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Introduction:

The results of current research suggest that acetylcholine has a protective role during heart failure and atrial or ventricular fibrillation. Cholinesterases (ChE) control the level of acetylcholine and thus play an important role in the cholinergic system of the heart. However, detail information about these enzymes in the heart is still missing. The aim of this thesis was to provide a complex study of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) in the heart, specifically of their activities, molecular forms and precise localization. Methods: Mutant mice with lack of ChE or their anchoring proteins, ColQ and PRiMA, were used. AChE and BChE activities in heart compartments were determined by 2-step Ellman method, developed by us. Molecular forms of ChE were determined in 5-20 % sucrose gradients and localized in the hearts filled with gelatin and in the cryosections by activity staining method and by immunohistochemistry. Nerve and endothelial cells were identified using specific markers. Basic heart morphology was studied in the transversal sections stained with hematoxyline and eosine. Results and conclusion: The highest AChE activity was determined in the atria, the lowest activity in the left ventricle and septum. In all compartments, PRiMA AChE and ColQ AChE were observed. Both anchored forms were distributed epicardially on the heart base, colocalized with intracardiac neurons. PRiMA AChE formed a subtle branching in the proximity of intracardiac neurons. The lack of AChE anchored forms led to significantly lower cardiomyocyte diameter. The BChE activity was higher than that of AChE. The highest BChE activity was detected in the left ventricle and septum. Amphiphilic monomers were the predominant form of BChE in the heart. In myocardium, the staining of BChE activity was diffused, while in epicardium it co-localized with a single intracardiac neuron. In this work, we have provided a complex study of ChE in heart. Our results could help in the design of new, more effective pharmacotherapy, which may reduce morbidity and mortality of the patients with various heart diseases.
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PREFACE

The heart is one of the most frequently studied tissues. While at first sight its function seems simple, in deeper view it is a complicated and still relatively undiscovered organ. Moreover, cardiovascular diseases are one of the most often causes of death in human in middle age. Thus, new information about heart, its function, mechanism of regulation or innervations is desired.

Heart is innervated by sympathetic and parasympathetic nerves. So far, the most attention was pointed at sympathetic regulation of heart and also drugs, used for symptomatic or causal treatment of heart diseases, affect predominantly sympathetic system. In the process of parasympathetic regulation, acetylcholine, neurotransmitter of cholinergic system, plays an important role.

Latest research showed that acetylcholine has a protective effect on the heart in the diseases like heart failure, which is the third most often cause of death in Slovak Republic reported by World Health Organization. Thus, study of cholinergic system in the heart deserves more attention and new approaches to pharmacotherapy of heart diseases are desired. Based on the recently emerging information about cholinergic system in heart, one of the targets of new, effective pharmacotherapy can be cholinesterases, enzymes, which regulate the level of acetylcholine in heart. However, available data about these enzymes in heart is poor. In the presented project, we have focused on the deep study of cholinesterases in heart. We have acquired complex information about these enzymes, their activity, molecular forms and localization in heart. We believe that our results may contribute to the development of new, effective pharmacotherapy of various cardiovascular diseases. passed and study of this topic is still attractive. However, in spite of enormous amount of acquired information, there are still a lot of unanswered questions in this field. This is especially true in case of heart, where study of entire cholinergic system has been neglected over last few decades. Recently, however, the protective effect of ACh in the heart was discovered and consequently, study of the cholinergic system in heart became interesting again.

ABBREVIATIONS

Inhibition of ChE leads to an increase of the level of ACh in the heart, which causes a slow-down of the conducting system. Complete inhibition of ChE leads to cardiac arrest.

Recent studies showed that affecting ChE could be promising in patients with heart failure, arrhythmia, ischemia/reperfusion injury and hypertension. However, deeper information about ChE in heart is still missing.

In the presented thesis, we have therefore focused on the complex study of ChE, acetylcholinesterase (AChE) and butyrylcholinesterase (BChE), in mouse heart, in term of their activities, molecular forms and localization. We have determined activities of ChE in heart compartments by a double-step designed by us. The details of this modification have been thoroughly described within this thesis. We have also determined and quantified molecular forms of ChE in all heart compartments using sucrose gradients.

Moreover, we have localized these forms within the heart by activity staining and immunohistochemistry, described their origin using neuronal and endothelial markers and examined an impact of lack of these enzymes on heart morphology. In order to achieve these goals, we have used mouse mutant strains lacking ChE or their anchoring proteins.

LITERATURE REVIEW 1.STRUCTURE OF THE HEART

The heart continuously pumps blood throughout the body and thus ensures the distribution of dissolved gases, circulated hormones, neurotransmitters and other molecules to the tissues [START_REF] Boron | Medical Physiology: A Cellular and Molecular Approach[END_REF]. Each day, the human heart makes approximately 100 000 contractions. In healthy adults, it weighs 250 -350 grams, however it was shown that due to hypertrophy, it can enlarge its weight more than two times [START_REF] Loe | A light-hearted look at a lion-hearted organ (or, a perspective from three standard deviations beyond the norm) Part 1 (of two parts)[END_REF].

