited by SK, IK, or KIR channel blockers 149.  

 

TRPC3 channels are permeable to Ca2+, Na+ and K+ 164. The channel is activated by GPCR pathways 

and its mediated Ca2+ signalling is based on a direct interaction with diacylglycerol 165. Several 

investigations implicated the involvement of TRPC3 in endothelium-mediated vasodilatation. 

Recent studies have suggested the contribution of endothelial TRPC3 channels in the 

vasorelaxation response induced by luminal flow and bradykinin 166, 167. Senadheera et al. showed 

the important role of TRPC3 in endothelium-dependent hyperpolarization-mediated dilation by 

increasing the intracellular Ca2+ that activates SK and IK channels and induces endothelial cell 

hyperpolarization in mesenteric arteries 168.  

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5796258/
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TRPC4 channels are Ca2+/Na+ -permeable cation channels that are expressed in many cell types 

and tissues like endothelial cells, and they play a determinant role in endothelial Ca2+ signalling 

and functions 169. In 2001, Freichel et al. showed an impaired relaxation, ACh-induced Ca2+ influx 

and SOCE in aortic endothelial cells of TRPC4 knockout mice 170.  

 

 

1.3 Physiological and pathophysiological roles of the KKS 
 

The physiological activity of BK is multidirectional and it may play a major role in cardiovascular 

function and in the pathogenesis of cardiovascular disease 171. Besides its cardioprotective 

functions, BK has multiple pathophysiological functions, such as:  induction of vasodilation, 

increase in vascular permeability and induction of angioedema as a consequence of vascular 

leakage 172 (Figure 14). KKS functions as a regulator of the cardiovascular system in physiological 

and pathophysiological conditions 173. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14:  Clinical implications of bradykinin. BK exerts multidirectional activities and plays 
an important role in cardiovascular function and in the pathogenesis of cardiovascular and 

other disease 168. 
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1.3.1 Role of bradykinin in pain 
 

A growing body of studies suggest kinins - through binding the B2R function - as modulatory 

transmitters that play a role in the physiological control of spinal- and supra-spinal-nociceptive 

neurotransmission 68. All components of the KKS have been localised in the brain and spinal cord, 

including kininogens, kallikreins, B2R and kinin-degrading enzymes. It has been demonstrated 

that the administration of BK into the cerebral ventricles causes an anti-nociceptive effect through 

a noradrenergic mechanism in rabbits 174, 175. This anti-nociceptive response is mediated by B2R 

due to the release of noradrenaline from descending inhibitory neurons 176. It has been shown that 

BK exerts its nociceptive effect greatly in a direct action on B2R located on sensory terminals 

projecting to the superficial laminae of the spinal cord. The specific role of B1R and B2R in 

inflammatory pain perception is associated with the pattern of their expression. Primary non-

myelinated sensory neurons constitutively express B2R and BK, contributing to the acute pain 

response 177 mediated by the release of DAG 178 and protein kinase C activation 178. Kinin receptor 

antagonists appear to be potential therapeutics for analgesia, since animal models of 

inflammatory pain have been used to show that B1R or B2R antagonists exert analgesia 179. 

 

 

1.3.2 Bradykinin and inflammation 
 

BK is a mediator of inflammation, and its release is associated to the severity of the acute 

inflammation which is inhibited by a B2R antagonist. However frequent stimulation by an irritant  

induces a reaction that is inhibited by a B1R antagonist 180. Applying BK through the activation of 

B2R reproduces rubor and calor, which are two important signs of inflammation mediated by the 

vasodilatation which is induced by the release of NO and PGI2 in vascular endothelial cells 9. It has 

been suggested that B1R plays an important role in neutrophil accumulation in inflammatory 

conditions, as the functional ablation of the Bdkrb1 gene in mice is correlated with a dramatic 

defect of this process 181. Experimental studies have indicated that B2Rs are involved in the acute 

phase of the inflammatory response, but B1Rs participate in the chronic phase of the response 182. 

This probably happens in light of the fact that the B2R function is short-term because of fast ligand 

dissociation, receptor desensitization and internalization. In contrast, B1Rs produce long-lasting 

responses and signalling due to limited desensitization and internalization 183, 184, 185, 186, 187.  

 

 

 
 

1.3.3 Cardiovascular disorders and the KKS 

1.3.3.1 Ischemia 

 

A large number of studies have indicated that kinins are highly important mediators of 

cardiovascular protective mechanisms. This protective effect is because of the localization of KKS 

components in the heart and vascular tissues 188, 189. Kinins are released during ischemia 190 and 

cause beneficial cardiac effects 191. BK infusion into coronary arteries significantly reduces the 
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severity of ischemia-induced arrhythmia 192. Kinins interact with endothelial B2Rs leading to the 

liberation of NO and PGI2, exerting vasodilator, ischemic, and anti-proliferative effects, as well as 

preserving myocardial stores of energy-rich phosphates and glycogen 193. A lot of evidence also 

supports the suggestion that a dysfunctional KKS may contribute to the pathogenesis of heart 

failure. It has been reported that decreases in the local production of kinin and NO formation have 

been reported in microvessels of failing human hearts 194. BK antagonists worsen ischemia-

induced effects 190. Attenuation of the anti-arrhythmic effects of ischaemia preconditioning by the 

blockade of B2R and BK can counteract the cardioprotective effects of preconditioning. 

Accordingly, the reduction in cardiac infarct size by BK, after preconditioning in rabbits, was 

prevented by B2R antagonist (Hoe140) treatment 195.  

 

 

1.3.3.2 Left Ventricular Hypertrophy 

 

According to Linz, et al. 191, ventricular hypertrophy (LVH) in rats with hypertension caused by 

aortic banding can be prevented by a low dosage of BK, which has no effect on blood pressure. 

B2R antagonist and a NOS inhibitor can inhibit this anti-hypertrophic effect of BK. Based on these 

findings, BK plays an important role in protecting the heart against developing LVH by liberating 

NO.  

 

1.3.3.3 Hypertension 

 

Hypertension is a major risk factor for the development of cardiovascular diseases. Kinins 

circulating in the plasma are inactivated quickly and only reach very low concentrations in the 

blood. Local KKS are also found in the kidney, heart and vasculature, and their activity is of vital 

significance for the regulation of blood flow, blood pressure, and cardiovascular protection 196, 197. 

BK exerts its physiological role in the modification of systemic blood pressure via a vasodilatory 

effect in most vasculature, in particular in resistance vessels, and the regulation of sodium 

excretion in the kidney 198, 199. In human and experimental animals, a small decrease in KKS 

components leads to the developing of high blood pressure 189.  

 

 

 

 

1.3.4 Angioedema 
 

An increase in vascular permeability in the deeper layers of the skin including the dermis and the 

subcutaneous tissue leads to angioedema 200. Angioedema attacks are challenging clinical issues 

because of their complex pathological mechanisms, the difficulty in determining the causes, and 

the diverse responses to symptomatic treatment among patients. Angioedema is classified as 

allergic or nonallergic. Allergic angioedema often occurs with an inflammatory focus and an 

allergy to food allergens, drugs, or insect venom. Histamine is an essential agent in this type of 

edema 201. Nonallergic angioedema is grouped into 5 different types:  1) hereditary angioedema 

(HAE); 2) acquired angioedema (AAE) due to C1 inhibitor (C1-INH) deficiency; 3) angioedema 
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associated with the renin-angiotensin system blockade (The use of ACE inhibitors may cause BK-

mediated angioedema by blocking the destruction of BK and by activating B2R); 4) pseudoallergic 

angioedema, which is a form of drug-induced angioedema; and 5) idiopathic angioedema 201, 202. 

BK is the main mediator of nonallergic angioedema 200. Excessive amounts of BK lead to increased 

permeability of capillaries, leading to the progression of local edema 202. HAE is mainly known as 

an autosomal dominant disease, characterized by C1-INH quantitative (type I) or functional (type 

II) deficiency, with more than 500 mutations identified (The Human Gene Mutation Database, 

http: //www.hgmd.cf.ac.uk/ac/index.php). Its clinical description and hereditary characteristics 

were established in 19th century 203, 204, but C1-INH deficiency was only identified in the 1960s 
205. The characteristic symptoms are nonpruritic and nonpitting swellings of submucosal or 

subcutaneous tissues, involving the face, hands, feet, arms, legs, bowels, genitalia and upper 

airways, which can be life threatening 206. Angioedema symptoms generally last 2 to 5 days before 

resolving spontaneously without treatment, and the most common triggering factors for HAE 

attacks include emotional stress, trauma, medical and surgical procedures, and oestrogens 207. C1-

INH is a secreted glycoprotein of the Serpin family that inhibits several proteases of the classical 

and lectin complement pathways 208, and other serine proteases such as PK, coagulation FXI and 

FXII, thrombin, plasmin and tissue plasminogen activator 209. Its deficiency results in an 

uncontrolled BK release due to HK cleavage by PK activity, which has been recognized as the main 

responsible cause for HAE symptoms. In HAE type III, excessive BK formation is due to 

pathological activation of the contact system via FXII auto activation. A lot of evidence supports 

the hypothesis that edema formation is mediated by BK signalling in both HAE types, and although 

HAE patients present a huge variation regarding frequency, duration and localization of edemas, 

triggering factors and severity, the clinical symptoms among all types are undistinguished. The 

angioedema episodes are not followed by hives and are not benefited by antihistamines or 

corticosteroids, indicating that histamine is not a fundamental mediator, whereas HAE crises have 

been successfully treated with plasma kallikrein inhibitor (Ecallantide), B2R antagonist (Hoe140, 

Icatibant), as well as recombinant or plasma derived C1-INH 206. It is not clear which elements lead 

to the large variation of HAE clinical manifestations, but the role of BK is evident, implying an 

involvement of contact system proteins, from FXII to B2R. It was shown that plasma PK is able to 

hydrolyse HK in vitro, releasing BK in a potential autoactivation mechanism that may be favoured 

in the lack of contact system inhibition 210. Hormones are considered as a pronounced triggering 

factor for crises, with women presenting a worse prognosis, especially during hormonal 

reposition, contraceptive pill intake, pregnancy and menstruation. Oestrogen has been recognized 

as a regulator of the expression of gene coding for crucial proteins of the BK release pathway, 

including FXII, HK and PK genes, but the balance of this regulation is not completely understood 
211, 212, 213. The lack of suitable animal models with similar human clinical symptoms is a 

considerable problem in HAE research. Han et al. (2002) generated homozygous and 

heterozygous C1INH-deficient mice, which presented increased vascular permeability in the ears, 

rear paws and bowel, and an increased permeability response to external irritants. However, 

these animals do not present episodes of spontaneous angioedema that could be comparable to 

the human clinical symptoms 214
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2 Aims of the thesis 
The aims of the thesis were to investigate the role of kinin B1 and B2 receptors in endothelial cells 

and to scrutinize the signalling mechanisms involved in B1R and B2R mediated vasorelaxation. 

To clarify their vascular function, we generated transgenic rats overexpressing B1R and B2R 

exclusively in the endothelium. The effect of kinin receptor overexpression on vascular reactivity 

was investigated in vitro in aorta rings using the organ bath technique. The effects on vascular 

homeostasis were evaluated in vivo by measurement of blood pressure and vascular permeability. 

Additionally, CPM KO rats were generated using the CRISPR/Cas9 technique to investigate the 

function of CPM as an important enzyme in the metabolism of BK, since it metabolizes BK, a B2R 

agonist, to the specific agonist for B1R, des-Arg9-BK. 
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3 Materials 

 

3.1 Chemicals and reagents 
Table 5:  Chemicals and reagents 

Chemicals and reagents Company (Location) 
Agarose Biozym (Oldendorf, Germany) 
Bovine Serum Albumin (BSA) Sigma-Aldrich (St. Louis, USA) 
Chloroform Merck (Darmstadt, Germany) 
Deoxyribonucleotide (dNTP) Bioline (London, UK) 
Dimethyl sulfoxide (DMSO) Sigma-Aldrich (St. Louis, USA) 
DNase I recombinant Roche (Basel, Schweiz) 
Ethanol Berkel AHK (Berlin, Germany) 
Ethidium Bromide Carl Roth (Karlsruhe, Germany) 
Ethylenediaminetetraacetic acid (EDTA) Serva (Heidelberg, Germany) 
Ethylenediaminetetraacetic acid (EDTA) Carl Roth (Karlsruhe, Germany) 
Eukitt® Quick-hardening mounting medium Sigma-Aldrich (St. Louis, USA) 
First Strand buffer (5x) (Invitrogen) Thermo Fisher Scientific (Waltham, USA) 
GoTaq® qPCR Master Mix Promega (Fitchburg, USA)  
Hematoxylin Solution Sigma-Aldrich (St. Louis, USA) 
Heparin-Sodium (5 000UI/mL) B. Braun Melsungen (Melsungen, Germany) 
Isoflurane Abbott (Chicago, USA) 
Isopropyl Carl Roth (Karlsruhe, Germany) 
Magnesium chloride (MgCl2; 50mM) Sigma-Aldrich (St. Louis, USA) 
Methanol Chemsolute/ Th. Geyer (Renningen, Germany) 
Normal donkey serum 
 

dianova/ Jackson ImmunoResearch (West 
Grove, USA)  

Odyssey® Blocking Buffer  LI-COR Bioscience (Lincoln, USA) 
Paraffin Carl Roth (Karlsruhe, Germany) 
Paraformaldehyde (PFA) $%, buffered Fischar (Saarbrücken, Germany) 
Proteinase K  Carl Roth (Karlsruhe, Germany) 
Quick-Load© 100 bp DNA ladder New England Biolabs (Ipswich, USA) 
Quick-Load© 1 kb DNA ladder New England Biolabs (Ipswich, USA) 
Random primers p(dN)6  Roche (Basel, Schweiz) 
RedTaq ® DNA Polymerase  Sigma-Aldrich (St. Louis, USA) 
RIPA Buffer (10X) Cell Signaling Technology (Danvers, USA) 
RNAse A Promega (Fitchburg, USA) 
RNAsin® Ribonuclease Inhibitor (Rnasin) 
RNAsin® Ribonuclease Inhibitor (Rnasin) 

Promega (Fitchburg, USA)  
EURx (Gdansk, Poland) 

Saline (NaCl 0.9%) B. Braun Melsungen (Melsungen, Germany) 
Sodium dodecyl sulfate (SDS) Serva (Heidelberg, Germany) 
Temed Carl Roth (Karlsruhe, Germany) 
Triton X-100 Sigma-Aldrich (St. Louis, USA) 
Trizol® (Invitrogen) Thermo Fisher Scientific (Waltham, USA) 
Xylene Carl Roth (Karlsruhe, Germany) 
BSTYI New England Biolabs (Ipswich, USA) 
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3.2 Agonists and antagonists 
 
Table 6:  Agonists and antagonists 

Agonists and antagonists Company (Location) 
Glibenclamide Tocris (Bristol, United Kingdom) 
Indomethacin Sigma-Aldrich (St. Louis, USA) 
Tetraethylammonium chloride Sigma-Aldrich (St. Louis, USA) 
17-ODYA Tocris (Bristol, United Kingdom) 
Charybdotoxin Alomone labs (Jerusalem, Israel) 
Iberiotoxin Alomone labs (Jerusalem, Israel) 
Apamin Tocris (Bristol, United Kingdom) 
Capsazepine Sigma-Aldrich (St. Louis, USA) 
Capsaicin Sigma-Aldrich (St. Louis, USA) 
GSK1016790A Sigma-Aldrich (St. Louis, USA) 
AB159908 Sigma-Aldrich (St. Louis, USA) 
SH045 Gift from Dr. Schaefer (Munich, Germany) 
Dansyl-Ala-Arg-OH trifluoroacetate salt Bachem (Bubendorf, Switzerland) 
Recombinant human carboxypeptidase M 
protein, CF 

Novus (Colorado, USA) 

DL-2-Mercaptomethyl-3-guanidinoethylthio-
propanoic Acid 

Sigma-Aldrich (St. Louis, USA)  

HPA002657 Sigma-Aldrich (St. Louis, USA) 
RN 1734 Tocris (Bristol, United Kingdom) 
SAR 7334 Tocris (Bristol, United Kingdom) 
Pyr3 Tocris (Bristol, United Kingdom) 
(Des-Arg9) -Bradykinin-acetate salt Bachem (Bubendorf, Switzerland) 
Bradykinin-acetate salt Bachem (Bubendorf, Switzerland) 
(Des-Arg9, Leu8) -Bradykinin Bachem (Bubendorf, Switzerland) 
HOE140 Sigma-Aldrich (St. Louis, USA) 
L-NAME Sigma-Aldrich (St. Louis, USA) 
R 715 R&D System (Minneapolis, Minnesota, United 

States) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.google.de/search?client=opera&hs=fo1&q=Bristol&stick=H4sIAAAAAAAAAOPgE-LVT9c3NExKtjQ1z67IVeLQz9U3sDTNMdDSyk620s8vSk_My6xKLMnMz0PhWGWkJqYUliYWlaQWFS9iZXcqyiwuyc_ZwcoIAMKnvedUAAAA&sa=X&ved=2ahUKEwip3JeouvbnAhUQO8AKHWk-ARAQmxMoATATegQICRAD
https://www.google.de/search?client=opera&hs=fo1&q=Bristol&stick=H4sIAAAAAAAAAOPgE-LVT9c3NExKtjQ1z67IVeLQz9U3sDTNMdDSyk620s8vSk_My6xKLMnMz0PhWGWkJqYUliYWlaQWFS9iZXcqyiwuyc_ZwcoIAMKnvedUAAAA&sa=X&ved=2ahUKEwip3JeouvbnAhUQO8AKHWk-ARAQmxMoATATegQICRAD
https://www.google.de/search?client=opera&hs=fo1&q=Bristol&stick=H4sIAAAAAAAAAOPgE-LVT9c3NExKtjQ1z67IVeLQz9U3sDTNMdDSyk620s8vSk_My6xKLMnMz0PhWGWkJqYUliYWlaQWFS9iZXcqyiwuyc_ZwcoIAMKnvedUAAAA&sa=X&ved=2ahUKEwip3JeouvbnAhUQO8AKHWk-ARAQmxMoATATegQICRAD
https://www.google.de/search?client=opera&hs=fo1&q=Bristol&stick=H4sIAAAAAAAAAOPgE-LVT9c3NExKtjQ1z67IVeLQz9U3sDTNMdDSyk620s8vSk_My6xKLMnMz0PhWGWkJqYUliYWlaQWFS9iZXcqyiwuyc_ZwcoIAMKnvedUAAAA&sa=X&ved=2ahUKEwip3JeouvbnAhUQO8AKHWk-ARAQmxMoATATegQICRAD
https://www.google.de/search?client=opera&hs=fo1&q=Bristol&stick=H4sIAAAAAAAAAOPgE-LVT9c3NExKtjQ1z67IVeLQz9U3sDTNMdDSyk620s8vSk_My6xKLMnMz0PhWGWkJqYUliYWlaQWFS9iZXcqyiwuyc_ZwcoIAMKnvedUAAAA&sa=X&ved=2ahUKEwip3JeouvbnAhUQO8AKHWk-ARAQmxMoATATegQICRAD
https://www.google.de/search?client=opera&hs=fo1&q=Bristol&stick=H4sIAAAAAAAAAOPgE-LVT9c3NExKtjQ1z67IVeLQz9U3sDTNMdDSyk620s8vSk_My6xKLMnMz0PhWGWkJqYUliYWlaQWFS9iZXcqyiwuyc_ZwcoIAMKnvedUAAAA&sa=X&ved=2ahUKEwip3JeouvbnAhUQO8AKHWk-ARAQmxMoATATegQICRAD
https://www.google.de/search?client=opera&q=Minneapolis&stick=H4sIAAAAAAAAAOPgE-LSz9U3MMmurEwrUOIEsdMKqsrTtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1i5fTPz8lITC_JzMot3sDICAH3iWQ1WAAAA&sa=X&ved=2ahUKEwibiobIgfnnAhV3QkEAHbGKChwQmxMoATARegQICRAD
https://www.google.de/search?client=opera&q=Minneapolis&stick=H4sIAAAAAAAAAOPgE-LSz9U3MMmurEwrUOIEsdMKqsrTtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1i5fTPz8lITC_JzMot3sDICAH3iWQ1WAAAA&sa=X&ved=2ahUKEwibiobIgfnnAhV3QkEAHbGKChwQmxMoATARegQICRAD
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3.3 Lab equipment 
 