Mouse heart weighs only 150 -180 milligrams [START_REF] Doevendans | Cardiovascular phenotyping in mice[END_REF] and beats approximately ten times faster than human heart (Ho et al., 2011). The main physiological characteristics describing the heart of both mentioned species are automaticity, excitability, contractility and conductivity (Trojan S, 2003).

HEART GROSS ANATOMY

Layers of the Heart Wall

The heart is located in mediastinum and is covered by pericardium. Pericardium is a thin, fibrous, double-walled sac filled with pericardial fluid . It protects the heart from shock, injury, friction, excessive dilatation, infections and also provides a smooth lubricated sliding surface I, 2010).

The cardiac wall consists of three layers: epicardium, myocardium and endocardium (Figure 1). The outer layer, epicardium, is morphologically characterized as visceral layer of pericardium [START_REF] Katz | Physiology of the Heart[END_REF]. Between epicardium and myocardium, there is a film of epicardial fat, which covers 80 [START_REF] Rabkin | Epicardial fat: properties, function and relationship to obesity[END_REF] . Higher amount of epicardial fat is usually present around the right than the left ventricle [START_REF] Loe | A light-hearted look at a lion-hearted organ (or, a perspective from three standard deviations beyond the norm) Part 1 (of two parts)[END_REF], but its total amount depends on individual [START_REF] Iacobellis | Echocardiographic epicardial fat: a review of research and clinical applications[END_REF]). An increased thickness of epicardial fat was confirmed in obese patients [START_REF] Rabkin | Epicardial fat: properties, function and relationship to obesity[END_REF][START_REF] Sacks | Human epicardial adipose tissue: A review[END_REF]. It was shown, that nerves, coronary veins and other veins are located in epicardial fat .

The myocardium is the middle layer of the heart and it forms three dimensional network of cardiomyocytes in a matrix of fibrous tissue [START_REF] Ho | Anatomy, echocardiography, and normal right ventricular dimensions[END_REF].

It is the thickest part of the heart wall; however, it is well-known that levels of myocardial mass are different within the organ. The thinnest part is the left atrium and the thickest part is the left ventricle .

Figure 1: X-ray microphotograph of transversal section of the left ventricle after injection with radiopaque dye [START_REF] Katz | Physiology of the Heart[END_REF] The inner layer, endocardium, is in contact with blood. This large surface area is firmly attached to myocardium and lines the cavities and valves. The endocardium itself is layered into endothelium, smooth muscle cells and connective tissue and subendocardial layer [START_REF] Katz | Physiology of the Heart[END_REF]. Endocardium, which is primarily made up of the endothelial cells, is considered to be the modulator of cardiac performance, rhythmicity and growth. It is also suggested that cardiac endothelium controls the development of the heart in the embryo as well as in the adult, e.g., during hypertrophy [START_REF] Brutsaert | Cardiac endothelium and myocardial function[END_REF].

The endocardial endothelium may also act as blood-heart barrier thus control the ionic composition of the extracellular fluid [START_REF] Brutsaert | Cardiac endothelium and myocardial function[END_REF][START_REF] Dejana | Molecular organization and functional regulation of cell to cell junctions in the endothelium[END_REF][START_REF] Milgrom-Hoffman | The heart endocardium is derived from vascular endothelial progenitors[END_REF].

Chambers of the Heart

The heart contains an apex and a base. The apex is the rounded lowest superficial part of the heart. The base is the broader end where cardiac plexus is located. Majority of the great vessels (e.g., pulmonary trunk, aorta and superior vena cava) emerge upward from the base of the heart [START_REF] Katz | Physiology of the Heart[END_REF]. Heart consists of four chambers, two superior atria and two inferior ventricles (Figure 2). Coronary sinus, superior vena cava, inferior vena cava and also pacemakers of the heart sinoatrial and atrioventricular nodes, are located in the right atrium [START_REF] Katz | Physiology of the Heart[END_REF] . While the sinoatrial node can be found next to the superior vena cava, atrioventricular node is located in the posteroinferior region of the interatrial septum, near the coronary sinus [START_REF] Anderson | The Gross Physiology of the Cardiovascular System[END_REF]. Recently, the new three-dimensional model for simulation of behavior of both nodes was introduced. This can be very useful for prediction of node behavior in specific pathologies [START_REF] Li | Three-Dimensional Computer Model of the Right Atrium Including the Sinoatrial and Atrioventricular Nodes Predicts Classical Nodal Behaviours[END_REF].

The walls of the left atrium are slightly thinner than that of the right atrium. It is situated behind the right atrium and forms a greater part of the base. The openings of the pulmonary veins are located here. The left atrium also consists of a smooth concavity and a muscular left auricle. Recently, the left atrium was studied more precisely; because its changes are associated to many cardiovascular disorders [START_REF] Appleton | The Role of Left Atrial Function in Diastolic Heart Failure[END_REF][START_REF] Kurt | Left Atrial Function in Diastolic Heart Failure[END_REF][START_REF] Mehrzad | The Three Integrated Phases of Left Atrial Macrophysiology and Their Interactions[END_REF]. For example, the size of the left atrium was used as a biomarker and powerful predictor of mitral regurgitation, atrial fibrillation, congestive heart failure or stroke [START_REF] Mehrzad | The Three Integrated Phases of Left Atrial Macrophysiology and Their Interactions[END_REF]. The atria are separated by thin wall of tissue called the interatrial septum. This septum prevents blood from passing between the atria [START_REF] Hara | Patent Foramen Ovale: Current Pathology, Pathophysiology, and Clinical Status[END_REF].

The left ventricle is located at the bottom left portion of the heart, below the left atrium. Its shape approximates to a cone and in cross-section, its concavity presents a circular outline [START_REF] Ho | Anatomy and myoarchitecture of the left ventricular wall in normal and in disease[END_REF]. Myofibers of the left ventricle are longitudinally, obliquely and also circularly orientated. Fiber direction is aligned mostly in the base-apex course in the endocardial and epicardial area and rotating to circumferencial direction in the midwall [START_REF] Helm | Evidence of Structural Remodeling in the Dyssynchronous Failing Heart[END_REF]. This arrangement contributes to the complex movement of the left ventricle including torsion, rotation and thickening [START_REF] Haddad | Right Ventricular Function in Cardiovascular Disease, Part I Anatomy, Physiology, Aging, and Functional Assessment of the Right Ventricle[END_REF]. Organization of the cardiac fibers plays a key role in clinically and physiologically relevant functions, affecting contraction and relaxation, electrical conduction, electrical defibrillation and coronary perfusion [START_REF] Burton | Three-Dimensional Models of Individual Cardiac Histoanatomy: Tools and Challenges[END_REF][START_REF] Vetter | Epicardial Fiber Organization in Swine Right Ventricle and Its Impact on Propagation[END_REF]. In general, the left ventricle is the thickest part of the heart, three or four times thicker than the right ventricle. The wall of the left ventricle is the thinnest at the apex and it gradually becomes thicker towards the base [START_REF] Ho | Anatomy and myoarchitecture of the left ventricular wall in normal and in disease[END_REF]. It was shown that left ventricular free wall width changes with advancing age [START_REF] Kitzman | Age-related changes in the anatomy of the normal human heart[END_REF]. It is also known, that cardiac output of the left ventricle is five times higher than the cardiac output of the right ventricle [START_REF] Katz | Physiology of the Heart[END_REF]Trojan S, 2003).

For many years, research of the left ventricle overshadowed the study of the right ventricle [START_REF] Williams | Assessment of right ventricular function[END_REF]. In the first half of the 20 th century, the hypotheses that human circulation can adequately work without the right ventricle function was presented. However, later, the importance of the right ventricle was clearly recognized and its defect was connected especially with myocardial infarction, heart failure, pulmonary hypertension or congenital heart disease (for review see [START_REF] Farb | Anatomy and pathology of the right ventricle (including acquired tricuspid and pulmonic valve disease)[END_REF].

Thus, its structure and function were studied more precisely [START_REF] Farb | Anatomy and pathology of the right ventricle (including acquired tricuspid and pulmonic valve disease)[END_REF][START_REF] Haddad | Right Ventricular Function in Cardiovascular Disease, Part I Anatomy, Physiology, Aging, and Functional Assessment of the Right Ventricle[END_REF]. The right ventricle is the most anterior cardiac chamber. In contrast to the circular shape of the left ventricle, the right ventricle is triangular in longitudinal view and is crescent, when viewed in cross-section [START_REF] Haddad | Right Ventricular Function in Cardiovascular Disease, Part I Anatomy, Physiology, Aging, and Functional Assessment of the Right Ventricle[END_REF][START_REF] Katz | Physiology of the Heart[END_REF]. Fibers are arranged circumferentially, obliquely and longitudinally, similar to the left ventricle organization [START_REF] Farb | Anatomy and pathology of the right ventricle (including acquired tricuspid and pulmonic valve disease)[END_REF][START_REF] Ho | Anatomy, echocardiography, and normal right ventricular dimensions[END_REF].

The left and the right sides of the heart are separated by the septum. The septum is curved, convexing into the right ventricle. It consists of muscles, except for a small portion of thin fibrous structure beneath aortic valve [START_REF] Ho | Anatomy and myoarchitecture of the left ventricular wall in normal and in disease[END_REF]. The septum divides the heart into two functionally separate and anatomically distinct units [START_REF] Opie | Heart Physiology: From Cell to Circulation[END_REF]Trojan S, 2003).

HEART HISTOLOGY

The heart is a highly organized heterogeneous structure with great diversity in cell type and their distribution. All these cell types contribute to structural, electrical, biochemical, and mechanical properties of the tissue. The largest volume of heart is occupied by cardiomyocytes (working cardiomyocytes and pacemaker cells), while nonmyocytes (vascular smooth muscle, endothelial cells, nervous cells, connective tissue cells etc.) predominate in terms of cell numbers [START_REF] Burton | Three-Dimensional Models of Individual Cardiac Histoanatomy: Tools and Challenges[END_REF][START_REF] Katz | Homogeneity out of heterogeneity[END_REF][START_REF] Kohl | Cardiac cellular heterogeneity and remodelling[END_REF]. Both, cardiomyocytes and also non-myocytes are stretch-sensitive and contribute to the functional interaction of cardiac mechanics, electrophysiology and structure [START_REF] Kohl | Stretch-induced changes in heart rate and rhythm: clinical observations, experiments and mathematical models[END_REF].