Table 7:  Lab Equipment 

Instruments and Materials Company (Location) 

Fluorescence microscope BZ-9000 Keyence (Neu-Isenburg, Germany) 

Fluorescence stereo microscope M205 FA Leica (Wetzlar, Germany) 

Odyssey® infrared imaging system  LI-COR Bioscience (Lincoln, USA) 

ACCU-Chek glucometer Aviva/ Roche (Basel, Switzerland) 

Agarose gel electrophoresis chamber Biometra (Göttingen, Germany) 

Centrifuge Biofuge 13 Heraeus (Hanau, Germany) 

Centrifuge Labofuge 400e Heraeus (Hanau, Germany) 

Centrifuge Sorvall RC 5C Heraeus (Hanau, Germany) 

Cooling centrifuge 5804 R Eppendorf (Hamburg, Germany) 

Electroporator 2510  Eppendorf (Hamburg, Germany) 

FastPrep™-24 instrument MP Biomedicals (Eschwege, Germany) 

Gel Imager C200 Azure Biosystems (Dublin, USA) 

Imager Transilluminator Multi Image™ Light 
Cabinet 

Αlpha Innotech (San Leandro, USA) 

Instruments for surgery and organ collection FST Fine Science Tools (Heidelberg, 
Germany) 

NanoDrop™ 1000 spectrophotometer Peqlab (Erlangen, Germany) 

pH Meter pH Level 1 WTW (Weilheim, Germany) 

Pipettes Discovery Abimed (Langenfeld, Germany) 

Real-Time PCR System 7900HT AbiPrism Applied Biosystems (Foster City, USA) 

Real-Time PCR System QuantStudio 5 Applied Biosystems (Foster City, USA) 

Roller mixer SRT1  Snijders (Tilburg, Netherlands)  

Roller mixer SU1400 sunlab (Mannheim, Germany) 

Rotable platform Polymax 1040 Heidolph Instruments (Schwabach, 
Germany) 

Rotary microtome HM 355 S Microm (Walldorf, Germany) 

SDS-PAGE gel electrophoresis chamber  Bio-Rad Laboratories (Hercules, USA) 

Schuler tissue bath system  Hugo Sachs Elektronik, Freiburg, Germany 

Sonicator Bioruptor plus  diagenode (Seraing, Belgium) 

Sonicator Ultrasound Sonoplus Bandelin electronic (Berlin, Germany) 

Thermocycler C1000 Bio-Rad Laboratories (Hercules, USA) 

Thermocycler Master cycler nexus GX2 Eppendorf (Hamburg, Germany) 

Thermocycler peqSTAR Peqlab (Erlangen, Germany) 

Thermomixer 5437 Eppendorf (Hamburg, Germany) 

UV Stratalinker 1800 Stratagene (La Jolla, USA) 

  

Vacuum pump BVC 21 Vacuubrand (Wertheim, Germany) 

Vacuum pump BVC professional Vacuubrand (Wertheim, Germany) 

Water bath GFL (Burgwedel, Germany) 

384-well optical plate MicroAmp Applied Biosystems (Foster City, USA) 

Beads for tissue homogenization MP Biomedical (Eschwege, Germany) 

Falcon tubes (15 and 50 ml) Greiner AG (Kremsmünster, Austria) 

FastPrep™ lysing matrix tubes and caps MP Biomedicals (Eschwege, Germany) 

Filter tips (10, 20, 200 and 1000 ml) Surphob Biozym (Oldendorf, Germany) 

Latex gloves Sänger (Schrozberg, Germany) 
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Instruments and Materials Company (Location) 

Nitrile gloves Cardinal Health (The Hague, The 
Netherlands) 

Pasteur pipettes  Carl Roth (Karlsruhe, Germany) 

PCR strip tubes + caps Axygen Corning (Corning, USA) 

Plastipak™ Plastic Concentric Luer-Lock 50 mL 
Syringe 

BD (Franklin Lakes, USA) 

PVDF membranes  Amersham Life Science (Little Chalfont, UK) 

Save-Lock Tubes Eppendorf (Hamburg, Germany) 

Whatman paper (3 mm)  Whatman (Maidstone, UK)  
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4 Methods 

 

4.1 Genotyping of rat lines 

4.1.1 DNA isolation for genotyping 
 

To determine the genotype of rat lines, biopsies of ear, toenail, or tail were incubated with 25 µL 

(toe nail) or 100 µL (ear, tail) of Ear buffer (Table 8), shaking overnight at 55 °C. The buffer 

contained the broad-spectrum serine protease Proteinase K for digestion of proteins and hair, 

hence making the DNA accessible. To inactivate Proteinase K activity, the samples were heated to 

95 °C for 10 min. and 250 µL (toe nail) or 750µL (ear, tail) of Tris-EDTA buffer were added. RNase 

A in the TE buffer degraded RNA, resulting in genomic DNA in solution. The solution contained 

the isolated genomic DNA of the respective animal. Samples were stored at 4 °C until usage. 
 
                      Table 8:  Solutions to isolate genomic DNA from animal biopsies 

 Ingredient End concentration 
 NaCl 

Tris-HCl pH 8.5 
EDTA pH 8.0 
SDS 
Proteinase K 

200 mM 
100 mM 
 0.1 mM 

1% 
           1 mg/mL 

TE buffer (pH 8.0) Tris-HCl pH 7.4 
EDTA pH 8.0 
RNase A 

10 mM 
 1 mM 

     20 µg/ml 
 

4.1.2 Primers for genotyping of rat lines 
 

Primer sequences that were used to genotype animals are listed in Table 9 All oligonucleotides 

were synthetized by Biotez Berlin Buch GmbH and delivered in a lyophilized state. The primers 

were diluted in double-distilled water (ddH2O) to a concentration of 50 pmol/μL and stored 

at -20 °C.  

 

 
                      Table 9:  Primers for genotyping of rat lines 

Rat line Primer name Sequence (5’ to 3’) 
B1R-TGR Tie2-for 

Tie2-rev 

5′-TTTCCTCCTCCCATTGGCTGCC 

5′- GAAGGAACCTTACTTCTGTGG 
B2R-TGR B2R BK135-for 

B2R BK137-rev 

5’ -TCACAGCTCCTCCGATGAGA  
5’ - TCAGTGTCTGGGCAGTTGAC  

CPM KO CPM 5 

CPM 3 

5’-GTGGGACCATCTTTACCTGG 

5’-GAGCGTGGCTCAGAACTAC 
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4.1.3 Polymerase Chain Reaction (PCR) 
 

Genotyping was performed to distinguish wild type from transgenic animals. PCR was performed 

according to the manufacturer’s instructions. PCR efficiency was optimized by adjusting the 

concentration of primers, deoxyribonucleotides (dNTPs), magnesium chloride (MgCl2) and 

genomic DNA, as well as the duration and temperature for annealing and elongation. The standard 

steps of the PCR can be seen in Table 10. 

 

 

 
Table 10:  General steps of the PCR 

PCR steps  Time  Temperature Cycles 
Initial denaturation  3 min  94°C 1x 
Denaturation  20-30 sec  94°C  

34x Annealing  30 sec  55-65°C 
Elongation  30-60 sec  68/72°C 
Final elongation  5-10 min  68/72°C 1x 

 

 

4.1.4 Agarose gel electrophoresis 
 

PCR amplicons were visualized by gel electrophoresis. Agarose was dissolved in Tris-acetate-

EDTA (TAE) buffer, diluted from Rotiphorese 50x TAE Buffer. To enable visualizing DNA in 

UV light, 5 µL of 0.2% ethidium bromide was added to 35 mL of dissolved agarose. The PCR 

amplicon was mixed with gel loading dye and loaded onto an agarose gel. PCR products were 

electrophoretically separated at constant voltage (80-110 V) for 20-40 min. Fluorescing bands 

were visualized with UV light using a gel imager Transilluminator Multi Image™ Light Cabinet or 

a gel imager C200. A Quick-Load 100 bp DNA ladder served as the molecular weight reference. 

 

4.1.5 Genotyping of rat lines 
 

The B1R-TGR, B2R-TGR and CPM-KO rat lines were genotyped according to the protocol shown 

in Table 11, Table 12 and Table 13, respectively. A PCR mix of 25 µL in total was prepared and run 

with its respective PCR program. The product was loaded onto a 2% agarose gel. Digestion 

resulted in one band of the sizes 300, 350 and 450 base pairs (bp), respectively.  
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Table 11:  PCR protocol for genotyping the B1R-TGR 

Stock 
conc. 

Ingredients Volume 
[µL] 

 Time Temperatur
e 

Cycles 

10x 10x Self-made PCR Puffer  2.5  2 min 94 °C 1x 

50mM MgCl2 1  20 sec 94 °C 

35x 5mM dNTP 2  30 sec 58 °C 

7.1 µM Tie2 for 1  30 sec 72 °C 

7.1 µM Tie2 rev 1  4 min 72 °C 1x  
ddH20 15.375  infinite 4°C  

5000 
U/mL 

Taq DNA Polymerase (NEB) 0.125     

 
Genomic DNA 1     

 

 
Table 12:  PCR protocol for genotyping the B2R-TGR 

Stock 
conc. 

Ingredients Volume [µL]  Time Temperature Cycles 

10x ThermoPol Buffer (NEB) 2.5  30 sec 95°C 1x 

5mM dNTP 1  22 sec 95°C 

34x 5µM B2R BK135 1  30 sec 60.5°C 

5µM B2R BK137 1  50 sec 68°C  
ddH20 18.075  5 min 68°C 1x 

5000 
U/mL 

Taq DNA Polymerase 
(NEB) 

0.125  infinite 4°C  

 
Genomic DNA 1.3     

 

 

Table 13:  PCR protocol for genotyping the CPM-KO 12576 and 12538 rat lines 

Stock 
conc. 

Ingredients Volume [µL]  Time Temperatur
e 

Cycles 

10x ThermoPol Buffer (NEB) 2.5  30 sec 95°C 1x 

5mM dNTP 1  22 sec 95°C 

34x 5µM CPM3 1  30 sec 60.5°C 

5µM CPM5 1  50 sec 68°C  
ddH20 18.075  5 min 68°C 1x 

5000 
U/mL 

Taq DNA Polymerase 
(NEB) 

0.125  infinite 4°C  

 
Genomic DNA 1.3     
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4.2 Insertion Site Mapping by Circle PCR 
 

Two lines of transgenic rats overexpressing kinin B2 receptor (TGR (VECDHB2), B2R-TGR) were 

generated: L-11248 and L-11206 (see Materials and Methods). In L-11248, we observed that in 

some litters all pups were positive for the transgene, although they were from heterozygous 

transgenic and non-transgenic parents. We were expecting 50% transgenic and 50% non-

transgenic littermates. The explanation for this unexpected phenomenon could be that this line 

may have more than one transgene integrated into several of their chromosomes due to the 

random nature of an integration event. To clarify this, we mapped the B2 receptor transgene 

locations in this line. We used the inverse PCR method. Genomic DNA containing the inserted 

transgene from 20 transgenic rats was digested by a restriction enzyme (BstYI) (Table 14) which 

generates a restriction site within the transgene as well as within the neighboring genomic DNA. 

 

 
 
                                                    Table 14:  Protocol of Restriction Endonuclease Reaction 

 

 

 

This digestion of transgene-genomic DNA fragment  was stopped in 80°C for 20 minutes and then 

ligated back to itself to form a circular DNA structure using T4 ligase kit, followed by 2 hours of 

incubation at 20°C (Table 15). In the next step, DNA was purified using the column-based DNA 

extraction method. PCR was performed (Table 16) using selected primers which were oriented in 

the reverse direction (Table 17). Next, nested PCR was performed to improve the sensitivity and 

specificity of the DNA (Table 18). 

 
 
                                                    Table 15:  Protocol of Ligase Reaction 

 

 

 

 

 

 

 

 

 

 

 

 

Restriction Endonuclease Reaction 

Restriction enzyme (BSTY 1)                       1µL 

                                               DNA                       1µg 

               Buffer (2.1 NEB) (1x)                       5µL 

                                                H2O                      x µL 

              Total reaction volume                      50µL 

Ligase Reaction 

                                               DNA                     40µL 

                      Ligase buffer 10x                        8µL 

                                     Ligase T4                        4µL 

                                               H2O                      48µL 

            Total reaction volume                     100µL 



Methods 

49 
 

 

 
Table 16:  Protocol of PCR 

Stock 
conc. 

Ingredients Volume [µL]  Time Temperatur
e 

Cycles 

10x ThermoPol Buffer (NEB) 2.5  3 min 95°C 1x 

5mM dNTP 1  20 sec 95°C 

35x 5µM Map1 or 3 0.5  30 sec 60°C 

5µM Map2 or 4 0.5  1 min 72°C  
ddH20 
MgCl2                                                              

9 
0.5 

 5 min 72°C 1x 

5000 
U/mL 

Taq DNA Polymerase 
(NEB) 

0.5  infinite 4°C  

 
 DNA 10     

 

 
 
                                      Table 17:  Primers used for mapping by circle PCR 

Primer name  Sequence (5’ to 3’) 
 
BGHPAmap 1 
 
BGHPAmap 2 
 
BGHPAmap 3 
 
BGHPAmap 4 
 
B2outside 
 

 
 
5′-ACCTTCCAGGGTCAAGGAAG 
 
5′-CTTCCTTTCTCGCCACGTTC 
 
5′-GATGGCTGGCAACTAGAAGG 
 
5′-CCGTCAAGCTCTAAATCGGG 
 
5′-ACAAGGCCTAAGGGGCTGC 
  

 

 

 

 
Table 18:  Protocol of Nested PCR 

Stock 
conc. 

Ingredients Volume [µL]  Time Temperature Cycles 

10x ThermoPol Buffer (NEB) 1.5  3 min 95°C 1x 

5mM dNTP 1  20 sec 95°C 

35x 5µM Map3 0.5  30 sec 60°C 

5µM Map4 0.5  1 min 72°C  
ddH20 
MgCl2                                                              

15.4 
0.6 

 5 min 72°C 1x 

5000 
U/mL 

Taq DNA Polymerase 
(NEB) 

0.5  infinite 4°C  

 
 DNA 5     

 

 

PCR products were purified using Column based DNA extraction and inserted into T-vector (Table 

19), followed by overnight incubation at 16°C. 10 µL of the sample containing DNA inserted into 

T-vector were transformed into One Shot™ TOP10F’ Chemically Competent E. coli. The bacteria 

were kept on ice for 30 min, followed by an electroshock. After adding 1 mL LB medium (25 g LB 

Broth Luria/Miller, solved in 1 L ddH2O) without antibiotics, the bacteria were cultured in a 
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shaking thermomixer at 37 °C for 45 min. This was followed by growth overnight on an agar dish 

(40 g of LB Agar Luria/Miller, solved in 1 L ddH2O) at 37 °C, selection by ampicillin resistance (100 

µg/mL, solved in 120 mM NaOH). The next day, seven clones were picked and each clone was 

cultured in 5 mL LB medium with ampicillin selection overnight in a shaking 37 °C incubator. 

Bacterial DNA was isolated from 4 mL of the overnight culture. In order to extract plasmid DNA 

from bacteria, the “mini prep” technique was utilized. For mini-preparation of DNA from the 

bacteria, 4 mL of the bacterial culture were pelleted for 5 min at 6000*g. The pelleted cells were 

solved in 250 µl of Solution A (Table 20). To lyse the cells, 250 µl of Solution B were added and 

mixed gently by inversion. After incubation for 3-5 min at room temperature, 250 µl of Solution C 

were added to neutralize the sample and stop the lysis. The mixture of precipitated DNA, protein 

and SDS was gently mixed, incubated on ice for 10-30 min and centrifuged for 10 min at 14 000*g. 

The supernatant was transferred to a new 1.5 ml tube, and 500 µL 99% isopropyl were added and 

mixed by inversion. After an incubation step for 10 min at room temperature, the DNA was 

pelleted by centrifugation for 15 min at 14 000*g. The pellet was washed with 500 µL 70% ethanol 

and centrifuged for 15 min at 13 000*g. The pellet was air-dried and resuspended in 50 µL H2O 

DEPC. To visualize positive clones, 2 µL of DNA were linearized analogously to Table 21 and 

loaded onto a 1% agarose gel. Finally, the DNA was sequenced using a specific B2 outside primer 

(Table 17). We found that in these pups, the transgene was located in chromosome 19 and the 

integration was only on one site.  