The Muscle Cells

There are two types of cardiac muscle cells: cardiomyocytes, which have the ability to contract easily and modified cardiomyocytes, the pacemaker cells of the conducting system [START_REF] Kapoor | Direct conversion of quiescent cardiomyocytes to pacemaker cells by expression of Tbx18[END_REF]. The contractile cells react to impulses of action potential from the pacemaker cells. As a response to these impulses, they immediately contract and thus pump blood through the body .

The Working Cardiomyocytes

The atria and ventricles are made up of millions of individual rod-shaped contractile cardiomyocytes [START_REF] Ho | Anatomy, echocardiography, and normal right ventricular dimensions[END_REF]. The ventricular myocytes are columnar shaped cells and fill approximately 50 % of the heart weight. While human left ventricle is built of 2 -4 billion of cardiomyocytes [START_REF] Nakano | Cardiomyocyte and Heart Failure[END_REF], in mouse, the number of the left ventricle cardiomyocytes range between 2 -3.3 million [START_REF] Eisele | Effect of voluntary exercise on number and volume of cardiomyocytes and their mitochondria in the mouse left ventricle[END_REF]. Approximately 50 % of the cell volume in an individual contracting cardiomyocyte is constituted by myofibrils (composed by myosin and actin filaments) [START_REF] Forbes | Chapter 5 -Ultrastructure of Cardiac Muscle and Blood Vessels[END_REF][START_REF] Nakano | Cardiomyocyte and Heart Failure[END_REF], 25 % is formed by mitochondria [START_REF] Lemieux | Mitochondria in the human heart[END_REF][START_REF] Mettauer | Heart failure: a model of cardiac and skeletal muscle energetic failure[END_REF] and the rest consists of longitudinal nucleus, sarcoplasmic reticulum, sarcolemma, cytosol and other structures [START_REF] Nakano | Cardiomyocyte and Heart Failure[END_REF].

The cardiomyocytes form a branched network called syncytium. Actually, the heart consists of two syncytia one in the atria and second in the ventricles. Transmission of contractile force from one cardiomyocyte to another is arranged by irregularly-spaced dark bands between myocytes called intercalated disks [START_REF] Gutstein | The organization of adherens junctions and desmosomes at the cardiac intercalated disc is independent of gap junctions[END_REF][START_REF] Katz | Physiology of the Heart[END_REF]. Each cell in heart is electrically coupled to the next one and thus, the heart can behave as a single motor unit. This enables rapid conduction of electrical impulses throughout the heart [START_REF] Gutstein | The organization of adherens junctions and desmosomes at the cardiac intercalated disc is independent of gap junctions[END_REF][START_REF] Perriard | Dilated Cardiomyopathy: A Disease of the Intercalated Disc?[END_REF].

Myocytes in atria are smaller with ellipsoidal shape [START_REF] Nakano | Cardiomyocyte and Heart Failure[END_REF]. They contain granules with precursor of atrium natriuretic peptide. It influences excretion of sodium, potassium and water by kidneys and in this way decreases volume of body fluids and blood pressure. This means that the heart is not only a pump, but also an endocrine organ .

The Pacemaker Cells

The pacemaker cells are specialized cardiomyocytes that generate and conduct electrical impulses (Figure 3). They build just 1 % of all the cells in heart. Pacemaker cells are generally much smaller than the contractile cells, have just few myofilaments running in all directions and are not organized into myofibrils [START_REF] Boyett | The sinoatrial node, a heterogeneous pacemaker structure[END_REF][START_REF] Katz | Physiology of the Heart[END_REF]. Group of pacemaker cells, which are located beneath the epicardial surface in the right atrium at the junction of the crista terminalis and veins, form the sinoatrial node.

Because the firing rate of the sinoatrial node is more rapid than in other structures, it works as cardiac pacemaker. Its fibers are directly in touch with atrium fibers; hence, the action potential, which arises in sinoatrial node is immediately spread to atrioventricular node [START_REF] Boyett | The sinoatrial node, a heterogeneous pacemaker structure[END_REF][START_REF] Katz | Physiology of the Heart[END_REF]. Atrioventricular node is located subendocardially between the atria and the ventricles in vicinity of tricuspid valve. It conducts an electrical impulse from the atria to the ventricles. This region is typical for a little slowdown of impulses. Subsequently, impulses are spread through the atrioventricular His bundle, which is divided into left and right bundle branch. Terminal part of conducting system is ensured by Purkinje fibers, a subendocardial network of rapidly conducting cells that synchronizes ventricular activation. Purkinje cells are larger with few myofibrils and huge level of glycogen. They can be observed as pale cells by microscopy [START_REF] Forbes | Chapter 5 -Ultrastructure of Cardiac Muscle and Blood Vessels[END_REF]; Katz . the stresses imposed by cardiovascular diseases [START_REF] Kitzman | Age-related changes in the anatomy of the normal human heart[END_REF]. Recent experiments revealed the possibility of working cardiomyocytes converting to pacemaker cells by re-expression of the embryonic transcription factor T-box 18 [START_REF] Kapoor | Direct conversion of quiescent cardiomyocytes to pacemaker cells by expression of Tbx18[END_REF].

This could be a viable therapy for patients with malfunction of the pacemaker. However, additional experiments are needed to verify safety and efficacy in a large-model animal [START_REF] Hu | Biological pacemaker created by minimally invasive somatic reprogramming in pigs with complete heart block[END_REF].

The Vascular Smooth Muscle Cells

Cardiac tissue is highly vascularized [START_REF] Nam | Coronary veins determine the pattern of sympathetic innervation in the developing heart[END_REF]. Recently published results

showed that large diameter coronary veins develop close to the epicardium, whereas coronary arteries arise in the deeper myocardial layer [START_REF] Red-Horse | Coronary arteries form by developmental reprogramming of venous cells[END_REF]. The majority of the wall in blood vessels e.g., aorta, coronary arteries, inflow and outflow vasculature, is composed of vascular smooth muscle cells. They provide structural integrity of veins and regulate the caliber of the blood vessels in the body by contraction or relaxation in response to vasoactive stimuli [START_REF] Metz | Vascular smooth muscle cells: isolation, culture, and characterization[END_REF]. Abnormal patterning or distribution of the coronary vasculature is often associated with congenital heart disease [START_REF] Kayalar | Congenital coronary anomalies and surgical treatment[END_REF].

The Connective Tissue Cells

Connective tissue surrounds individual cardiac myocytes, groups of cells and also encloses the entire muscle [START_REF] Rossi | Connective Tissue Skeleton of the Human Heart A Demonstration by Cell-Maceration Scanning Electron Microscope Method[END_REF]. It contributes to heart tensile strength and stiffness [START_REF] Katz | Physiology of the Heart[END_REF]. It was shown, that the numbers of myocytes and the number of connective cells in human heart increase at a similar rate in early development until several weeks after birth. Consequently, number of cardiomyocytes remains almost constant and number of connective cells is increasing with heart weight [START_REF] Kohl | Heterogeneous Cell Coupling in the Heart An Electrophysiological Role for Fibroblasts[END_REF]. Sinoatrial node contains a lot of connective tissue, mainly collagen and fibroblasts. The extent of connective tissue is species-dependent and varies from 50 % in rabbit, guinea-pig and rat to 75 90 % in cat [START_REF] Boyett | The sinoatrial node, a heterogeneous pacemaker structure[END_REF].

More than 60 % of the cells in heart are cardiac fibroblasts. The new therapeutic approach, focused on conversion of fibroblasts into cardiomyocytes for repairing injured hearts, is intensely explored. Although reprogramming of fibroblasts into cardiomyocytes has been successful, a major limitation to using this approach to treat heart disease in human is the teratogenicity and the oncogenic potential [START_REF] Xin | Mending broken hearts: cardiac development as a basis for adult heart regeneration and repair[END_REF].

The Endothelial Cells

The endothelial cells are firmly attached squamous cells, which line the entire vascular system, from heart to the smallest capillary. They create an adaptable life-support system, because blood supply depends on function of endothelial cells. If a part of the vessel wall is damaged, neighboring endothelial cells proliferate and migrate in, to cover the exposed surface (Alberts B, et al., 1989;[START_REF] Katz | Physiology of the Heart[END_REF]. Endothelial cells in heart play an extraordinary role in regulating and maintaining cardiac function. Recent studies showed that cardiac endothelial-cardiomyocyte interaction is necessary for normal cardiac development, growth and angiogenesis. Cardiac endothelial cells also express and release a variety of substances, such as nitric oxide, endothelin, angiotensin II or prostaglandin I 2 , which directly affect cardiac metabolism, growth, contractile performance and rhythmicity of adult heart [START_REF] Brutsaert | Cardiac Endothelial-Myocardial Signaling: Its Role in Cardiac Growth, Contractile Performance, and Rhythmicity[END_REF]. Endothelial cells are distinguished from myocardium by the expression of endothelial markers. Many of them are present at early stages of development (e.g., platelet/endothelial cell adhesion molecule (PECAM1), cadherin 5, factor VIII related antigen) [START_REF] Drake | Vasculogenesis in the day 6.5 to 9.5 mouse embryo[END_REF][START_REF] Garlanda | Heterogeneity of Endothelial Cells Specific Markers[END_REF].