 

 
                                                    Table 19:  Ligase reaction to ligate DNA into T-vector 

 

 

 

 

 

 

 

 

 

 
 
                        Table 20:  Ingredients of solutions to isolate DNA from small bacterial cultures 

 Ingredients End concentration 

Solution A 
 

Glucose 
EDTA pH 8  
Tris pH 8 
RNase (4 mg/mL) 

50 mM 
10 mM 
25 mM 

1% 

Solution B NaOH  
SDS 

0.2M 
0.1% 

Solution C Potassium acetate pH 
5.5 

3.1 M 

 
Table 21:  Digestion of T-vector 

Linearization of vector pX330 Volume [µL]  Time Temperature 

Ligation product 2  1 h 37 °C 

ecor 1 1    

Cutsmart 2    

ddH2O DEPC 6    

Ligase Reaction 

                                               DNA                     2µL 

                      Ligase buffer 10x                      1µL 

                                     Ligase T4                      1µL 

                                               H2O                      5µL 

              Vector (easy T Vector)                    1µL 

              Total reaction volume                     10µL 
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4.3 Quantification of B1R and B2R mRNA expression 

4.3.1 RNA isolation 
 

The tissue samples removed from rats were snap frozen and then ground to a fine powder using 

a mortar and pestle in liquid nitrogen. Then, some of the powder was transferred into FastPrep 

tubes containing 5 bead sand stored at -80 °C until RNA isolation. On the day of the RNA isolation, 

samples were homogenized with 1 mL of TriFast or TRIzol Reagent twice for 40 sec at speed level 

4 using the FastPrep™-24 instruments with a 5 min resting period in between. Thereafter, the 

manufacturer’s instructions for TRIzol or TriFast were followed. On the day of the RNA isolation, 

samples were thawed and the manufacturer’s instructions for TRIzol or TriFast were followed. 

The RNA concentration and purity were assessed using a Nanodrop 1000 spectrophotometer and 

it was stored at -80 °C until use. 

 

4.3.2 Complementary DNA synthesis 
 

First, the remaining DNA in the RNA sample was degraded to avoid amplifying genomic DNA that 

would infer a higher gene expression of the respective gene. Therefore, 3μg of RNA were treated 

with DNase digestion mix (Table 22). After heat-inactivating the enzyme, the mix was quickly 

chilled on ice to avoid re-formation of RNA secondary structures. Secondly, 1 µg of RNA was 

reverse transcribed into complementary DNA (cDNA) according to Table 23. The cDNA samples 

were stored at -20 °C until use. 

 

 
. 
Table 22:  Protocol for DNA digestion of RNA samples 

Ingredient Volume [µL]  DNA digestion steps Time Temperature 
10X buffer 1,5  DNA digestion 20 min 37°C 
Rnasin 1  Inactivation of DNase 

enzyme activity 
10 min 75°C 

DNase I 1  
RNA 3µg   directly on ice 
ddH2O ad 15 µL     

 
 

 

 
Table 23:  Protocol for reverse transcription of RNA samples 

Ingredient (Promega) Volume [μL]  RT steps  Time Temperature 
5x M-MLV Buffer (Promega) 4  Priming  10 min 26°C 
Random primers 1  Transcription  60 min 37°C 
dNTP (5mM) 2.5  Enzyme 

inactivation  
10 min 75°C 

RNase inhibitor  0,5  Conservation  Infinite 4°C 
M-MLV (200U, Promega) 0,8     
RNA 1 µg     
ddH2O ad 20 µL     
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4.3.3 Quantitative Real-Time PCR (qRT-PCR) 
 

Gene expression on the RNA level of cells or tissues was determined using qRT-PCR. The 

quantification was performed using a 384-well plate format in the qRT-PCR 7900HT system or 

the Quant Studio 5 system with GoTaq® qPCR Master Mix, SyberGreen® Dye and CXR as reference 

dyes. The qRT-PCR program is shown in Table 24 and the forward and reverse primer pairs used 

are listed in Table 25. A melting curve was carried out at the end of the qRT-PCR program as a 

quality control for the amplicons. Reactions with signs of unspecific fragments or primer dimers 

were excluded. All samples were quantified in duplicates. SDS2.4.1 or QuantStudio™ Design and 

Analysis Software v1.3.1 (both Applied Biosystems, Foster City, USA) were used for analysis. The 

cycle threshold was set manually in the exponential phase of amplification. The expression of the 

gene of interest was normalized to the expression of the housekeeping gene TATA-binding protein 

(Tbp). Relative gene expression between groups was calculated using the 2-ΔΔCt method that 

results in the fold change of gene expression compared to the housekeeping gene. 

 

 
 
 
  Table 24:  Protocol for qRT-PCR with GoTaq enzyme 

Stock 
conc. 

qRT-PCR 
steps 

Volume 
[μL] 

 Steps Tim
e 

Temperatur
e 

Cycle
s 

 cDNA (1: 50) 9  Initial 
denaturation  

10 
min 

95°C 1x 

2x GoTaq® master 
mix  

10  Denaturation  15 sec 95°C 

40x 
5 μM Primer Forward  0.4  Annealing and 

elongation  
60 sec 60°C 

5 μM Primer Reverse  0.4  
100x CXR reference dye  0.2  Dissociation curve 60-99-60°C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Methods 

53 
 

4.3.4 Primers applied for Real-Time PCR 
 

 
Table 25:  Primers applied for Real-Time PCR 

Primers name Sequence (5’ to 3’) 

 TRPV1-for 

 TRPV1-rev 

5’-ATGTGGCTTCCATGGTGTTCTC 

5’-GAACATAAACCGCCACAGGTCTC 

 TRPV3-for 

 TRPV3-rev 

5’-TTATCTGGGCCATGTGCATCTC 

5’-GGCATCTGACAGGATGGACTGA 

 TRPV4-for 

 TRPV4-rev 

5’-GCTGACAGGGACCTACAGCATC 

5’-CTCTGGTCCTCGTTACAGACCTTC 

 TRPC1-for 

 TRPC1-rev 

5’-TTCTGTGAACAGCAAAGCAA 

5’-CATGCGCTAAGGAGAAGATG 

 TRPC3-for 

 TRPC3-rev 

5’-ATGCAGTGCAAAGACTTCGT 

5’-ATTCAGAATGGCTTCCACCT 

 TRPC4-for 

 TRPC4-rev 

5’-TGCAGATATCTCTGGGAAGG 

5’-AGCACGAGGCAGTAGATGAA 

 TRPC5-for 

 TRPC5-rev 

5’-AACCCTTCAGTCGCTCTTCT 

5’-CGTAGCTCCCACAAACTCAG 

 TRPC5-for 

 TRPC5-rev 

5’-AGAATGCAGCCAGAAACAAA 

5’-AGCCCTTTGTAGGCATTGAT 

 Mouse B1R-for 

 Mouse B1R-rev 

5’-ATGCAGTGCAAAGACTTCGT 

5’-ATTCAGAATGGCTTCCACCT 

 Rat B1R-for 

 Rat B1R-rev 

5’-AGAATGCAGCCAGAAACAAA 

5’-AGCCCTTTGTAGGCATTGAT 

 Rat B2R-for 

 Rat B2R-rev 

5’-AACCCTTCAGTCGCTCTTCT 

5’-CGTAGCTCCCACAAACTCAG 

 TBP-for 

 TBP-rev 

5’-AGAATGCAGCCAGAAACAAA 

5’-AGCCCTTTGTAGGCATTGAT 

 EndogenousB2R-for 

 EndogenousB2R-rev 

5’-AGAATGCAGCCAGAAACAAA 

5’-AGCCCTTTGTAGGCATTGAT 

 Total B2R-for 

 Total B2R-rev 

5’-ATGCAGTGCAAAGACTTCGT 

5’-ATTCAGAATGGCTTCCACCT 

 TBP-for 

 TBP-rev 

5’-GGGCATTATTTGTGCACTGAGA 

5’-TAGCAGCACGGTATGAGCAACT 

 

4.4 Quantification of protein expression 

4.4.1 Protein isolation 
 

 

Tissue powder samples were collected in FastPrep tubes containing 5 beads and stored at -80 °C 

until protein isolation. On the day of the protein isolation, samples were homogenized with an 

adequate volume of RIPA buffer containing protease and phosphatase inhibitors for 40 sec several 
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times at speed level 4 with a 5 min resting period in between, in which the samples were stored 

on ice using the FastPrep-24 instrument. Sample homogenates were sonicated for 30 sec to 

disrupt double membranes and incubated at 4°C or on ice for 30 min with intermittent mixing. 

Cell debris was removed by centrifugation at 13 000*g for 10 min at 4°C. The supernatant with 

the dissolved proteins was transferred to a new 1.5 mL tube and stored at -20°C until usage. 

 

 

4.4.2 Determination/estimation of protein concentration 
 

The concentration of proteins was determined using a bicinchoninic acid kit. Protein bonds reduce 

Cu2++ to Cu+, which reacts with bicinchoninic acid. This complex has a purple colour; therefore, the 

colour intensity correlates to the amount of protein in the reaction. Samples were measured in 

pure duplicates and in a 1: 10 dilution. A standard series of bovine serum albumin (BSA) solved 

in RIPA buffer was used as reference. A 7-fold 1: 2 dilution series was made starting from 1 mg/mL 

BSA downwards. In a 96-well plate, 5 µL of sample or standard and 100 µL of working solution 

containing bicinchoninic acid and 4% (w/v) copper sulphate at a ratio of 50: 1 were mixed. After 

30 min at 37 °C, the colorimetric biochemical reaction was quantified at 562 nm using a 

microplate reader. The protein concentration was calculated using Excel 2013 (Microsoft, 

Redmond, USA). 

 

4.4.3 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
 

SDS-PAGE was performed to separate proteins according to their size. Denaturing gels with 1 mm 

thickness were cast using the Bio-Rad electrophoresis system. Separating gels containing 8-15% 

acrylamide was cast and overlaid with isopropanol to straighten the separating gel-stacking gel 

interface. After polymerization, the isopropanol was removed with Whatman paper and the 

stacking gel containing 5% acrylamide and an appropriate comb were added. The polymerized 

gels were stored in a humid bag at 4 °C overnight (Table 26).  
 
 
 Table 26:  Ingredients for separating and stacking gels 

 8% separating 
gel 

10% separating 
gel 

15% separating 
gel 

5% stacking 
gel 

ddH2O 9.36 mL 7.9 mL 6.54 mL 5.5mL 

1.5 M Tris pH 
8.8 

5.0 mL 5.0 mL 5.0 mL  

1 M Tris pH 6.8    1.0mL 

SDS 10% 200 µL 200 µL 200 µL 80 µL 

Acrylamide 5.44 mL 6.8 mL 8.16 mL 1.3 mL 

APS 100 µL 100 µL 100 µL 50 µL 

Temed 20 µL 
 

20 µL 20 µL 20 µL 
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  Table 27:  Ingredients for Lysis, SDS-PAGE and Western blot buffers 

Electrophoresis buffer   Transfer buffer  TBST buffer 

Glycine  196 mM  Glycine  200 mM  NaCl 150 mM 

Tris-HCl (pH8.4)  20 mM  Tris 20 mM  Tris 50 mM 

SDS  0.1%  Methanol  20%  Tween-20  0.05% 
 

 
 

 

 

 

 

 

 

 

 

Protein samples were adjusted to an equal amount of 10-50 µg protein with ddH2O and one part 

of 4x Roti-load reducing loading buffer in a total volume of 20-30 µL. Samples were denatured at 

95 °C for 5 min. Gels were immersed in electrophoresis buffer (Table 27) and 16 µL of the protein 

samples and 5 µL of a molecular weight marker - either Precision plus protein™ standards all blue 

or Odyssey® two-colour protein molecular weight marker - were loaded onto the gel. 

Electrophoresis was performed first at 80 mV until the proteins migrated from the stacking into 

the separating gel, followed by 100-110 mV until the dye front migrated out of the gel. 

 

 

4.4.4 Western blotting 
 

Electrophoretically separated proteins were transferred from the SDS-PAGE gel onto a 

polyvinylidene difluoride (PVDF) membrane using a wet transfer system from Bio-Rad. The 

membrane was activated for 5 min with methanol. The stacking gel was removed and the 

separating gel was placed in a “sandwich” next to the activated membrane in between one sponge 

and two Whatman papers on each side. Air bubbles between the gel and the membrane were 

removed carefully. The blotting was performed in ice-cold transfer buffer at 4 °C. The blotted 

membrane was blocked with Odyssey blocking buffer for a minimum of 30 min at room 

temperature. The primary antibody (Table 28) was diluted in a mix of 2.5 mL Tris-buffered saline 

containing 0.5% Tween-20 (TBST) and 2.5 mL of Odyssey blocking buffer, and incubated at 4 °C 

overnight under constant rolling. Unbound primary antibody was removed with 3-4 washes of 10 

min each with 20 mL TBST. The membrane was incubated with Odyssey IR Dye secondary 

antibody, diluted 1: 10,000 in TBST, for 2 h at room temperature under constant rolling. After 3-

4 washes of 10 min each with 20 mL TBST, the membrane was scanned using an Odyssey infrared 

imaging system. The signals were analysed using Image Studio Lite software version 5.2.5 (2015, 

LI-COR Bioscience, Lincoln, USA). The same membrane was incubated with anti-glyceraldehyde-

3-phosphate dehydrogenase (Gapdh) antibody (Table 28) to normalize the signal on the 

membrane. Alternatively, the whole protein staining solution Revert was applied directly after 

blotting and before blocking according to the manufacturer’s instructions. 

RIPA buffer 

sodium chloride 150 mM 

Triton X-100 1.0% 

sodium deoxycholate 0.5% 

SDS0.1% 

Tris, pH 8.0 50 mM 
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4.4.5 Antibodies applied for western blotting 
 

 
Table 28:  Primary and secondary antibodies 

Protein Antibody Host Method Dilution Company  
Gapdh 
(secondary) 

Gapdh 14C10, 
mAb 
#2118 

rabbit WB 1: 1000 Cell Signaling Technology 
(Danvers, USA) 

CPM 
(primary) 

Anti-CPM 
#HPA002657 

rabbit WB 1: 1000  Sigma-Aldrich (St. Louis, USA) 

 

 

 

 

4.4.6 Immunohistochemistry 
 

Organs were fixed in 4% PFA for several days to ensure thorough fixation. Then, samples were 

washed twice in PBS (Table 29) and dehydrated in an alcohol series (2x 70% ethanol 30 min, 2x 

80% ethanol 30 min, 2 x 96% ethanol 60 min, 2x isopropyl 60 min, 2x xylene 90 min). Organs 

were infiltrated with paraffin twice for 90 min and embedded in fresh paraffin. Then, the organs 

were cut with a rotary microtome, placed on a microscope slide and air-dried overnight at room 

temperature.  

Paraffin sections were deparaffinized and rehydrated as follows:  3x xylene; 3x 100%, 1x 90%, 1x 

80%, 1x 70%, 1x 60%, 1x 50%, 1x 40%, 1x 30% ethanol; and 2x ddH2O, each for 5 min. Antigens 

were unmasked by boiling the sections in sodium citrate buffer (10 mM sodium citrate, 0.05% 

Tween-20, pH 6.0) for 20 min. Sections were washed twice in PBS for 5 min and blocked with 10% 

normal donkey serum/PBS for 10 min. The primary antibody diluted in PBS was incubated in a 

humid chamber overnight at 4 °C. The next day, sections were washed 3 times for 5 min with PBS. 

If two different antigens were stained, the second primary antibody was applied again for one 

night and washed 3 times for 5 min with PBS. The respective secondary antibodies diluted in PBS 

were applied separately in the dark at room temperature for 2 h each and washed 3 times for 5 

min with PBS. Sections were mounted with nuclei staining 4, 6-diamidino-2-phenylindole (DAPI) 

in Vectashield mounting medium and covered with a cover slip. 

 

 
 
                        Table 29:  Ingredients of 10x phosphate-buffered saline (PBS) 

 Ingredients End concentration of 10x 
10 x PBS pH 7.4 NaCl 

KCl 
Na2HPO4 
KH2PO4 

137 mM 
2.7 mM 
10 mM 
1.7 mM 
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4.5 Analysis of α and ß cells in pancreas with hematoxylin 

and eosin 
 

Hematoxylin and eosin staining was used to quantify α and ß cells in pancreas. Sections were 

deparaffinized and rehydrated as described above (Chapter 3.4.6) and washed with tap water for 

10 min. Nuclei were stained with hematoxylin for 5 min and washed with tap water for 3 times 

for 10 min each. Differentiation was achieved with a hydrochloric acid solution (0.11% HCl, 67.2% 

ethanol) for 3 sec. Sections were washed thoroughly with tap water, and an eosin solution was 

incubated for 5-10 sec. Sections were dehydrated in increasing alcohol series (briefly in 80%, 

90%, 100% ethanol, then isopropyl, and finally xylene for 30 min), mounted with Eukitt mounting 

medium and covered with a cover slip. Pictures were obtained with the BZ-9000 light microscope. 

 

 

 

4.6 In Situ mRNA detection using RNAscope method 
 

In situ hybridization (ISH) was performed using the RNAscope technology to localize B2R mRNA 

in formalin fixed paraffin embedded tissues.  5 µm tissue sections mounted on super frost glass 

slides were deparaffinised with xylene, and rehydrated with a series of ethanol washes. 

Endogenous peroxidase was blocked by incubating the sections with H2O2. The sections were 

then heated in antigen retrieval buffer (RNAscope Target Retrieval, Ref. #322001, ACD) in a 

steamer and digested by proteinase solution at 40°C for 30 min (RNAscope H2O2 & Protease Plus 

Reagents, Ref. #322330, ACD). The sections were incubated with ISH target probe pairs at 40°C in 

a hybridization oven for 2 h. The forty ZZ-ISH probes targeting rat B2R RNA were designed and 

synthesized by Advanced Cell Diagnostics (ACD, Newark, USA) (Rn-Bdkrb2, Ref. #463571, Lot 

#191984). The sections were washed with buffer (RNAscope Washing Buffer, Ref. #320058, ACD). 

The signal was amplified using the pre-amplifier and amplifier conjugated to alkaline phosphatase 

and incubated with a Fast-Red substrate solution for 10 min at room temperature according to 

the instructions of the provider (RNAscope 2.5 HD Detection Reagent-RED, ACD). The sections 

were then counterstained with hematoxylin for 10 sec, air-dried, incubated in xylene for 30 

minutes and coverslipped using xylene based mounting medium (EcoMount, Biocare Medical, Ref. 

#EM897L). On the next day, images were taken using an inverse Keyence bright 

light/Fluorescence microscope (Keyence BZ9000, Germany), and evaluated. 
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4.7 Carboxypeptidase M activity assay 
 

CPM activity was determined using the substrate Dansyl-Ala-Arg-OH (100 µM) in Tris-HCl50 mM, 

pH 7.4, NaCl 50 mM buffer and MERGETPA (MGTA, 100 µM) as specific inhibitor during the 

incubation. After 30 minutes of incubation at 37°C, the reaction was stopped using citric acid (1 

M), pH 3.1 (Table 30).  

 

 
Table 30:  Protocol of CPM enzyme assay 

Buffer 
(0.2 Mm 
HEPES) 

rhCPM 
(0.04 
µg/mL) 

MGTA 
(100 
µM) 

water (µL) Incubati
on time 
(on ice) 

Dansyl (1mM) Incubation 
time (37c) 

Citric acid (stop 
solution,1 M) 

125 µL 50 µL Ø 25 µL 10 min 50 µL 3h 150 µL 
125 µL 50 µL 25 µL Ø 10 min 50 µL 3h 150 µL 
125 µL Ø 25 µL 25 µL 10 min 50 µL 3h 150 µL 
125 µL Ø Ø 75 µL 10 min 50 µL 3h 150 µL 
125 µL 50 µL Ø 75 µL + 

25 µL  
10 min Ø 3h 150 µL 

 
 
 

Chloroform (500 µl) was added to each reaction tube, which was mixed vigorously for 15 sec to 

extract the Dansyl-Ala-OH product. Centrifugation at 800 g for 10 min separated the solution in 

the tubes into two phases. The fluorescence in the chloroform layer (bottom layer) was measured 

relative to a chloroform blank at 340 nm excitation wavelength and 495 nm emission 

wavelengths. The peptidase activity of CPM was also tested at pH values ranging from 5.0 to 9.0 

(Table 30). 

 

 

 

4.8 Flow Cytometry 

4.8.1 Preparation of cells for Flow Cytometry 
 
Peripheral blood (~ 1ml) was incubated 1-2x with 2 ml 1x BD™ Pharm Lyse™ reagent for 5 min 

at RT in order to lyse the red blood cells. The reaction was stopped by addition of an equal amount 

of FACS buffer (5% FBS in PBS) and centrifuged for 2 min at 1200 rpm. The supernatant was 

discarded, and cells were resuspended in blocking buffer (rat:  rat serum 1: 100 in FACS buffer; 

mouse:  CD16/CD32 1: 1000 in FACS buffer) and kept at 4°C for 15 min. Both femur and tibia 

were dissected and carefully cleaned of adherent tissue. The tip of each bone was removed with 

scissors and the bones were flushed with 2 ml PBS by using a 23 G needle and a 1 ml syringe. Red 

blood cells were lysed as described above and cell suspensions were filtered using 40 µm nylon 

filters, followed by blocking at RT for 15 min. Splenic tissue was homogenized using scissors and 

cells were resuspended in 2 ml PBS and filtered using 100 µm nylon filters. Red blood cell lysis 

and blocking was performed as described above. 
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4.8.2 Antibody staining and measurement 
 
 

Upon blocking, cells were centrifuged for 2 min at 1200 rpm, resuspended with fluorescence-

labeled antibody dilution (usually 1: 500 - 1: 4000 in FACS buffer), and incubated at 4°C for 30 

min. The samples were centrifuged for 2 min at 1200 rpm, washed twice with FACS buffer, and 

fixed by incubation with 2% PFA (diluted in FACS buffer) for 5 min at RT. After another 

centrifugation step, cells were resuspended in FACS buffer and stored at 4°C until use. For flow 

cytometry, 250 µl of PBS were added and between 50,000 - 600,000 cells were analysed per 

sample using the BD™ LSR II or LSR Fortessa™ benchtop cell analyzers as well as the BD 

FACSDiva™ software. Data were analysed with the FlowJo software (Tree Star Inc., OR, USA). 

 

 

 

 

4.9 Isometric tension recording experiments 
 
Rats were sacrificed in deep anesthesia using isoflurane and the thoracic aorta was carefully 

removed. The aorta was cleaned of excess fat and connective tissue, cut into 2–3mm long rings 

and placed in cold physiological salt solution (PSS) containing (mM) 119 NaCl, 4.7 KCl, 1.2 

KH2PO4, 25 NaHCO3, 1.2 Mg2SO4, 11.1 glucose and 1.6 CaCl2, with a pH of 7.4. The rings were 

mounted in an organ bath chamber (Hugo Sachs Elektronik, Freiburg, Germany) filled with 20 ml 

PSS gassed with 95% O2 and 5% CO2, and maintained at 37 °C. The rings were gradually stretched 

to 1 g and allowed to equilibrate for 60 min until a stable resting tension was acquired. To evaluate 

maximal contractility, each aortic ring was then exposed to a high K+ (60 mmol/L) solution. After 

ca. 10-15 min, when the high K+-induced contraction reached a plateau, the rings were washed 

with PSS and allowed to re-equilibrate for 30 min. Afterwards, the rings were contracted with 10-

6 M phenylephrine (PE), and after stabilization (10–15 min), endothelium integrity and 

functionality was assessed by the cumulative addition of acetylcholine (10-9 - 10-6 M). The vascular 

response was expressed as a percentage of the ‘plateau’ constriction evoked by PE (10-6M). The 

software MYODAQ 2.01M610+ (Danish Myo Technology, Denmark) was used for data acquisition 

and display. 
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5 Animal experiments 

 

5.1 Animal husbandry 

All rat lines were kept in pathogen-free conditions in the MDC animal facility according to the 

German Animal Protection Law. Rats were housed in ventilated cages at a temperature of 21-23 

˚C, with a light/ dark cycle of 12 h each. Chow (0.25% sodium) and water were provided ad libitum. 

The genotype was determined in DNA isolated from either toe nail (p5-9) or ear (after p14), or, at 

the end of an animal experiment, in DNA from the tip of the tail for verification of the genotype. 

Animal experiments were reviewed and approved by the LaGeSo (G0124/17, Berlin, Germany).  

 

5.1.1 Endothelial cell-specific kinin B1 receptor transgenic 

rats 
 

B1R-TGR overexpressing B1 receptor in endothelial cells were already generated and used in 

previous studies by our group 215. Briefly, endothelium-specific expression was achieved using the 

mouse Tie2 promoter/enhancer (gift from Dr. T. Sato, University of Texas Southwestern Medical 

Center, Dallas, TX, USA13). A 2.1-kb Tie2 promoter fragment was subcloned into Bluescript SK+ 

(Promega, Madison, WI, USA) flanking a 1.2-kb mouse B1R coding region, a 0.8-kb SV40 

polyadenylation signal sequence, and an 8.6-kb partial XbaI fragment containing the Tie2 

enhancer sequence. The resulting 12.7-kb transgene fragment (Figure 15) was microinjected into 

the pronuclei of fertilized zygotes from Sprague Dawley (SD) rats. 

 

 

 

 

 

 

 

 

 

Figure 15:  DNA construct used for the generation of transgenic rats with endothelial kinin 
B1 receptor overexpression. 
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5.1.2 Generation of endothelial cell-specific kinin B2 

receptor transgenic rats 
 

The sequences of the endothelium-specific promoter of the mouse VE-Cadherin (VECDH) gene 

(available in the EMBL databank under accession number Y10887) and rat B2R cDNA were 

inserted in a pcDNA3.1 (-) vector (Invitrogen, Carlsbad, CA) to create the construct to be injected 

in pronuclei of rat zygotes. For this purpose, specific primers (BioTez, Berlin-Buch GmbH) were 

designed to amplify 2,800 bp of the mouse VECDH gene promoter region with the addition of 

restriction site sequences for the Mlu I and Xba I enzymes, VECDH5 (5’-

TCGTACGCGTGAGCTCCTCAATGTG3’) and VEDCH3 (5’GATGTCTAGAGCACAGTTGATTGCCTCAG-

3’). The purified construct (Figure 16) was microinjected in the zygote’s pronucleus and the 

surviving fertilized oocytes were transferred on the same day to the foster mothers by Elena 

Popova 216. The first four litters yielded a total of 34 pups. They were genotyped, but none of the 

animals was identified as a founder. Later, another 11 pups were genotyped and one was 

identified as a male founder (Figure 17 A). Later, a new female founder was identified between 18 

new pups (Figure 17 B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16:  Construct for B2R-TGR rats and representation of the primers designed to recognize the 
transgene in the DNA of the rats. 

Figure 17:  Transgene identification in the founders. The genotyping was performed using DNA extracted from tail biopsies. 
A:  The first founder (206) is a male rat from a litter of 11 pups. B:  The second founder (248) is a female rat from 18 pups. 
The positive control is indicated by “+” symbol, and the negative control by “- “. The identification number of each rat is 
according to our maternity records. 
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5.1.3 Generation of CPM knockout rat model 

 
CPM-knockout (KO) rats were generated using CRISPR-Cas9 technology (Figure 18). For this 

purpose, the DNA for the gRNA sequence (AAAAGCACCGACTCGGTGCC) was synthesized as a 

double-stranded oligonucleotide by the company BIOTEZ, phosphorylated by T4 polynucleotide 

kinase, and inserted into the plasmid pX330 via the BbsI site. PCR-amplification by T7sgRNA CPM 

(TAATACGACTCACTATAGGTTCCATCTCTAGGACATGGA) and gRNA31 

(AAAAGCACCGACTCGGTGCC) primers, followed by transcription of the PCR product with T7 

polymerase, produced the gRNA which was co-injected with Cas9 mRNA into pronuclei of 

Sprague-Dawley rat zygotes by Elena Popova. The injected embryos were transferred into foster 

mothers and the offspring was analysed for mutations by PCR using the primers CPM5 and CPM3, 

followed by sequencing of the PCR products with CPM3. The sequence analysis of two animals 

with mutations revealed a 6 base pair deletion including the ATG start codon and a T insertion in 

the coding sequence. Both should be functional knockouts. The lines L-38 and L-76, respectively, 

were both bred to homozygosity (Figure 19). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18:  Mutations in the rat CPM gene introduced by CRISPR/Cas9. The Exon 2 of the CPM gene is shown 
in capital letters and introns are shown in lower case letters, and red letters mark the two genotyping 
primers, CPM5 and CPM3. The gRNA sequence is underlined and the PAM is in italic. Blue and green letters 
mark the deletion in one rat line (38) and the insertion in the other line (76), respectively. 

Figure 19:  Lung cDNA of homozygous CPM-KO rats from both lines was amplified by CPM5 and CPM3 
primers. The PCR products were sent to sequence analyses with CPM3. The DNA from line 38 showed the 
expected 6 bp deletion and from line 76 the single T insertion. 

ATGGAC 
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5.2 Measurements of blood pressure in conscious rats 
 

Male rats (12–16 weeks) were equipped with catheters in the femoral artery and vein, under 

chloral hydrate (400mg/kg) anesthesia. After a 48h recovery period, the arterial catheter was 

connected to a pressure transducer (PowerLab, ADI Instruments Co., Colorado Springs, CO, USA) 

and mean arterial pressure and heart rate were recorded under basal conditions as well as after 

intravenous (i.v.) administration of increasing doses (0.01–1μg/kg) of BK and des-Arg9-BK in B2R 

and B1R-TGR, respectively and also in SD rats.  

 

 

 

 

5.3 Angioedema induction and vascular permeability 

assays 

5.3.1 Short term treatment to induce angioedema using 

Mustard oil 
 

Male B2R-TGR, edemic B2R-TGR and Sprague Dawley (SD) rats (12 weeks) were used in each 

experiment. All angioedema induction tests were performed in conscious animals. Angioedema 

induction was performed with local irritants able to induce plasma leakage and local inflammation 

such as mustard oil, as previously described 207. Briefly, Evans blue dye (EB, 30mg/ml in 100 μl 

PBS) was injected into the tail vein of 12-week-old rats. After 1 and 15 minutes of EB injection, 

mustard oil diluted to 5% in mineral oil was applied to the dorsal surface of the right ear and 

tissue samples from ear, feet, tongue, larynx, duodenum, and lung were dissected and the dye 

extracted and measured as described above. Pieces of organs were collected, weighed and 

incubated in formamide for 48 h at 55°C to extract the dye. EB extravasation was measured by 

spectrophotometry at 620 nm and quantified according to a standard curve.  

 

 

5.3.2 Hoe140 treatment in B2R-TGR and spontaneously 

edemic TGR rats 
 

In this experiment, we considered four groups of rats (male, 12-16 weeks old):  group 1, B2R-TGR 

(control group, n=3); group 2, B2R-TGR treated with Hoe140 (n=4); group 3, EdemicB2R-TGR 

(control group, n=5); and group 4, EdemicB2R-TGR treated with Hoe140 injection (n=5).  Rats 

from groups 2 and 4 were treated with Hoe140 (10µg/kg) intravenously (i.v. lateral tail vein), and 

groups 1 and 3 were treated with vehicle (physiological saline, i.v.). 24h after the treatment, 

vascular permeability was analysed in all four groups 30 min after EB tail vein injections. One 

hour after the EB treatment, rats were sacrificed and the organs were collected for the analysis of 

extravasations. Pieces of organs were weighed and incubated in 1 ml formamide for 48 h at 55°C  
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to extract the dye. EB was quantified by measuring the optical density of the formamide extract at 

620 nm absorbance and was compared with the standard curve of EB (0.005 µg to 3000 µg/100 

µL) diluted in formamide. Extravasations are expressed as mg of EB/g tissue. 

 

 

 

5.3.3 Chronic enalapril treatment to induce angioedema 

 
In this experiment male rats (12-16 weeks) were divided into four groups:  group 1, B2R-TGR 

(n=6); group 2, B2R-TGR received enalapril in drinking water for 30 days (1mg/KG/BW) (n=8); 

group 3, SD rats (n=6); and group 4, SD rats also received enalapril in drinking water for 30 days 

(1mg/kg/BW) (n=6). The daily drinking water amount and every week body weight were 

measured and the dose of enalapril was adjusted accordingly. At the end of the treatment period, 

vascular permeability was analysed 30 min after Evans blue (EB) tail vein injections (30 mg/kg 

body-weight). Rats were sacrificed and organs collected for the extravasation analyses as 

described above. 

 

 

 

5.4 Statistics 
 

All data were subjected to statistical analysis using GraphPad Prism 5 or 6 software (San Diego, 

CA, USA). Results in this study are presented as mean ± SEM (standard error of mean). The 

Student’s t-test was applied for comparisons between independent pairs of means. Differences 

between two groups with a p-value of <0.05 were considered to be statistically significant. The 

following categorization applies to all displayed graphs in this study:  * p < 0.05; ** p < 0.01; *** p 

< 0.001; **** p < 0.0001; and applies in the same way for all other symbols.
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6 Results 
 

6.1 Transgenic rats overexpressing bradykinin B2 

receptors in endothelial cells (VECDHB2) 
 

Two lines of transgenic rats overexpressing kinin B2 receptor (TGR (VECDHB2); B2R-TGR) were 

generated; L-11248 and L-11206 (see 4. Animals). In L-11248, we observed that in some litters 

all pups were positive for the transgene, although they were from heterozygous transgenic and 

non-transgenic parents. We were expecting 50% transgenic and 50% non-transgenic littermates. 

This unexpected phenomenon could be explained by the possibility that this line may have more 

than one transgene integrated into more than one of their chromosomes due to the random nature 

of an integration event. To clarify this, we mapped the B2R transgene locations. We used the 

inverse PCR method. Genomic DNA containing the inserted transgene from 20 transgenic rats was 

digested by a restriction enzyme (BstY1) which generates a restriction cut within the transgene 

as well as within the neighboring genomic DNA. This transgene-genomic DNA fragment was then 

ligated back to itself to form a circular DNA structure using ligase (T4 Ligase). PCR was performed 

using selected primers (Table 17) which were oriented in the reverse direction. PCR products 

were cloned using T-vector. In order to extract plasmid DNA from bacteria, the “mini prep” 

technique was utilized, and finally the DNA was sequenced using specific primers (Table 17). We 

found that in these pups the transgene was located in chromosome 19 and the integration was 

only on one site (Figure 20). 

 

 

                                   

 
Figure 20:  Transgene flanking sequence in B2R-TGR line 11248 and comparison with the rat genomic DNA 

(chromosome 19). 
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6.1.1 Verification of B2 receptor expression in different 

organs at the level of mRNA 
 

We had two lines for the B2R-TGR, as mentioned above. The expression levels of mouse and rat 

B2R were determined by quantitative real-time PCR (qPCR) in different tissues isolated from non-

transgenic control SD and the two lines of B2R-TGR (L-11248 and L-11206). Transgene (mouse 

B2R) overexpression was determined by qPCR using primers targeting the endogenous (rat, 5’ -

AGGAGAAGTTGGTGGGCTAC -3’, 5’ -TCATCAGGGTGTCGACGAAA -3’) and the total B2R expression 

(transgene + endogenous) (5’ - GGTGCTGAGGAACAACGAGA -3’, 5’ - CCCAACACAGCACAAAGAGC -

3’). The total B2R expression was significantly higher in all organs of L-11248 B2R-TGR tested 

when compared to non-transgenic SD rats, while the expression of endogenous B2R was slightly 

reduced or not affected (Figure 21). The expression levels were calculated related to TBP (TATA-

binding protein) as housekeeping gene. However, L-11206 did not express the transgene at all in 

all organs tested, even though they were transgenic according to our genotyping data. Therefore, 

we only used the L-11248 rats for all further experiments.  
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6.1.2 Localization of B2R on endothelial cells in rat blood 

vessels using "RNAscope" in-situ hybridisation 

technique 
 

The exclusive overexpression of B2R in endothelial cells of B2R-TGR of L-11248 was 

demonstrated using the RNAscope method. RNAscope enables the detection of almost any RNA 

with single-molecule sensitivity and high specificity in tissues. RNAscope was performed on 

sections of aorta and other tissues from age-matched adult B2R-TGR, and with SD rats as negative 

control. Figure 22 demonstrates significant overexpression of transgenic B2R only in the 

endothelium of aorta and neighbouring small vessels of B2R-TGR compared to SD controls (red 

dots).  
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Figure 21:  Quantitative analysis of mRNA levels of rat endogenous and mouse transgene B2 receptor in two lines of 
B2R-TGR (L-11248 and L-11206). Data are expressed as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001 when compared 
with other groups, unpaired t-test. 
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6.2 Verification of B1 receptor expression in different 

organs at the level of mRNA 
 

To determine the expression levels of the transgene in heart, lung and aorta, we performed 

quantitative real-time PCR (qPCR) in non-transgenic control SD rats and B1R transgenic rats 

(B1R-TGR, L-7065). Figure 23 shows the expression levels of mouse transgenic B1R as well as rat 

endogenous B1R and B2R. The expression levels were calculated related to TBP as housekeeping 

gene. The transgenic and endogenous B1R were significantly overexpressed in heart, lung and 

aorta of B1R-TGR compared to SD rats. Surprisingly, endogenous B2R was significantly 

overexpressed in B1R-TGR aorta compared to SD aorta.  