However, it was shown that PECAM1 [START_REF] Baldwin | Platelet endothelial cell adhesion molecule-1 (PECAM-1/CD31): alternatively spliced, functionally distinct isoforms expressed during mammalian cardiovascular development[END_REF] and endothelial-leukocyte adhesion molecule-1 [START_REF] Hwang | Circulating Adhesion Molecules VCAM-1, ICAM-1, and Eselectin in Carotid Atherosclerosis and Incident Coronary Heart Disease Cases The Atherosclerosis Risk In Communities (ARIC) Study[END_REF] are expressed also in the adult subjects [START_REF] Paranya | Aortic Valve Endothelial Cells Undergo Transforming Growth Factor--Mediated and Non-Transforming Growth Factor--Mediated Transdifferentiation in Vitro[END_REF].

The Nervous Tissue Cells

Nerve cells receive, conduct and transmit signals in form of electrical impulses to other nerve cell, muscle or gland (Alberts [START_REF] Bruce | Molecular biology of the cell[END_REF]Sperelakis, 1998).

Intracardiac nerves are covered by epineurium that is mostly composed of collagen fibrils.

The thickness of epineurium is related to nerve diameter. In the thin nerves, the epineurium is sparse, almost absent and thus, the thin intracardiac nerves in human are separated from connective tissue only by a sheath, consisting of 1 -12 layers (number is related to the nerve diameter) of perineurial cells. Endoneurium, a surrounding of the individual nerve fiber, is variable, with no dependence on nerve diameter [START_REF] Pauziene | Morphology of human intracardiac nerves: an electron microscope study[END_REF][START_REF] Pauziene | Electron microscopic study of intrinsic cardiac ganglia in the adult human[END_REF].

Myelinated and also unmyelinated axons are present in heart. Thin cardiac nerves possess fewer unmyelinated axons [START_REF] Pauziene | Morphology of human intracardiac nerves: an electron microscope study[END_REF]. Both myelinated and unmyelinated axons display typical ultrastructure, i.e., large nucleus, endoplasmatic reticulum, cytoplasm rich in ribosomes, large numbers of neurofilaments, microfilaments, microtubules and other cytoskeletal proteins, which cross-link and form a tight meshwork (Alberts [START_REF] Bruce | Molecular biology of the cell[END_REF]Sperelakis, 1998).

Interesting suggestions appeared in the literature that structural alterations in the sensory and autonomic nerves may be a indicator of tissue inflammation and/or dysfunction of tissue homeostasis [START_REF] Koistinaho | Increased density of perivascular adrenergic innervation in tibial and vagus nerves of spontaneously hypertensive rats[END_REF][START_REF] Wadhwani | Perineurial permeability and endoneurial edema during Wallerian degeneration of the frog peripheral nerve[END_REF][START_REF] Weerasuriya | Influence of the acetylcholinesterase active site protonation on omega loop and active site dynamics[END_REF].

Heart Histological Methods

The heart consists of different cell types described above. All these cell types contribute to structural, biochemical, mechanical and electrical properties of the functional heart [START_REF] Xin | Mending broken hearts: cardiac development as a basis for adult heart regeneration and repair[END_REF]. Any change in the cell content or distribution may have significant effects on cardiac function [START_REF] Burton | Three-Dimensional Models of Individual Cardiac Histoanatomy: Tools and Challenges[END_REF]. Thus, the methods for identification of cardiac histo-anatomical features are important in research and in clinical applications.

Usually, combination of dyes is used to visualize entire basic morphology of the tissue. For specific visualization of desired proteins, immunohistochemistry is often preferred.

Dyes Used in Histology

Hematoxylin and eosin staining is widely used to recognize various tissue types and morphologic changes in tissues [START_REF] Fischer | Hematoxylin and eosin staining of tissue and cell sections[END_REF][START_REF] Gibson | Mural and extramural venous invasion and prognosis in colorectal cancer[END_REF]. The staining is used in diagnosis of different pathologies, e.g., cancer [START_REF] Fischer | Hematoxylin and eosin staining of tissue and cell sections[END_REF] or amyloidosis [START_REF] Doganavsargil | Digitally reinforced hematoxylin-eosin polarization technique in diagnosis of rectal amyloidosis[END_REF]. Hematoxylin stains nuclei by deep blue-purple color. Eosin is a synthetic pink dye, which binds to positively charged proteins in the cytoplasm and connective tissue. As a result, cytoplasm and extracellular matrix staining varies in shades of pink; erythrocytes are bright red/pink and collagen exhibits pink color [START_REF] Ankle | A study to evaluate the efficacy of xylene-free hematoxylin and eosin staining procedure as compared to the conventional hematoxylin and eosin staining: An experimental study[END_REF]Cardiff et al., 2014;[START_REF] Fischer | Hematoxylin and eosin staining of tissue and cell sections[END_REF]. The advantages of this method are simplicity, short duration of procedure, compatibility with many fixatives and steadiness of the staining, remaining for many years without losing its intensity. Limitation of this method is incompatibility with immunofluorescence [START_REF] Fischer | Hematoxylin and eosin staining of tissue and cell sections[END_REF].

Hematoxyline and eosin staining can be modified for many other specific applications. When mucin or cartilages are specifically examined, staining is usually coupled with alcian blue, which stains these structures in blue. Eosin can be substituted by acid Orange G, which stains cytoplasm yellow or orange and specifically stains the granules of acidophilic cells.