 

 

Figure 22:  In-situ hybridization using the RNAscope technique. RNAscope was performed on 
formalin fixed paraffin-embedded sections of aorta from adult B2R-TGR and SD (control) rats. 
Arrows show B2R mRNA overexpression (red dots) on endothelial cell lining. A:  small arteries 
located adjacent to aorta; B:  higher magnification; and C:  aorta in B2R-TGR. 
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6.3 Blood pressure response to B1 and B2 receptor 

agonists in vivo 
 
B1R- and B2R-TGR showed normal levels of mean arterial pressure vs. SD rats at baseline. BK and 

des-Arg9-BK (0.01–1μg/kg) 215 produced a dose-dependent hypotension when administered (i.v.) 

to B2R- and B1R-TGR, respectively, whereas control SD rats did not respond to these treatments 

(Figure 24). 
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Figure 23:  Quantitative analysis of mRNA levels of mouse transgenic B1R, rat endogenous B1R and 
rat endogenous B2R in B1R-TGR. Data are expressed as mean ± SEM. *p<0.05; ***p<0.001 when 
compared with control groups, unpaired t-test. 
. 
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6.4 Kinins induced endothelium-dependent 

vasorelaxation in B1R- and B2R-TGR 
 
B1R and B2R agonists on the relaxant responses induced by des-Arg9-BK or BK, respectively, were 

tested in aortic rings isolated from B1R- and B2R-TGR. The aortic rings were characterized in 

terms of the vascular reactivity through isometric relaxation and contraction recordings following 

application of the respective agonists, and in addition, pretreatment of tissue with the respective 

antagonists. To perform the experiments, we used the in vitro “organ bath” technique. The des‐

Arg9-BK (specific B1R agonist) had no effect on the aortic rings isolated from control SD rats. In 

contrast, B1R-TGR aortic rings responded with a dose-dependent relaxation to des‐Arg9-BK. This 

effect was abolished by pre-incubation of aortic rings with R-715, a specific B1R antagonist 

(Figure 25 A and B). With BK, the B2R agonist induced a significant vasorelaxation in B2R-TGR 

aortic rings but not in control SD, and this effect was abolished by pre-incubation of aortic rings 

with Hoe140, the specific B2R antagonist (Figure 26 A and B).  
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Figure 24:  Effect of kinin receptor agonists on mean arterial blood pressure. A:  Hypotension dose-
dependently induced by B1 receptor agonist (des-Arg9-BK) administration (i.v.) to B1R-TGR and control 
rats (SD), respectively (modified from Merino et al., 2008 208). B: Hypotension dose-dependently induced 
by BK administration (i.v.) to B2R-TGR and control rats (SD). **p<0.01; ***p<0.001 when compared with 
control groups, unpaired t-test. 
. 

Figure 25:  Effect of: A) B1 receptor agonists (des-Arg9-BK), and B) pre-incubation with B1 receptor antagonist 
(R-715, 1µM) on isolated aortic rings from B1R-TGR and SD rats. Data are expressed as mean ± SEM. *p<0.05; 
***p<0.001 when compared with control groups, unpaired t-test. 
. 
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To investigate functional up-regulation of the other kinin receptor subtype in each transgenic 

model (vice versa), BK and des‐Arg9-BK were applied on B1R-TGR and B2R-TGR, respectively. 

Des‐Arg9-BK had no effect on the aortic rings isolated from B2R-TGR rats, whereas BK surprisingly 

showed a significant relaxant effect on the aortic rings from B1R-TGR rats - however, only at a 

higher concentration (Figure 27). To evaluate whether the enhanced relaxant responses induced 

by BK were due to the activation of B1R or B2R, the aortic rings isolated from B1R-TGR rats were 

pre-incubated with R-715 (B1R antagonist) or Hoe140 (B2R antagonist). As can be seen in Figure 

28, R-715 completely abolished BK-induced relaxation; however, Hoe140 did not show any effect 

on BK relaxation response, indicating vasorelaxation through B1Rs. We then tested whether this 

was due to the degradation of BK to des‐Arg9-BK by the enzyme CPM in the tissue. Therefore, the 

aortic rings were pre-incubated with the CPM inhibitor MERGETPA. It did not affect the 

vasorelaxation induced by BK (Figure 28 C). 

 

 

 

 

 

 
 

  

 

 

 

 

 

 

 

 

 
 
 
 
 

Figure 27:  Effect of: A)  B2 receptor agonist (bradykinin) on isolated aortic rings from B1R-TGR, and B)  B1R 
agonist (des-Arg9-BK) on isolated aortic rings from B2R-TGR (B). Data are expressed as mean ± SEM. ***p<0.001 
when compared with control groups, unpaired t-test. 
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Figure 26:  Effect of: A) B2 receptor agonist (bradykinin), and B) antagonist (Hoe140, 0.2 nM) on isolated 
aortic rings from B2R-TGR and SD rats. Data are expressed as mean ± SEM. *p<0.05; **p<0.01, ***p<0.001 
when compared with control groups, unpaired t-test. 
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6.5 Bradykinin-induced endothelium-dependent 

vasorelaxation 
 
The relaxant response to BK in rats and humans depends on the endothelium 217, 218. To establish 

whether endothelium-dependent mechanisms are involved in the response of B2R-TGR vessels to 

BK, the endothelium was removed by gentle rubbing of the intimal surface of aorta before the ring 

was mounted in the bath. The absence of endothelial cells was confirmed physiologically by 

testing the relaxant response to acetylcholine, which is abolished by endothelial denudation. 

Endothelial denudation completely abolished the BK-induced relaxation (Figure 29). 
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Figure 28: Effect of: A) R715 (B1R antagonist), B)  Hoe140 (B2R antagonist) and C)  MERGETPA 
(CPM inhibitor) on isolated aortic rings from B1R-TGR. Data are expressed as mean ± SEM. 
***p<0.001 when compared with control group, unpaired t-test. 
 

Figure 29: Relaxations of: A)  B2R-TGR aortic rings to acetylcholine, and B)  Bradykinin in the absence and 
presence of endothelium. Data are expressed as mean ± SEM. **p<0.01; ***p<0.001 when compared with 
segments without endothelium, unpaired t-test. 
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6.6 Signaling pathways involved in kinin receptor-induced 

vasodilation 

There are three major signaling pathways characterized for kinin-induced vasodilatory effects:  

nitric oxide (NO), prostacyclin and endothelial-derived hyperpolarizing factor (EDHF). It is known 

that these pathways do not contribute to the same degree in different types of blood vessels. To 

find out what percentage each pathway contributes to the relaxation mediated by kinins, we used 

receptor blockers/inhibitors for these three different pathways. First, we studied the NO signaling 

pathway. It turned out that L-NAME completely abolished the relaxation induced by B1R and B2R 

agonists in both transgenic rats. Therefore, it was clearly evident that, most probably, the 

dominant signaling pathway which mediates kinin-induced vasorelaxation in rat aorta is the NO-

signaling pathway (Figure 30 A and B). As depicted in Figure 30 B, preincubation of aortic rings 

with L-NAME resulted in vasoconstriction at higher concentrations of BK. It is known that BK 

induces not only relaxation but also contraction in an endothelium-dependent manner 219. 

 

 

 

  

 

 

 

 

 

Next, the contribution of the prostacyclin signaling pathway was investigated. Indomethacin, a 

non-selective COX inhibitor, was used on kinin-induced vasorelaxation and it was found that B2R-

TGR aortic ring relaxation was in fact significantly potentiated (at 10-8/10-7 M BK) compared to 

vehicle treated aortic rings. Indomethacin also did not inhibit the relaxation induced by des-Arg9-

BK in B1R-TGR. The results clearly indicate that the vasorelaxation response induced by kinins in 

aorta was not mediated via the prostacyclin pathway (Figure 31 A and B). 
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Figure 30:  Effect of: A) NO synthesis inhibitor L-NAME on isolated aorta from B1R-TGR, and B)  B2R-TGR. 
Data are expressed as mean ± SEM. *p<0.05; ***p<0.001 when compared with control group, unpaired t-
test. 
 

Figure 31: Effect of COX inhibitor indomethacin on isolated aortic rings from B1R- (A) and B2R- (B) TGR. 
Data are expressed as mean ± SEM. *p<0.05 when compared with control group, unpaired t-test. 
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Next, we investigated the possible involvement of K+ channels in vasorelaxation induced by kinins. 

In this experimental protocol, we applied non-selective and selective K+ channel blockers. The 

non-selective K+ channel blocker tetraethylammonium (TEA) was used in both B1R- and B2R-

TGR, which partially blocked the vasorelaxation induced by BK and des-Arg9-BK (Figure 32 A and 

B). Glibenclamide, a specific KATP channel blocker, showed no involvement in the relaxation 

induced by BK (Figure 32 C and D). On the other hand, Iberiotoxin, a BKca2+ (big conductance 

calcium sensitive potassium channel) blocker, strongly attenuated the vasorelaxation effect 

induced by kinins in both B1R- and B2R-TGR rats. This indicates the involvement of large 

conductance Ca2+ sensitive potassium channels in kinin-induced vasorelaxation (Figure 32 E and 

F). 
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Figure 32:  Effect of: A) and B) non-selective K+ channel blocker, TEA; C) and D)  specific KATP channel blocker, 
Glibenclamide; E) and F) BKca2+ channel blocker Iberiotoxin, on isolated aortic rings from B1R- (A, C, E) and B2R-TGR 
(B, D, F). Data are expressed as mean ± SEM, *p<0.05, **p<0.01; ***p<0.001 when compared with control groups, 
unpaired t-test. 
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It has been shown that triggering of all relaxation pathways requires Ca2+ ions and that 

intracellular Ca2+ should be increased in endothelial cells. There are different Ca2+ channels on the 

cell membrane. Transient receptor potential channels (TRP) are the most important Ca2+ 

channels, which are a family of cation channels grouped into six subfamilies, namely: TRPV 1-6; 

TRPC 1-7; TRPM 1-8; TRPML 1-3; TRPP 2, 3, 5; and TRPA1. To investigate the role of TRPV 

(transient receptor potential vanilloid channel), particularly 1 and 4, in the vasorelaxation 

induced by kinins, specific inhibitors were used. There was no significant difference between B1R- 

and B2R-TGRaortic rings inhibited by TRPV1 (Capsazepine) and TRPV4 (RN-1724) inhibitors 

compared to vehicle treated aortic rings (Figure 33, A-B and C-D, respectively). We also assessed 

the role of different TRPC inhibitors on kinin-induced vasorelaxation, including the TRPC3 

inhibitor Pyr3 (Figure 34 A and B), the TRPC4 inhibitor ML204 (Figure 34 C and D), the TRPC5 

inhibitor AC1903 (Figure 34 E and F), and the TRPC6 specific inhibitor SAR7334 (Figure 34 G and 

H). Our results showed the involvement of TRPC4 channels only, and all other inhibitors did not 

affect the kinin-induced vasorelaxation. It seems that TRPC4 plays a central role in B1R- and B2R-

induced vasorelaxation in rat aorta.  
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Figure 33:  Effect of: A) and B) TRPV4 (capsazepine); C) and D) TRPV1 (RN-1734) inhibitors on isolated aorta 
from B1R- and B2R-TGR. Data are expressed as mean ± SEM. 
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Figure 34:  Effect of: A) and B)  TRPC3 (Pyr3); C) and D)  TRPC4 (ML204); E) and F)  TRPC5 (AC1903); G and 
H)  TRPC6 (SAR7334) inhibitors on isolated aorta from B1R- and B2R-TGR. Data are expressed as mean ± 
SEM, *p<0.05; **p<0.01; ***p<0.001 when compared with control groups, unpaired t-test. 
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ML204 is a potent antagonist that selectively modulates native TRPC4/C5 ion channels. Initially 

10 µM of ML204 was applied, which has been suggested to block both TRPC4 and 5 (Figure 34 C, 

D). According to some studies, concentrations smaller than 10 µM of ML204 show more affinity 

and specificity toward TRPC4 channels. Therefore, it was decided to assess 300 nM of the inhibitor 

in kinin induced vasorelaxation, and it induced the same relaxation pattern as 10 µM (Figure 35). 

Since there was an effect by SAR7334 at high concentrations of BK in B1R-TGR (Figure 34 G), we 

also assessed a second inhibitor of TRPC6 with a high specificity named SHO45 (Gift from Dr. 

Schaefer, Munich, Germany), confirming that this subtype is not involved in kinin receptor 

signaling (Figure 36). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 

 

 

  

 

 

 
 

 

 

Figure 35:  Effect of TRPC4/5 inhibitor, ML204, low dose, on isolated aortic rings from B1R- and B2R-TGR. 
Data are expressed as mean ± SEM, *p<0.05; **p<0.01; ***p<0.001 when compared with control group, 
unpaired t-test. 
 

Figure 36:  Effect of TRPC6 inhibitor, SHO45, on isolated aortic rings from B1R- and B2R-TGR. Data are expressed as 
mean ± SEM. 
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6.7 Detection and quantification of TRP channel 

transcripts in aorta at the level of mRNA 
 

Figure 37 shows the expression levels of TRPC3, TRPC4, TRPC5, TRPC6, TRPV1 and TRPV3 

channels in aorta isolated from B1R- and B2R-TGR. The expression levels were calculated related 

to TBP (TATA-binding protein) as housekeeping gene. The non-transgenic SD rats were taken as 

control. Using qPCR, we detected signals for all above mentioned TRP channel transcripts. There 

were no significant differences in TRPC3, 4, 5, TRPV1 and 3 expression levels in B1R- and B2R-

TGR compared to control groups. A slight decrease of TRPC6 was detected in B2R-TGR aorta 

compared to the SD group. The expression levels of TRP channels were also calculated in aorta 

isolated from WT rats. To understand how high the expression of the TRP channels was relative 

to one another in the aorta, we compared their CT values (Figure 38). 
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6.8 Angioedema induction in rats overexpressing the kinin 

B2 receptor 

6.8.1 Vascular permeability assay in B2R transgenic rats 

after Mustard oil short-term (acute) treatment to 

induce angioedema 
 

Vascular permeability was analyzed 30 min after Evans blue (EB) tail vein injections in 12-week-

old conscious B2R-TGR rats (30 mg/kg bodyweight). EB extravasation was measured 

spectrophotometrically. Acute angioedema attacks were induced by two topical applications of 
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Figure 37:  Quantification of TRP channel transcripts in aorta at the level of mRNA using real-time qPCR. 
Expression levels of TRPC3, TRPC4, TRPC5, TRPC6, TRPV1 and TRPV3 channel mRNA from B1R- and B2R-
TGR. The non-transgenic SD rats were taken as control for B2R-TGR, and B1Rneg (negative) litter mates were 
taken as control for B1R-TGR. The mRNA levels of TRP ion channels are given in relation to the housekeeping 
gene, TBP. Means ± S.E.M, * p<0.05 when compared with control group, unpaired t-test, n = 4–6. 

Figure 38:  Quantification of TRP channel transcripts in aorta at the level of mRNA using real-time qPCR. 
Expression levels of TRPC3, TRPC4, TRPC5, TRPC6, TRPV1 and TRPV3 channel mRNA from WT. The 
mRNA levels of TRP ion channels are given in relation to the housekeeping gene, TBP. Means ± S.E.M, 
***p<0.001 when compared with other groups, unpaired t-test. n = 4–6. 

 



Results 

80 
 

mustard oil. On the dorsal/outer side of the ear, where mustard oil was applied, EB extravasation 

was more than 4-fold higher in B2R-TGR rats when compared to WT (Figure 39 A), and 

additionally the skin surrounding the region, such as on the skull, and surrounding the eye and 

snout, showed higher vascular permeability (Figure 39 B, C and D). 

 

 
 

 

 

 

 

 

 
 
 
 
Figure 39:  Evans blue extravasation after mustard oil challenge. (A) The median Evans blue (EB) extravasation 
was significantly higher in the B2R-TGR ear where mustard oil was applied (ear+), but also in the other ear 
(ear-) and in the tongue compared to control rats. (B) Ear, (C) head skin, (D) tongue and trachea after mustard 
oil application. *p<0.05, **p<0.01 when compared with control group, unpaired t-test, n=6. 

 

 
 

 

We also evaluated internal tissues to assess any possible systemic effect of mustard oil-induced 

EB extravasation. After mustard oil challenge, EB extravasation in male B2R-TGR rats was 

significantly higher in kidney compare to all other organs tested (Figure 40 A). We assume that 

this increased vascular permeability remote from the application site was most probably 

independent of mustard oil treatment. Accordingly, 12-week-old female transgenic rats presented 

increased vascular permeability under basal conditions in bowel, uterus, liver and kidney when 

compared to age-matched WT females (Figure 40 B). This exacerbated vascular permeability in 

females compared to males supports the potential of the transgenic rat model as a tool for the 

study of the influence of sexual hormones on the regulation of the BK-release pathway and HAE. 
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6.8.2 Spontaneous angioedema in B2R-TGR 
 

During the mustard oil short term experiments, although no skin swelling occurred, we observed 

that 12% percent of B2R-TGR rats (10/84) presented intestinal swellings independent of sex 

(5/49 male vs. 5/35 female). This phenotype was not observed in the analysed age-matched WT 

rats (42 male, 18 female). Neither EB nor mustard oil was determinant for the development of this 

phenotype (4/10 rats underwent no procedure), indicating a spontaneous and sporadic 

occurrence of abdominal angioedema. We then carefully analysed more B2R-TGR animals and 

found that almost 9% of them developed intestinal swelling, which was prominent around the age 

of 4-6 weeks. We also observed pancreatic lesions characterized by blood clots spread throughout 

the tissue, whereas B2R-TGR littermates with no intestinal swelling have normal pancreatic 

tissue. Comparing B2R-TGR pancreas with and without hemorrhagic clots (Figure 41 B), an 

increase in the size and amount of Langerhans islets was observed (Figure 41 D). 

Immunohistochemical analysis indicated a large increase in the number of α-cells and a decrease 

in β-cells when compared to non-affected B2R-TGR rats (Figure 41 E). The pancreatic lesions 

observed can be a consequence of pancreatic edema or represent a secondary event to intestinal 

swelling, which can induce partial or complete ductal obstruction resulting in pancreatitis. 

 
 

Figure 40: Evans blue extravasation in different tissues. (A) Comparison of Evans blue (EB) extravasation in male 
rats after mustard oil challenges revealed significantly increased permeability only in kidney of B2R-TGR 
compared to WT. (B) Female rats presented higher median EB extravasation in all analyzed organs under basal 
conditions. Data are expressed as median with interquartile range. *p<0.05 when compared with control groups, 
unpaired t-test. 
 



Results 

82 
 

 

 
 
Figure 41:  Spontaneous angioedema affecting intestine and pancreas. B2R-TGR presented sporadic 
spontaneous episodes of angioedema affecting intestine (A) and pancreas (B). Haematoxylin-eosin stained 
ileum (C) and pancreas (D) sections of healthy B2R-TGR rats (upper panels) and B2R-TGR rats during intestinal 
swellings (lower panels). Thickened villi can be observed during abdominal swellings in the intestine (C, black 
arrow heads). Langerhans islets (D, black arrow heads) are larger during swelling episodes, and contain 
thrombi (red arrow heads). (E) Anti-insulin (red) and anti-glucagon (green) staining revealed a decrease in β-
cells and an increase in α-cells, respectively. 
 
 

 

6.8.3 Vascular permeability assay after Hoe140 treatment 

in B2R-TGR 
 

In order to evaluate whether B2R-TGR with angioedema showed an increased B2R-dependent 

vascular permeability in general, we measured this parameter by tail-vein injection of EB in the 

presence of the B2R antagonist Hoe140. In this experiment, we used four groups of rats (male, 12-

16 weeks old):  group 1, B2R-TGR (control group, n=3); group 2, B2R-TGR treated with HOE140 

(n=4); group 3, EdemicB2R-TGR (control group, n=5); and group 4, EdemicB2R-TGR treated with 

HOE140 injection (n=5).  Rats from groups 2 and 4 were treated with Hoe140 (10µg/kg) 

intravenous (i.v. lateral tail vein) and groups 1 and 3 were treated with vehicle (physiological 

saline, i.v.). 24h after the treatment, vascular permeability was analysed in all four groups 30 min 

after Evans blue (EB) tail vein injections. One hour after the EB treatment, rats were sacrificed 

and organs were collected for the analysis of extravasations. Statistical differences were 

determined by t- and F-test. Unlike the t-test which shows the significance of means, an F-test is 

used to compare the two standard deviations of two samples and check the variability. In the 

edemic B2R-TGR group which received Hoe140, the EB extravasations were significantly 

decreased in the heart when evaluated by t-test, and significantly decreased in the stomach, 
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rectum, skeletal muscle, skin and submandibular gland when evaluated by F-test compared to the 

edemic B2R-TGR vehicle-treated control group. In most of the organs from the B2R-TGR+Hoe140 

group, especially the stomach, colon, uterus (t-test) and duodenum, ileum, skin and urinary 

bladder (F-test), to our surprise, EB extravasation was increased when compared to the vehicle-

treated B2R-TGR group (Figure 42). 
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6.8.4 Vascular permeability measurement after chronic 

treatment with enalapril 
 

Next, we wanted to assess whether B2R-TGR are more sensitive than controls to inducers of 

angioedema, such as ACE inhibitors. In this experiment male rats (12-16 weeks) were divided 

into four groups:  group 1,  B2R-TGR (n=6) control; group 2,  B2R-TGR received the ACE inhibitor 

enalapril in drinking water for 30 days (1mg/KG/BW) (n=8); group 3,  SD rats (n=6) as control 

group; and group 4,  SD rats also received enalapril in drinking water for 30 days (1mg/kg/BW) 

(n=6). The control group received normal drinking water. At the end of the treatment period, 

vascular permeability was analysed 30 min after Evans blue (EB) tail vein injections (30 mg/kg 

body-weight). Rats were sacrificed and organs were collected for the extravasation analyses as 

described above. In the B2R-TGR group which received enalapril, the EB extravasations were 

significantly increased in the testis (t-test) and significantly increased in the stomach, heart, lung, 

kidney, trachea, tongue, oesophagus, duodenum, colon, brain, eyes and pancreas (F-test) 

compared to the vehicle-treated control B2R-TGR. In the trachea (F-test) and liver (t-test) of the 

SD treated with enalapril group, EB extravasations were significantly increased compared to the 

vehicle-treated control SD group (Figure 43).   
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Figure 42:  Evans blue extravasation in different tissues of vehicle- and Hoe140-treated healthy (non-edemic) B2R-
TGR and edemic B2R-TGR (n=3-5). Data are expressed as median with interquartile range. *p<0.05 when 
compared with control group, unpaired t-test. 
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6.9 Knockout rats for carboxypeptidase M 

6.9.1 Generation of CPM-KO rats 
 

BK as the main product of the KKS is released from kininogens and exerts its biological activities 

through B2R. BK is further converted to its metabolite des-Arg9-BK, which is an active endogenous 

ligand to B1R. This conversion occurs through the enzymatic action of CPM, which is also known 

as kininase 1. To investigate the role of CPM in KKS and beyond, we decided to generate a rat 

model lacking CPM globally. The CRISPR/Cas9 technique was applied to introduce mutations in 

the rat CPM gene in exon 2. Two lines of CPM KO were generated, one line carrying a 6 base pair 

deletion including the ATG start codon (L-38), and another line (L-76) with a thymidine insertion 

in the coding sequence. Both were expected to be functional knockouts.  
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Figure 43:  Evans blue extravasation in different tissues of wild type SD and B2R-TGR rats after chronic treatment 
with enalapril (1 mg/KG/BW in drinking water for 4 weeks); control groups received vehicle (tap water). n=6-8. Data 
are expressed as median with interquartile range. *p<0.05 when compared with control group, unpaired t-test. 
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6.9.2 CPM expression in different organs at the level of 

mRNA 
 

To determine the expression level of the CPM mRNA in different tissues of CPM-KO and WT rats, 

quantitative real-time PCR was performed. Figure 44 shows the expression levels of both lines in 

lung and heart calculated related to TBP (TATA-binding protein) as the housekeeping gene. SD 

rats were taken as positive control. The expression levels of CPM mRNA in both lines were almost 

50% lower in lung and heart compared to the control group, but not fully absent. Therefore, it was 

important to check protein expression and enzyme activity to prove that the CPM is functionally 

inactive. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.9.3 CPM protein expression in CPM-KO and WT lungs 
 

 

To investigate the CPM protein expression, Western blotting of CPM-KO and WT lung, this being 

the main expressing organ of this enzyme, was performed. Recombinant human CPM (rhCPM) 

was applied as positive control. According to previous studies 23, a specific band was detected for 

CPM at approximately 55-65 KDa in WT but not in our CPM-KO tissue. A rhCPM band was detected 

at about 50 KDa (Figure 45). Since rhCPM is purified from overexpressing cells, the difference in 

molecular mass may be explained by differential glycosylation states of the recombinant and the 

native CPM. Therefore, we decided to deglycosylate our tissue CPM to see whether the detected 

band sizes drop. The protein was stripped of N-linked oligosaccharides attached to asparagine 

residues using the specific amidase PNGase F. CPM was in fact strongly glycosylated, and 

deglycosylation led to a decreased size of about 47 KDa and to a more distinct shape of the band. 

This size was even smaller than that of rhCPM, which is not surprising since rhCPM is probably 

also partially glycosylated (Figure 45 B). 
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Figure 44:  Quantitative analysis of mRNA levels in two lines of CPM-KO rats (L-38 and L-76) 
Data are expressed as mean ± SEM. n=2-3. *p<0.05; **p<0.01 when compared with control 
group, unpaired t-test. 
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6.9.4 Estimation of CPM activity in CPM-KO and WT lungs 
 

The peptidase activity of CPM was tested with Dansyl-Ala-Arg substrate at pH 7, which is the 

optimum pH for CPM activity 220. Protein samples were from lung of WT and both CPM-KO lines 

(L-38 and L-76). Samples were incubated for 3 hrs and the enzyme activity was measured using a 

fluorometer. Substrate metabolism increased linearly over time in WT, but less in both CPM-KO 

lines, but did not reach a plateau. In Figure 46 A, it is shown that the hydrolysis of Dansyl-Ala-Arg 

by CPM was completely inhibited by the CPM inhibitor MERGETPA (MGTA) in both WT and CPM-

KO. CPM-KO showed a dramatically dropped CPM activity compared to WT, but there was still 

some activity left (Figure 46 B). This could be due to other types of carboxypeptidases (CPs) found 

in the tissues besides CPM. These peptidases have different pH optima for their enzyme activity. 

To distinguish CPM activity from other CPs, we investigated the CP activity in the lung of WT and 

CPM-KO at pH values ranging from 5 to 8.5. In Figure 46 C, both lines of CPM-KO show a significant 

decrease in enzyme activity compared to WT on the whole range of pH. In WT, the maximal CP 

activity was obtained at pH 7, but the enzyme still retained about 90% of its activity at pH 7.5 and 

70% at pH 8. The activity dropped sharply at acidic pH. In CPM-KOs, there was still a slight enzyme 

activity, mainly at acidic pH. We speculate that this slight activity could not be due to CPM because 

it does not follow the pH/activity pattern of CPM in WT, so that what we saw is the activity of 

other carboxypeptidases like CPD or CPH. These enzymes show their maximum activity in the 

range of pH 4.5 to 6 and are inactive at pH 7.5 221. 

Figure 45:  A:  CPM protein expression of CPM-KO and WT lung. B. Deglycosylation of CPM protein CPM-KO 
and WT lung by PNGase F. GAPDH was used as the internal protein loading control. rhCPM, recombinant 
human CPM. 
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6.9.5 Effects of CPM deletion on the hematopoietic system 
 

SDF-1, or CXCL12, is a chemokine produced by bone marrow (BM) stromal cells. This factor 

provides a potent retention signal for hematopoietic stem/progenitor cells (HSPC) and strongly 

attracts HSPC cells in the bone marrow. When SDF-1 is exposed to CPM,  lysine is rapidly cleaved 

from the C-terminus producing des-lysSDF-1, and thereby reducing the ability of SDF-1 to 

stimulate chemotaxis and to mediate the retention of HSPCs in the bone marrow, facilitating their 

entry to the blood circulation 222. Based on these findings, we decided to investigate our CPM-KO 

rats for changes in hematopoiesis. BM, spleen and blood samples were taken from WT and CPM-

KO rats and blood cells were evaluated by fluorescence activated cell sorting (FACS). The number 

of blood cells per mg spleen was not significantly different between SD and CPM-KO samples 

(Figure 47 A). The percentage of non-classical monocytes decreased in CPM-KO spleen and the 

percentage of CD8+T cells increased compared to WT (Figure 47 B). There was no alteration in 

the other cell types between CPM-KO and WT. In BM, CD8+T cells increased per µL BM in CPM-KO 

compared to the WT, and there was no alteration in other cell types (Figure 47 C). In Figure 47 D, 

we compared cell percentages of all leukocytes in BM. The percentage of T cells, CD8+ T cells and 

classical monocytes from BM increased in CPM-KO compared to WT. Blood samples were also 
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Figure 46: A:  CPM enzyme activity assay of CPM-KO, WT and rhCPM lung, 3 hours of incubation. B:  CPM 
enzyme activity assay of CPM-KO and WT lung after 6 hours of incubation. C:  Effect of pH on CPM activity 
of CPM-KO and WT lung after 3 hours of incubation. WT (n=3), CPMKO L-38 (n=3) and CPMKO L-76 
(n=2). Data are expressed as mean ± SEM, *p<0.05; ***p<0.001 when compared with other groups, 
unpaired t-test. 
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evaluated by FACS analysis in both male and female animals (Figure 48 A and B). In males and 

females, there was a significant reduction of B cells in CPM-KO in blood compared to WT. But it 

was only in male rats that we saw an additional dramatic reduction in different cell types including 

all leukocytes, neutrophils, non-classical monocytes, T cells, T helper cells, and cytotoxic T cells in 

CPM-KO whole blood samples when compared to WT (Figure 48 B).  
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Figure 47:  FACS analysis of leukocytes in bone marrow and spleen of WT and CPM-KO rats. A:  Number of leukocytes/ 
per mg spleen, and B:  Percentage of leukocytes per CD45+cells in spleen. C:  Number of leukocytes/ per µl bone 
marrow, and D:  Percentage of leukocytes/µl bone marrow, and D:  Percentage of leukocytes per CD45+cells in bone 
marrow.  WT (n=3) and CPM-KO (n=3). Data are expressed as mean ± SEM, *p<0.05; **p<0.01 when compared with 
control groups, unpaired t-test. 
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Figure 48:  FACS analysis of leukocytes per µl blood in WT and CPM-KO female (A) and male (B) rats. WT (n=3) 
and CPM-KO (n=3). Data are expressed as mean ± SEM, *p<0.05; **p<0.01 when compared with control group, 
unpaired t-test. 
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7 Discussion 

  

7.1 Transgenic rats constitutively overexpressing kinin B2 

and B1 receptors exclusively in the endothelium 
 

As the only animal model for HAE, a C1-INH deficient mouse 214, does not present characteristics 

that can be compared with human clinical symptoms, our group intended to generate an 

alternative animal model, which can reproduce the human clinical symptoms of HAE. For this 

purpose, we generated a rat which overexpresses the B2R, which is the main receptor for BK, in 

the endothelium. With the knowledge that BK is considered as the major effector of swelling in 

angioedema without wheals 223, we expected that an animal overexpressing its receptor would be 

prone to reproduce the angioedema attacks when stimulated. The choice of overexpressing the 

B2R only in the endothelium was made based on the fact that only the proteins of the plasma KKS 

seem to be involved in HAE, leading mainly to the activation of endothelial B2R. Because of their 

large size compared to the mouse, rats are more accessible to microsurgical techniques, tissue 

sampling, and for the in vitro study of organ function. The development of transgenic technology 

in the rat was particularly important for cardiovascular research, for which this species is the most 

common animal model 224. Therefore, we decided to generate a B2R-TGR on a Sprague Dawley rat 

background. 

 
We had two founders of B2R-TGR, generating the Lines (L)-11248 and L-11206. During the course 

of genotyping of the B2R-TGR, we observed in L-11248 that in some litters all pups were positive 

for the transgene, although they were from heterozygous transgenic and non-transgenic parents. 

Initially the explanation for this unexpected phenomenon was the random nature of an 

integration event. This means that one or multiple transgenes can integrate at one or multiple 

chromosome locations in the host genome as a result of pronuclear injection. So, these pups may 

have had more than one transgene integrated into their chromosomes. To clarify this, the B2R 

transgene location in these litters was mapped using the inverse PCR method. We found that the 

transgene was integrated on chromosome 19 and all transgenic animals were supposed to carry 

this integration site in only one site. So, the only explanation of the unexpected phenomenon 

observed in some litters of our pups (all were positive for the transgene) would be that it occurred 

by chance. 

 

In the beginning, we had two lines for the B2 receptor transgene, as mentioned above (L-11248 

and L-11206). Transgene over-expression at the level of mRNA was determined in different 

organs of both lines with primers targeting the endogenous and the total B2R expression 

(transgene + endogenous). The total B2R expression was significantly higher in all organs of L-

11248 rats when compared to WT, while the expression of endogenous B2R was slightly reduced 

or not affected. However, L-11206 did not express transgenic B2R at all in all organs tested, 

although genotyping confirmed the existence of the B2Rtransgene in this line. One possible 
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explanation could be that this transgene might be inserted in an inactive domain of a chromosome 

and is therefore not transcribed. Consequently, L-11206 was excluded from further studies and 

we continued using only the L-11248 rats for all experiments. 

 
It was necessary to confirm that the B2R transgene was expressed only in endothelial cells. The 

exclusive overexpression of B2R mRNA in B2R-TGR of L-11248 was demonstrated by in situ 

hybridization using the RNAscope method. This new technology enables the detection of almost 

any RNA with single-molecule sensitivity and high specificity in tissues. RNAscope was performed 

on sections of aorta and other tissues from adult B2R-TGR. As expected, there was an 

overexpression of B2R exclusively in the endothelium of B2R-TGR compared to controls. In 

addition, the overexpression of B2R mRNA was also evaluated taking RNA from intact and 

denuded aorta. There was a decrease in the total B2R in denuded aorta from B2R-TGR. This 

further confirmed that our transgenic animals were suitable for the planned experiments. 

 

In order to study inparallel the effects of the other kinin receptor, B1R, and also in an 

overexpression model, besides B2R-TGR, we also included B1R-TGR in our experimental 

protocols. These transgenic rats overexpressing B1R exclusively in the endothelium had already 

been generated and published by our group 215. It is a fact that the expression of B1R in different 

cell types is induced under pathological conditions 10. For instance, B1R expression in endothelial 

cells is induced in vitro by incubating endothelial cells with interleukin-1β and interferon-γ 225, 

high glucose 209or angiotensin-converting enzyme inhibitors like enalaprilat 226. Furthermore, in 

vivo studies demonstrated the induction of B1R in endothelial cells under hypertension 227, heart 

failure 228, endotoxic shock 229 and atherosclerosis 230. In a study done by Lagneux et al., agonist 

induced vasorelaxation mediated by B1R occurred only after receptor induction  by LPS and not 

under physiological conditions 231. I confirmed the data of Merino et al. 215, showing that the mouse 

transgene was significantly over-expressed in heart and lung tissue and also in aorta. Surprisingly, 

not only the exogenous B1R transgene but also the endogenous rat B1R was significantly over-

expressed in heart, lung and aorta. As mentioned above, B1Rs are normally not expressed under 

physiological conditions, but induced after pathological conditions such as tissue injury or during 

certain inflammatory processes. Studies have shown that some cytokines and growth factors - 

including IL-1β, IL-2, interferon-, and epidermal growth factor - increase the expression of B1 

receptor and consequently its response to tissue isolation and incubation 232. The endogenous B1 

receptor induction in B1R-TGR may not be related to the trauma of isolating tissues ex vivo, since 

endogenous B1R is not increased in WT rats. It is noteworthy that all animal groups were treated 

under the same conditions throughout the experiment. Up-regulation of endogenous B1R brought 

us to an assumption that constitutive expression of B1R might have a positive feedback on its own 

expression. Our finding could be explained by an investigation done by Schanstra et al. in 1998 233. 

They studied the molecular mechanism of B1R up-regulation in cultured human lung fibroblasts. 

They observed that the B1R is up-regulated by its own agonist mediated by the induction of the 

transcription factor NF-kappa B, which bound to the NF-kappa B binding site located in the 

promoter region of the human B1R gene to induce B1R expression. Since B1R has considerable 

ligand-independent constitutive activity, its transgenic overexpression may also induce NF-kappa 

B and thereby endogenous B1R expression. 

In this study, the over-expression of B2R in the thoracic aorta from B1R-TGR was unexpected 

because a down-regulation should occur as a regulatory mechanism for over-expression of B1R. 

It has been reported that deletion of B2R is compensated by the up-regulation of the B1R subtype 

and vice versa 234, 235, 236. There is evidence indicating that the induction of B1R expression by 

angiotensin II, laminar shear stress, high glucose, heart failure, tissue damage, myocardial 
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infarction, diabetic cardiomyopathy and ischemia-reperfusion injury lead to the co-expression of 

B1R and B2R in endothelial and heart cells, and in some cases it is vice versa 237, 238, 239, 240, 94, 228, 241. 

A co-expression of B1R and B2R has also been reported in lung, esophageal squamous carcinoma 

and prostate cancer 242, 243, 244. The mechanism by which B2R mRNA expression is increased in rats 

overexpressing kinin B1R is not clear and needs further investigation. 