Masson trichrome staining is used for visualization of collagen fibers. Most protocols produce red muscle fibers, blue collagen and bone, light red/pink cytoplasm and dark black nuclei [START_REF] Garvey | Modified elastic tissue-Masson trichrome stain[END_REF]. The staining is inexpensive and successfully used in diagnosis of fibrosis [START_REF] Zhu | Mangiferin attenuates renal fibrosis through down-regulation of osteopontin in diabetic rats[END_REF] and tumors [START_REF] Chang | Masson trichrome stain helps differentiate myofibroma from smooth muscle lesions in the head and neck region[END_REF][START_REF] Wu | Intensity of stromal changes is associated with tumor relapse in clinically advanced prostate cancer after castration therapy[END_REF]. However, the method is more time consuming than hematoxylin and eosin staining [START_REF] Garvey | Modified elastic tissue-Masson trichrome stain[END_REF].

Immunohistochemistry

Immunohistochemistry is widely used in research and also in clinical practice. It combines histological, immunological and biochemical techniques to localize specific cellular components by interaction of target antigens with specific antibodies [START_REF] Renshaw | Immunohistochemistry: Methods Express Series[END_REF]. Polyclonal antibodies recognize several epitopes, while monoclonal antibodies show specificity for a single epitope and are more specific to the target antigen [START_REF] Odell | Immunofluorescence Techniques[END_REF].

Several different approaches can be used to detect antigens in tissue. Direct approach uses a labeled primary antibody. This method is simple and fast, however, usually its sensitivity is low due to limited signal amplification. The amplification can be achieved if the primary antibodies are conjugated to biotin molecules, which can recruit complexes of avidin or streptavidin [START_REF] Cook | Cellular Pathology[END_REF][START_REF] Hockfield | Selected Methods for Antibody and Nucleic Acid Probes[END_REF][START_REF] Renshaw | Immunohistochemistry: Methods Express Series[END_REF]. Indirect techniques use an unlabeled primary antibody, which is bound to the tissue antigen and secondary antibody directed against the precise region of the heavy and/or light chains of the primary antibody. The indirect technique allows the signal amplification and is usually the more preferred approach [START_REF] Cook | Cellular Pathology[END_REF][START_REF] Hockfield | Selected Methods for Antibody and Nucleic Acid Probes[END_REF].

Immunohistochemistry enables visualization of only specific proteins and thus different cell types in heart can be distinguished [START_REF] Odell | Immunofluorescence Techniques[END_REF]. Endothelial cells can be detected by targeting endothelial markers e.g., PECAM1 [START_REF] Nam | Coronary veins determine the pattern of sympathetic innervation in the developing heart[END_REF] or endothelial nitric oxide synthase, which catalyzes synthesis of nitric oxide [START_REF] Gentile | VEGF-mediated phosphorylation of eNOS regulates angioblasts and embryonic endothelial cell proliferation[END_REF]. Vascular smooth muscle cells can be identified through targeting 22 kDa long protein of smooth muscle cell, commonly abbreviated , which is extensively expressed in heart [START_REF] Li | SM22 , a Marker of Adult Smooth Muscle, Is Expressed in Multiple Myogenic Lineages During Embryogenesis[END_REF][START_REF] Nam | Coronary veins determine the pattern of sympathetic innervation in the developing heart[END_REF]. Reliable marker for nerve cells istubuline [START_REF] Nam | Coronary veins determine the pattern of sympathetic innervation in the developing heart[END_REF]. Other markers of neuronal phenotype are microtubuleassociated protein 2 [START_REF] Izant | Microtubule-associated proteins: a monoclonal antibody to MAP2 binds to differentiated neurons[END_REF] and neuron-specific nuclear protein commonly referred to as NeuN [START_REF] Wolf | NeuN: a useful neuronal marker for diagnostic histopathology[END_REF]. The immunohistochemistry can be used in combination with non-antibody fluorescent methods, for example 4',6-diamidino-2phenylindole (DAPI) to label DNA.

Nevertheless, the immunohistochemistry is a very specific technique with numbers of advantages; it has a few limitations that need to be considered in the experiments. As with most fluorescence techniques, significant problems are bleaching, autofluorescence of some tissues (including heart) and non-selectivity of antibodies. Moreover, dilution of antibodies has to be properly examined to reach high signal-to-background ratio [START_REF] Odell | Immunofluorescence Techniques[END_REF].

INNERVATIONS OF THE HEART

Cardiac tissue is extensively innervated by autonomic sympathetic and parasympathetic nerves (Figure 4) [START_REF] Kanazawa | Heart failure causes cholinergic transdifferentiation of cardiac sympathetic nerves via gp130-signaling cytokines in rodents[END_REF][START_REF] Nam | Coronary veins determine the pattern of sympathetic innervation in the developing heart[END_REF]. These nerves enable communication between central nervous system and heart [START_REF] Kukanova | Complex intracardiac nervous system[END_REF]. In ideal case, there is a balance in sympathetic and parasympathetic regulation of heart. Excessive up-regulation of one of these systems can have fatal consequences [START_REF] Kanazawa | Heart failure causes cholinergic transdifferentiation of cardiac sympathetic nerves via gp130-signaling cytokines in rodents[END_REF]. 