 

 

 

7.2 Overexpression of B1 and B2 receptors induces 

hypotensive responses to agonists in vivo 
 
B1R-TGR rats showed normal levels of mean arterial pressure and heart rate compared to wild 

type rats. These findings were in accordance with the study done by Ni et al., in which transgenic 

mice over-expressing B1R were normotensive 245. In a previous study done by our group, 

normotensive B1R knockout mice were reported, which showed a significantly reduced 

hypotensive response to LPS injection 181. Taken together, these studies showed that B1R is not 

involved in basic blood pressure regulation. However, very low doses of des-Arg9-BK already 

produced a dose-dependent hypotension when administered intravenously (i.v.) to B1R-TGR as 

compared to wild type rats 215.  

The B2R-TGR rats used in the present study also presented normal levels of mean arterial 

pressure and BK produced a significant dose-dependent hypotension when administered i.v., 

whereas control SD rats did not respond to this treatment. The existence of different in vivo 

compensatory mechanisms could be one reason for unaltered blood pressure in B1R- and B2R-

TGR rats. It is known that the KKS and RAS are connected all over the cardiovascular system. 

Activation of one system results in the counter activation of the other system to maintain 

physiological homeostasis. ANG II from RAS counterbalances some of the functions of BK by 

inducing vasoconstriction and the elevating of blood pressure 217. 

 

 

7.3 Vascular reactivity and signalling pathways in B1R- and 

B2R-TGR aorta 
 

Relaxant responses induced by the kinin B1 and B2 receptor agonists des-Arg9-BK and BK were 

tested in B1R- and B2R-TGR aorta. Our transgenic rats were characterized in terms of vascular 

reactivity through isometric relaxation and contraction recordings following application of the 

respective agonists and, in addition, pretreatment of tissue with the respective antagonists. To 

perform the experiments, the in vitro well characterized organ bath technique was applied. The 

organ bath is a traditional experimental set-up that is commonly used to investigate the 

physiology and pharmacology of different kinds of vessels or tissue preparations. B1R-TGRaortic 

rings responded dramatically with a dose-dependent relaxation to des‐Arg9-BK. This effect was 

abolished by pre-incubation of aortic rings with R-715 (B1R antagonist). BK also induced a 

significant vasorelaxation in B2R-TGR aortic rings compared to wild type aorta, and this effect 
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was abolished by pre-incubation of aorta with Hoe140 (B2R antagonist). These results confirmed 

the over-expression of B1R and B2R in our transgenic rats. In a previous study of Lagneux et al., 

wild type rat aortic rings showed a relaxation to B1R agonists only after B1R induction by heat 

stress or LPS 231, confirming the absence of B1R in normal rat aorta. Aortic rings of WT rats in the 

present study did not respond to BK confirming previous studies. For instance, there is a report 

by Siltari et al. demonstrating that BK induces relaxation in mesenteric arteries from 

normotensive young rat, but not in aorta 246. In general, it is assumed that, unlike mesenteric 

arteries, the aorta is a conduit vessel with a different endothelial function than resistance vessels. 

However, we observed that in phenylephrine preconstructed B2R-TGR aorta, BK induced a dose-

dependent relaxation at very low doses (10-8 M) and even a biphasic response, i.e., relaxation 

followed by constriction, at higher doses (10-5 M). Normally aorta does not respond to kinin 

receptor agonists but transgenic overexpression allowed us to investigate kinin agonist induced 

vasodilatory effects in aorta. 

 

 

 

7.3.1 BK-induced vasorelaxation in B1R-TGR aorta  
 

Since we had observed the upregulation of B2R in B1R-TGR, we investigated the agonists for the 

other kinin receptor subtypes (BK and des‐Arg9-BK) in each transgenic model, i.e., B1R-TGR and 

B2R-TGR, respectively. Des‐Arg9-BK had no effect on the aorta isolated from B2R-TGR rats, 

whereas BK surprisingly showed a significant relaxant effect on the aortic rings from B1R-TGR 

rats at a higher concentration (10-6 M) in vitro, consistent with the increased expression level of 

B2R mRNA in B1R-TGR aorta. However, the relaxation of aortic rings induced by BK was not 

abolished by the B2R antagonist Hoe140, whereas R-715 as the B1R antagonist completely 

inhibited the relaxation response of BK. We then tested whether this was due to the degradation 

of BK to des‐Arg9-BK by CPM in the tissue and pre-incubated the aorta rings with the CPM 

inhibitor, MERGETPA. It also did not affect the vasorelaxation induced by BK. The complete 

blockade of the response of BK by the B1R antagonist showed that only direct B1R activation was 

responsible for the enhanced responses in B1R-TGR aorta induced by BK at higher concentrations. 

 

 

7.3.2 BK-induced relaxation is endothelium dependent in 

B2R-TGR 
 

A series of studies have shown that BK-induced relaxation in rats and humans depends on the 

endothelium 247, 217, 218. The involvement of endothelium-dependent mechanisms in the relaxation 

response of B2R-TGR aorta was established, using endothelial denuded aorta rings of B2R-TGR. 

Endothelial denudation completely abolished the BK-induced relaxation in B2R-TGR aorta. The 

results of the current study clearly indicated that endothelium integrity is an essential 

prerequisite for BK-induced relaxation. The role of the endothelium in BK-induced relaxation has 

been described in various studies. Initially the essential role of endothelial cells in acetylcholine 

(ACh) induced relaxation was described by Furchgott248. Afterwards, Altura and Chand in 1981 

also demonstrated the need for functional integrity of the endothelium in BK-mediated 
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vasodilation 249. A study done by Cherry et al. in 1982 demonstrated BK-induced relaxation in 

different isolated arteries of dogs like the coronary, celiac, mesenteric, renal, pulmonary and 

femoral arteries, and the relaxation response of these arteries failed after endothelial cell removal 
250. Vasodilator agents such as ACh and BK induce vasorelaxation responses through endothelial 

cells and their release of vasodilatation factors 251. Therefore, endothelium integrity is an essential 

prerequisite for ACh and BK-induced relaxation. 

 

 

 

 

7.4 Signalling pathways involved in kinin receptor-induced 

vasodilation 

7.4.1 The BK-induced relaxation response of B1R- and B2R-

TGR aorta relies on the endothelium-derived NO 
 

Based on several studies, there are three major signaling pathways characterized for the kinin-

induced vasodilatory effects:  nitric oxide (NO), prostacyclin and endothelial derived 

hyperpolarising factor (EDHF). Each of these endothelium-derived relaxing factors induces 

relaxation of vascular smooth muscle cells through its own pathway. It is known that these 

pathways do not contribute to the same degree in different types of vessels 252, 253, 248. It has been 

shown that conduit vessels present more NO-mediated relaxation, and that the contribution of 

EDHF-mediated relaxation is considerably high in small resistance vessels 254. The data of the 

current study indicate that relaxation in aorta induced by BK and des-Arg9-BK is completely 

abolished after incubation of aortic rings with L-NAME, which showed that BK and des-Arg9-BK 

induced relaxation mainly relies on the endothelium-derived NO. Another study demonstrated 

that BK stimulates B2R in endothelial cells in culture as well as in mouse carotid arteries and 

releases NO to regulate the vascular muscle tone 255. Many studies have been published on the 

important role of NO in BK-induced coronary vasodilatation. Some of these investigations 

indicated that blocking NO synthesis dramatically abolished BK-induced relaxation of 

canine coronary arteries; however, several other investigations have suggested that inhibition of 

NO synthesis only partially reduced the BK-induced dilation of porcine coronary arteries 256, 257, 

258, 77. In a study done by Ignjatovic in 2004, it was shown that the activation of B1R by des-Arg10-

kallidin leads to prolonged NO release by activating eNOS in bovine and iNOS in stimulated human 

endothelial cells 226.  In our study, we have shown that BK and des-Arg9-BK induced relaxation in 

aortic rings of B2R- and B1R-TGR mainly relies on the endothelium-derived NO.  

 

 

 

 
 

https://www.sciencedirect.com/topics/medicine-and-dentistry/coronary-artery
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7.4.2 The BK-induced relaxation response of B1R- and B2R-

TGR aorta does not rely on the prostacyclin signaling 

pathways 
 

In general, prostacyclin and EDHFs contribute to the relaxant effect of BK that is not inhibited by 

NO-synthesis (NOS) inhibition 259, 123, 260. The contribution of the prostacyclin signaling pathway 

was investigated in the present study, despite having seen a complete blockade induced by L-

NAME, to rule out any possibility of a prostacyclin effect. Indomethacin, as a COX 

(Cyclooxygenase) inhibitor, did not reduce the agonist-induced relaxant response in both B1R- 

and B2R-TGR aorta. The results clearly indicate that the vasorelaxation response mediated by 

kinins was not mediated via the prostacyclin pathway. Surprisingly, we observed that after pre-

applying indomethacin on B2R-TGR aortic rings, the relaxation response induced by BK 

significantly increased compared to the control aortic rings. This phenomenon could be explained 

by previous studies demonstrating that BK induced not only relaxation but also contractions 

generating prostaglandins directly acting on smooth muscle cells 261, 262, 263, 252. For the first time, 

Ihara et al. in 2000 indicated that BK could also induce contraction in an endothelium-dependent 

manner in the porcine interlobar renal artery mediated by the generation of TXA2 (thromboxane 

A2) and PGH2 (prostaglandin H2) 264. Therefore, the increased relaxant effect of BK observed in 

B2R-TGR aorta after indomethacin treatment can be attributed to the inhibition of the 

prostaglandin-mediated contraction response, which allows BK to induce the actual extending of 

vasodilatation with no contractile effect. 

 

 

7.4.3 Big conductance calcium sensitive potassium 

channels (BKCa2+) are involved in the vasorelaxation 

induced by BK 
 

The eventual hyperpolarization of the smooth muscle cells (VSMC) found in the vessels leads to 

relaxation. To reach hyperpolarization, Ca2+ influx should be decreased by reducing the open 

probability of voltage-dependent calcium channels 142, 265. Vascular endothelial and smooth 

muscle cells possess different potassium channels, which play an essential role in the regulation 

of hyperpolarizing electrical events. The opening of K+ channels results in the efflux of this cation 

and membrane hyperpolarization 122. Four different classes of K+ channels have been identified in 

VSMCs:  ATP-sensitive K+ channels (KATP), large (big)-conductance Ca2+-activated K+ channels 

(BKCa), voltage-activated K+ channels(KV), and inward rectifier K+  channels (KIR) 266. In the current 

study, to investigate the possible involvement of K+ channels in vasorelaxation induced by kinins, 

non-selective and selective K+ channel blockers were applied. The non-selective K+ channel 

blocker TEA partially blocked the vasorelaxation induced by BK and des-Arg9-BK in both B1R- and 

B2R-TGR aorta. Glibenclamide, the specific KATP channel blocker, showed no involvement in the 

relaxation induced by kinins. However, iberiotoxin, the BKCa2+blocker, strongly attenuated the 

vasorelaxation effect induced by kinins in both B1R- and B2R-TGR aorta. This indicates the 

involvement of BKCa2+ in kinin-induced vasorelaxation. Our findings are in agreement with 

previous in vivo investigations done by Nelson et al. in 2004 demonstrating that des-Arg9-BK-

induced relaxation response was mediated by NO and BKCa2+ activation in rat aorta 227. Vang et al. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Ihara%20E%5BAuthor%5D&cauthor=true&cauthor_uid=10696094
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in 1994 showed that BK-induced microvasculature vasodilatation in the lung is mediated by 

hyperpolarization produced by the activation of BKCa2+ channels due to endothelial NO liberation 
267.   

 

 

 

7.4.4 TRPC4 is involved in kinin-induced vasodilatation in 

B1R- and B2R-TGR aorta via Ca2+ influx into 

endothelial cells 

 
TRP channels are important/crucial modulators of vasoconstriction and vasodilatation signalling 

pathways initiated by G protein-coupled receptors (GPCR). These channels play an important role 

in the Ca2+ influx into endothelial cells resulting in endothelium-dependent vasodilatation. 

According to the literature, around 20 family members of diverse TRP channels are expressed in 

endothelial cells 135, and some of these channels – TRPC1, TRPC3 145, TRPC4, TRPC5, TRPC6 146, 

TRPV1, TRPV3 147, TRPV4 148, and TRPA1 149- are functional in endothelial cells. Among them, 

TRPV1, TRPV3, TRPV4, TRPA1, TRPC3, and TRPC4 channels have been reported to be involved in 

endothelium-dependent vasodilatation 149, 147, 168, 268, 269. A range of studies has shown that TRP 

channels are expressed in both smooth muscle and endothelial cells, with a diverse pattern of 

distribution in different vascular beds and animal species 137. TRPC3 is predominantly present in 

human pulmonary artery endothelial cells, but not bovine, whereas TRPC1 is expressed in mouse 

aortic endothelial cells and is not present in rat 270. A number of studies which have focused on 

TRP channels reported that among the TRPC family, TRPC1 and TRPC6 are the most predominant 

members expressed in vascular smooth muscle cells 271. TRPC6’s main function is regulating 

vascular tone, especially vasoconstriction and VSMC proliferation 272, 273, 274, 275. TRP channels 

participating in endothelium-dependent vasodilatation also vary across the vascular tree. 

Findings made by Liu et al. in 2006 revealed that BK-induced vasodilatation in rat mesenteric 

arteries is mediated through TRPC3 166. A later study by Senadheera et al. (2012) showed that 

TRPC3 are present in the endothelium of mesenteric arteries of rat and mouse and play role in 

endothelium-dependent dilation 168. Freichel et al. (2000) showed that TRPC4 is involved in 

endothelium-dependent vasodilation in response to ACh using aortic rings of TRPC4−/− mice 170. 

TRPC3 plays a role in the BK-induced NO- and EDHF-type response in males and TRPV4 plays a 

role in the BK induced NO-mediated response in female porcine isolated coronary arteries 276. It 

has been shown that TRPC6 is one of the important channels participating in BK-induced non-CCE 

(capacitive Ca2+ entry) in the mouse heart microvessel endothelial cell line (H5V) 277. A study 

performed by Yang et al. (1999) indicated that capsaicin, as an opener of TRPV channels, caused 

endothelium-dependent relaxation of isolated mesenteric arteries 278. It is worthwhile to mention 

that in the present study, we provide evidence for the involvement of TRPC4 in the signalling 

pathway of des-Arg9-BK and BK-induced vasodilatation in B1R- and B2R-TGR aorta. The 

involvement of this TRP channel in kinin signalling has, to our knowledge, not been published so 

far. We assessed the role of different TRPs (their respective antagonists given in brackets) 

including TRPC3 (Pyr3), TRPC4 (ML204), TRPC5 (AC1903), TRPC6 (SAR7334 and SHO45), TRPV1 

(RN-1734) and TRPV4 (capsazepine) in kinin-induced vasorelaxation. Based on Maier et al., 

SAR7334 inhibits TRPC6, TRPC3 and TRPC7, while TRPC4 and 5 are not affected by the inhibition 
279. Therefore, a second inhibitor of TRPC6 with higher specificity named SHO45 was assessed in 
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B1R-TGR aorta and we confirmed that the slight reduction in the vasodilatation effect of des-Arg9-

BK (10-8 M) in B1R-TGR aorta after blocking by SAR7334 is probably mediated through other 

TRPCs, maybe TRPC7, and that TRPC6 is not involved in B1R receptor signaling. Our present 

results demonstrated the involvement of TRPC4 channels in the vasodilatory effect induced by 

kinins and other TRP channels did not seem to be involved in this pathway; however, we cannot 

exclude a contribution of TRPC7 in B1R-induced vasorelaxation. To confirm our findings, the 

TRPC3, TRPC4, TRPC5, TRPC6, TRPV1 and TRPV3 transcripts in aorta isolated from B1R-, B2R-

TGR and WT rats were detected and quantified at the level of mRNA. According to the results, all 

the investigated channels are expressed in both TGR and wildtype rats without any significant 

differences. Based on our findings, TRPC6 transcript expression is significantly higher than other 

TRP channels in rat aorta. This can be explained by a series of studies which demonstrated that 

TRPC6 is predominantly expressed in vascular smooth muscle cells and mainly contributes to 

vasoconstriction and VSMC proliferation 272, 273, 274, 275. Nevertheless, in B1R- and B2-TGR aorta, 

vasodilatation was mediated through TRPC4. So, for the first time, we demonstrated the 

involvement of TRPC4 in the signalling pathway of des-Arg9-BK and BK-induced vasodilatation in 

aorta. 

 

 

 

 

 

7.5 Angioedema induction in rats overexpressing the kinin 

B2 receptor 
 

7.5.1 Mustard oil acute treatment to induce angioedema 
 

Hereditary angioedema (HAE) is a rare genetic disorder that mostly arises due to an increase in 

BK 280. Recent generated HAE mouse models only show increased vascular permeability, but no 

spontaneous swelling episodes comparable to patient symptoms 214, 281. Therefore, we aimed to 

develop and characterize a transgenic rat overexpressing B2R in endothelial cells as an alternative 

model for HAE and BK-mediated angioedema studies, and to challenge them to develop 

angioedema episodes similar to HAE in humans. Acute angioedema attacks were induced by 

applications of mustard oil on the ear and Evans blue (EB) was used to assess the degree of 

oedema. Mustard oil is a local irritant that induces plasma leakage and inflammation. In the ear 

where mustard oil was applied, EB extravasation was dramatically higher in B2R-TGR when 

compared to mustard oil treated WT rats, and also the skin surrounding the region where mustard 

oil was applied showed higher vascular permeability. In 2002, Han et al. developed C1 inhibitor-

deficient mice, which showed no obvious phenotypic abnormality 214. However, after EB injection, 

C1 inhibitor-deficient mice revealed increased vascular permeability in comparison with WT 

littermates in basal conditions. Furthermore, they revealed that extravasations of EB were much 

more extensive in C1 inhibitor-deficient mice compared to WT after the application of mustard oil 

to the ears 214. In the present study, the possible systemic effects induced by mustard oil challenge 

was evaluated in internal organs/tissues. EB extravasation was significantly higher only in the 

kidney in male B2R-TGR rats. We assume that this increased vascular permeability remote from 
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the application site was not related to mustard oil treatment. During the experiments with 

mustard oil challenge, we noticed that the female B2R-TGR rats also already showed increased 

vascular permeability under basal conditions in bowel, uterus, liver and kidney when compared 

to age-matched WT females. This exacerbated vascular permeability in females compared to 

males supports the potential of the transgenic rat model as a tool to study the influence of sexual 

hormones on the regulation of the BK-release and HAE. However, additional experiments 

comparing male and female B2R-TGR rats are necessary to explain this apparent gender 

difference. 

 

 

 

 

 

7.5.2 B2R-TGR, a new rat model of HAE mimicking the 

swelling episodes experienced by humans 
 

We found to our surprise that some B2R-TGR developed strong bowel swelling together with 

damage in the pancreas. In about 10% percent of B2R-TGR rats, these spontaneous and sporadic 

abdominal angioedema occurred. Histological investigation of the intestine revealed increased 

thickness of submucosal tissue and a definite thickening of villi compared to healthy B2R-TGR. 

The expression of B2R in swollen ileum was not higher than in non-swollen tissues (data not 

shown). This result showed that the B2R expression in the intestine is not significantly changed 

during angioedema attacks in the B2R-TGR rats. However, it doesn’t mean that B2R never 

changes/increases in HAE patients during attacks, since this animal model already has a 

permanent increased expression of the B2R in the B2R-TGR rats 282. 

Pancreatic lesions characterized by blood clots spread throughout the tissue were observed in 

B2R-TGR rats with intestinal swellings. Comparing B2R-TGR pancreas with and without 

haemorrhagic clots, an increase in the size and amount of Langerhans islets was observed 282. A 

great increase in α-cells and decrease in β-cells was detected in pancreas after 

immunohistochemical analysis when compared to pancreas from non-affected B2R-TGR rats. The 

pancreatic lesions observed could be due to the pancreatic edema or represent a secondary event 

to intestinal swelling, which can induce partial or complete ductal obstruction resulting in 

pancreatitis 283. The correlation between HAE and pancreatitis is not yet fully understood. More 

than 20 years ago, a few independent cases were reported among HAE patients developing 

idiopathic pancreatitis 283, 284. The haemorrhagic injuries found in our model could correspond to 

necrotizing haemorrhagic pancreatitis. Haemorrhage can occur in patients with severe 

necrotizing pancreatitis or as a result of pancreatic pseudoaneurysm rupture, representing a life-

threatening emergency in humans. However, through behavioural observations in our rats, we 

did not find any signs of pancreatitis such as pain or suffering; also, we did not notice any sudden 

death among these rats. Despite having always observed the pancreatic lesions accompanying the 

intestinal swellings, we cannot exclude a direct effect of excessive B2R activation causing 

pancreatic abnormalities in the transgenic rats. Recent studies showed that B2R antagonists exert 

protective effects in different rodent models of pancreatitis 285, 286, suggesting that B2R is involved 

in the onset of pancreatic oedema and inflammation, encouraging further studies on the role of 

B2R in pancreatic physiology. 
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7.5.3 Vascular permeability analyses after B2 receptor 

inhibition using Icatibant in B2R-TGR 
 

If BK binding and activation of B2R are mainly responsible for the observed intestinal swellings 

in B2R-TGR, a B2R antagonist should be efficacious in the treatment of swelling attacks. To 

investigate whether this hypothesis proves true, we treated the affected rats with the selective 

B2R antagonist Hoe140 (Icatibant). Icatibant has a high specificity for the B2R and blocks different 

effects mediated by B2R 287, 288. Icatibant inhibits increased vascular permeability in C1 esterase 

inhibitor–knockout mice 289 and blocked the vasodilatation induced by BK in humans 290. 

Icatibant exerts significant benefits in patients with HAE having acute attacks. There have been 

several lines of evidence indicating the importance of B2R blockade in HAE patients. Bork et al. 

(2014) found that icatibant markedly improved skin swelling and abdominal pain attacks of HAE 

patients and has a great beneficial effect 288. A single dose of icatibant showed a noticeable effect 

in the edemic B2R-TGR group. The EB-extravasations in icatibant-treated edemic rats were 

decreased in the heart, stomach, rectum, skeletal muscle, skin and submandibular gland compared 

to the non-edemic B2R-TGR group. However, statistical significance was only reached in the heart, 

and in other tested organs there was a decrease in extravasation, but without statistical 

significance, most probably due to the small number of rats per group. In most organs of the 

icatibant-treated non-edemicB2R-TGR animals - especially stomach, colon, uterus and duodenum, 

ileum, skin and urinary bladder - EB extravasations were increased unexpectedly when compared 

to the vehicle-treated B2R-TGR group. Icatibant might have agonistic effect in the absence of BK. 

A study done by Drube et al. in 2000 showed that in certain tumour cell lines icatibant may act as 

mitogenic B2R agonist 291.  

 

 

 

 

7.5.4 Enalapril chronic treatment to induce angioedema 
 

Angiotensin-converting enzyme (ACE) inhibitors like enalapril are frequently prescribed drugs 

for the therapy of hypertension and heart failure. These drugs are believed to prevent high blood 

pressure and cardiovascular failure 288. One of the side effects of enalapril is the induction of 

angioedema and 0.68% of patients treated with enalapril exhibited an angioedema episode 292. 

Based on studies, patients with either hereditary or idiopathic angioedema are more prone to ACE 

inhibitor-induced angioedema 293, 294. 

To date, the mechanism of ACE inhibitor-induced angioedema is not fully understood. ACE 

inhibitors decrease angiotensin II generation by blocking the conversion of angiotensin I to 

angiotensin II, which leads to reduction in blood pressure. Furthermore, they increase BK, since 

ACE is one of the most important BK-inactivating enzymes. Increased levels of BK cause 

vasodilatation and increased vascular permeability, thereby leading to angioedema 295, 294, 296, 297. 

In the present study, in the B2R-TGR group which received enalapril for 30 days, the EB 

extravasations were increased in the stomach, heart, lung, kidney, trachea, tongue, oesophagus, 

duodenum, colon, brain, eyes and pancreas, but this did not reach statistical significance, most 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Drube%20S%5BAuthor%5D&cauthor=true&cauthor_uid=11139431
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probably due to the small number of rats per group. In SD control rats treated with enalapril, the 

EB-extravasation was increased in trachea and significantly in the liver when compared to 

vehicle-treated SD controls. Thus, our study could not clarify whether B2R-TGR are more 

susceptible to ACE inhibitor-induced angioedema due to insufficient statistical power. 

 

 

 

 

 

7.6 Knockout rats lacking carboxypeptidase M 
 

7.6.1 CPM-KO rat generation 
 

Carboxypeptidase M (CPM) is a widely distributed enzyme, present throughout the body in tissues 

such as lung, placenta, kidney, blood vessels and in various body fluids including amniotic fluid 

and urine 298, 221, 299, 300. CPM is a GPI-anchored metallopeptidase that plays an important role in 

the KKS. BK, as the main product of the KKS, is released from kininogens and exerts its biological 

activities through B2R. BK is converted to its active metabolite des-Arg9-BK which binds to B1R. 

This conversion occurs through the enzymatic action of CPM, which is therefore also known as 

kininase I 298. To investigate the role of CPM in KKS and beyond, we decided to generate a rat 

model lacking CPM globally. The CRISPR/Cas9 technique was applied to introduce mutations in 

the rat CPM gene. Two lines of CPM-KO were generated, L-38 (with a 6 base pair deletion including 

the ATG start codon) and L-76 (with a T insertion in the coding sequence). Both lines were 

functional knockouts and were utilized in the following experiments. Although CP as a widely 

distributed enzyme was globally knocked out in the rats, none of the KO lines showed any obvious 

phenotype. They were healthy and bred normally. 

 

 

 

7.6.2 Characterization of CPM-KO rats 
 

7.6.2.1 CPM mRNA expression level is strongly decreased in CPM-KO rat  

 

The expression level of the CPM mRNA was quantified in KO and WT heart and lung tissues. CPM is 

highly expressed in heart and lung of WT rats. In both lines of CPM-KO (L-38 and L-76) the 

expression levels of CPM mRNA were significantly lower compared to the control group. qPCR 

data demonstrated that a varying percentage of CPM mRNA was detectable. The reason behind 

the reduction of mRNA might be due to Nonsense-mediated mRNA decay (NMD), since the open 

reading frame in the CPM mRNAs of both CPM-KO lines was expected to be disordered. NMD is a 

protective mechanism, destroying aberrant mRNAs with the potential to encode toxic truncated 

proteins. Means for creating loss-of-function alleles involve CRISPR/Cas9 and NMD contributes to 

this process 301. Most mRNAs produced from CRISPR/Cas9 engineered genes are predicted to be 

recognized by the NMD pathway and degraded 302. 

https://academic.oup.com/endo/article-abstract/143/2/607/2989473
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/amnion-fluid
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7.6.2.2 CPM protein is not expressed in CPM KO lungs  
 

The CPM protein expression was analysed in CPM-KO and WT lungs. According to previous studies 

rhCPM has a lower molecular mass (~50 kDa) than native CPM expressed in human cells and 

tissues (~62 kDa) 303, 304. We also observed the same results. A specific band was detected for CPM 

at approximately 55-65 KDa in WT but not in our CPM KO tissue, as expected. rhCPM yielded a 

band of about 50 KDa. Since rhCPM is purified from overexpressing cells and lacks the C-terminal 

GPI anchor, we hypothesized that the difference in molecular mass was due to a different 

glycosylation state compared to the native CPM. CPM was in fact strongly glycosylated and 

deglycosylation led to decreased size of about 47KD and to a more distinct shape of the band. This 

size was even smaller than that of rhCPM, which is not surprising since rhCPM is probably also 

partially glycosylated. In this study, we observed that CPM protein is not expressed in CPM-KO 

lungs, although the mRNA did not totally disappear even after the gene was knocked out. In L-38, 

this is explained by the lack of an ATG start codon, which does not allow for generating a protein 

from the mRNA. In L-76, the T-insertion leads to a frameshift during translation of the mRNA and 

a shortened protein with an altered amino acid sequence, which cannot be detected in Western 

blots. So, the lacking expression of CPM protein confirmed the functional CPM-KO. 

 

 

7.6.2.3 CPM activity is strongly attenuated in CPM-KO rat 

 

The peptidase activity of CPM was tested in lung tissue at pH 7, which is the optimum pH for CPM 

activity 305. Substrate metabolism increased linearly over time in WT lung but not in CPM-KO. We 

observed a marked reduction in CPM activity in the lung of both CPM-KO lines, confirming the 

knockout of CPM in our CPM-KO rats. The hydrolysis of Dansyl-Ala-Arg by CPM was inhibited by 

MERGETPA in both WT and CPM-KO lung tissue, but there was still some activity left, which was 

equal in transgenic and control rats. This remaining activity could be attributed to other CP 

enzymes which are present in the tissue and could metabolize the substrate, and are unaffected 

by MERGETPA. It is known, that there are several CPs in lung, such as CPD, CPE etc. MERGETPA 

could reduce CP activity also in CPM-KO lungs, indicating that either CPM is not completely ablated 

or that CPN or another CP, which is inhibited by this compound, is present in the lung. According 

to findings of Skidgel et al.,  human pulmonary arterial endothelial cell membranes have high 

levels of CPM, but no detectable CPN 306.  

CPM activity in WT and KO lung was tested with Dansyl-Ala-Arg substrate at pH values ranging 

from 5 to 8.5. Both lines of CPM-KO show a significant reduction in enzyme activity compared to 

WT on the whole range of pH tested. In WT, the maximal CP activity was obtained at pH 7, but it 

still retained about 90% of its activity at pH 7.5 and 70% at pH 8. The activity dropped sharply at 

acidic pH 307. In CPM-KO the activity at neutral and basic pH was markedly reduced, but we had 

still some enzyme activity, mainly at acidic pH. We speculate that this slight activity could not be 

from CPM or CPN because it does not follow their pH-activity pattern as described in a study done 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Skidgel%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=18039526
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by Skidgel in 1989 221, and that what we saw is the activity of other carboxypeptidases like CPD or 

CPE. These enzymes show their maximum activity in the range of pH 5.0–5.5 and their activity 

falls off dramatically with increasing pH 307. Based on these findings we confirmed the mere 

absence of CPM in our CPM-KO rats.  

7.6.2.4  CPM deletion augments chemotactic responses and attenuates 

mobilization of hematopoietic stem/progenitor cell (HSPC). 

 

CPM is also found in blood vessels and considered as a differentiation-dependent cell surface 

antigen on white blood cells 37. Marquez-Curtis et al. (2008) demonstrated the expression of CPM 

in bone marrow (BM) stromal cells for the first time. They also found CPM transcripts in 

hematopoietic progenitors, mononuclear cells (MNC), and polymorphonuclear cells (PMN) as well 

as mature myeloid precursors, mature monocytes and granulocytes 39.  

It has been suggested that CPM is acquired early in B lymphoid ontogeny, whereas expression was 

absent from thymocytes and myeloid progenitors. CPM is expressed in specific stages of B-

lymphocyte development 308. These findings suggest that CPM plays an important role in B 

lymphopoiesis 309, 310 . The physiological role of CPM has not been fully investigated; however it is 

known to play a role in the regulation of peptide (kinins, anaphylatoxins, chemokines) generation 

through their C-terminal lysine or arginine cleavage during inflammation 311, 299. SDF-1α, or 

CXCL12, is a chemokine produced by different tissues like BM stromal cells, endothelial cells and 

fibroblastic cells, and is constitutively expressed in spleen as well. This factor produces a strong 

retention signal for HSPCs and strongly attracts them into the bone marrow. The retention signal 

from SDF-1α is mediated via CXCR4 receptors located on HSPCs 299, 40, 312, 313. SDF-1α has a C-

terminal lysine, which renders it a CPM substrate. When SDF-1α is exposed to CPM, it rapidly 

cleaves the lysine from the C-terminus producing des-lys SDF-1α, thereby reducing the ability of 

SDF-1 to stimulate chemotaxis and to mediate the retention of HSPC cells in the bone marrow, 

which block their entry to the blood circulation 314. Based on these findings we decided to 

investigate our CPM-KO rats in this regard. Since spleen also harbours some HSPCs in the steady 

state, we investigated the hematopoietic niche in this organ as well 315, ,316, 317. Leukocytes were 

evaluated in BM, spleen and whole blood of WT and CPM-KO rats by fluorescence activated cell 

sorting (FACS). Our results demonstrated that the number of blood cells per mg spleen did not 

differ in CPM-KO from the control group, whereas the percentage of non-classical monocytes 

decreased in CPM-KO spleen and the CD8+ T cell percentage increased compared to the control 

group. No alteration in the other cell types between CPM-KO and control was found in spleen. In 

BM the percentage of T cells, CD8+T cells and classical monocytes increased in CPM-KO BM 

compared to the control. 

In the blood of female CPM-KO rats, there was a significant reduction of B cells compared to the 

control group and no changes in other blood cell types. However, in male CPM-KO rats we saw a 

general reduction in leukocytes including B-cells, but also other cell types including neutrophils, 

non-classical monocytes, T cells, T helper cells and cytotoxic T cells. Our results can be explained 

in that the absence of CPM stabilizes SDF-1α in the BM and spleen, and thereby mediates the 

retention of HSPC cells in the bone marrow and inhibits the entry of leukocytes into the blood 

circulation 314.
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gekennzeichnet und meinen eigenen Beitrag sowie die Beiträge anderer Personen korrekt 

kenntlich gemacht habe (siehe Anteilserklärung). Texte oder Textteile, die gemeinsam mit 

anderen erstellt oder verwendet wurden, habe ich korrekt kenntlich gemacht. 

Meine Anteile an etwaigen Publikationen zu dieser Dissertation entsprechen denen, die in der 

untenstehenden gemeinsamen Erklärung mit dem/der Erstbetreuer/in, angegeben sind. Für 

sämtliche im Rahmen der Dissertation entstandenen Publikationen wurden die Richtlinien des 

ICMJE (International Committee of Medical Journal Editors; www.icmje.og) zur Autorenschaft 

eingehalten. Ich erkläre ferner, dass ich mich zur Einhaltung der Satzung der Charité – 

Universitätsmedizin Berlin zur Sicherung Guter Wissenschaftlicher Praxis verpflichte. 

Weiterhin versichere ich, dass ich diese Dissertation weder in gleicher noch in ähnlicher Form 

bereits an einer anderen Fakultät eingereicht habe. 

Die Bedeutung dieser eidesstattlichen Versicherung und die strafrechtlichen Folgen einer 

unwahren eidesstattlichen Versicherung (§§156, 161 des Strafgesetzbuches) sind mir bekannt 

und bewusst.“  

 

 

Datum       Unterschrift 

 

Anteilserklärung an den erfolgten Publikationen  
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[Die Anteile an der/n jeweiligen Publikation/en sind so deutlich und detailliert zu erklären, dass 

es der Promotionskommission und den wissenschaftlichen Gutachtern ohne Probleme 

möglich ist zu erkennen, was Sie selbst dazu beigetragen haben. Wünschenswert wäre ein 

konkreter Bezug zur Publikation wie z. B.: „aus meiner statistischen Auswertung sind die 

Tabellen 1, 4, 47 und 60 entstanden.“ 

 

Sara Maghsodi hatte folgenden Anteil an der folgenden Publikation:   

 

Publikation 1: Camila Lopes Veronez*, Sara Maghsodi*, Mihail Todiras, Elena Popova, André Felipe 

Rodrigues, Fatimunnisa Qadri, João Bosco Pesquero, Michael Bader], [Endothelial B2-

receptor overexpression as an alternative animal model for hereditary angioedema, Allergy 

74(10):1998-2002 (2019)  

*geteilte Erstautorenschaft 

 

Beitrag im Einzelnen (bitte ausführlich ausführen): 

Frau Maghsodi war maßgeblich an allen Experimenten beteiligt und hat insgesamt einen sehr 

großen Beitrag zu dem Projekt geleistet, weshalb sie als eine Erstautorin gelistet ist. Die zweite 

Erstautorin, Camila Veronez, hat die transgene Ratte mit der Überexpression des Bradykinin B2 

Rezeptors (zusammen mit Elena Popova) generiert (Fig. S1A) und erste Experimente zur 

Vasopermeabilität (unterstützt von Mihail Todiras und andre Rodrigues) und zur Angioödem-

Bildung (unterstützt durch Fatimunnisa Qadri) in diesen Ratten (Fig. 1 und 2) durchgeführt. 

Daran war Frau Maghsodi schon maßgeblich beteiligt. Sie hat darüber hinaus Genexpressions-

Studien (Fig. S1B-D), alle Experimente mit isolierten Gefässen (Fig. S2) und pharmakologische 

Behandlungen der Tiere durchgeführt (Fig. S3). Joao Pesquero und Michael Bader waren für die 

Drittmitteleinwerbung verantwortlich und an der Entwicklung der Fragestellung, der Analyse 

und Interpretation der Ergebnisse und dem Schreiben der Publikation beteiligt.  

 

 

____________________________ 

Unterschrift, Datum und Stempel des/des erstbetreuenden Hochschullehrers/in 

 

 

 

____________________________ 
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