EXTRACARDIAC NERVOUS SYSTEM

Sympathetic pre-ganglionic nerves originate in the lateral grey columns of the spinal cord. The predominant neurotransmitter of these neurons is ACh. Post-ganglionic sympathetic neurons originate in cervical and stellate sympathetic ganglia [START_REF] Kawashima | The autonomic nervous system of the human heart with special reference to its origin, course, and peripheral distribution[END_REF][START_REF] San Mauro | Nerves of the heart: a comprehensive review with a clinical point of view[END_REF] and the neurotransmitter of most sympathetic postganglionic neurons is noradrenaline. Activation of sympathetic system increases chronotropy, dromotrophy, inotropy, lusitropy and batmotropy of heart [START_REF] Triposkiadis | The Sympathetic Nervous System in Heart Failure: Physiology, Pathophysiology, and Clinical Implications[END_REF].

The parasympathetic nervous system performs its control on heart through the nervus vagus. It originates from brainstem as cranial nerve X. The parasympathetic ganglia are located very proximally or actually within the target organ [START_REF] Katz | Physiology of the Heart[END_REF][START_REF] San Mauro | Nerves of the heart: a comprehensive review with a clinical point of view[END_REF]. While the neurotransmission in ganglia is modulated by ACh via nicotinic receptors, in the post-ganglionic parasympathetic nerves ACh affects cardiac muscarinic receptors [START_REF] Olshansky | Parasympathetic nervous system and heart failure: pathophysiology and potential implications for therapy[END_REF]. Activation of parasympathetic system leads to reduction of cardiac performance, especially to decreased chronotropy, batmotrophy and inotropy [START_REF] Kanazawa | Heart failure causes cholinergic transdifferentiation of cardiac sympathetic nerves via gp130-signaling cytokines in rodents[END_REF][START_REF] Triposkiadis | The Sympathetic Nervous System in Heart Failure: Physiology, Pathophysiology, and Clinical Implications[END_REF].

The afferent nerves of both systems in heart share the same pathway with gastrointestinal, genitourinal, baroreceptors, chemoreceptors and transmit signals to the spinal cord [START_REF] Kiernan | Viewpoint[END_REF][START_REF] Kukanova | Complex intracardiac nervous system[END_REF]. The cardiac sensory nervous system is responsible for nociception, providing information about blood pressure and for initiating a protective cardiovascular response during myocardial ischemia. The sensory signals are conducted through cardiac afferents, primarily thinly myelinated A-fibers and unmyelinated C-fibers that project to the upper thoracic dorsal horn via dorsal root ganglia [START_REF] Kiernan | Viewpoint[END_REF][START_REF] Kimura | Development, maturation, and transdifferentiation of cardiac sympathetic nerves[END_REF].

INTRACARDIAC NERVOUS SYSTEM

Intracardiac nervous system integrates information from a variety of sources, including sympathetic and parasympathetic postganglionic neurons, sensory neurons, local interneurons and local paracrine signals, such as mast cell signals [START_REF] Armour | Cardiac neuronal hierarchy in health and disease[END_REF][START_REF] Hardwick | Remodeling of the guinea pig intrinsic cardiac plexus with chronic pressure overload[END_REF]. Mentioned neurons are concentrated in the multiple ganglia and synthesize many different neurotransmitters. Communication between neurons in the ganglia and between individual ganglia operates as complex nervous network in the heart [START_REF] Kukanova | Complex intracardiac nervous system[END_REF].

Extrinsic parasympathetic and sympathetic cardiac nerves enter the tissue on the base of the heart under the aortic arch (heart hilum), where they form the net of sympathetic and parasympathetic branches called cardiac plexus (Pauza et al., 1997a). This phenomena was observed in human [START_REF] Pauza | Morphology, distribution, and variability of the epicardiac neural ganglionated subplexuses in the human heart[END_REF], mouse (Rysevaite et al., 2011a), sheep [START_REF] Saburkina | Epicardial neural ganglionated plexus of ovine heart: anatomic basis for experimental cardiac electrophysiology and nerve protective cardiac surgery. Heart Rhythm Off[END_REF], rat, guinea pig (Pauza et al., 1997b), dog [START_REF] Pauza | Anatomical study of the neural ganglionated plexus in the canine right atrium: implications for selective denervation and electrophysiology of the sinoatrial node in dog[END_REF] and rabbit [START_REF] Saburkina | Morphological pattern of intrinsic nerve plexus distributed on the rabbit heart and interatrial septum[END_REF]. Cardiac plexus contains the highest density of epicardial ganglia (up to 50 % of all ganglia) [START_REF] Pauza | Morphology, distribution, and variability of the epicardiac neural ganglionated subplexuses in the human heart[END_REF], which are closely associated with epicardial fat [START_REF] Hasan | Autonomic cardiac innervation: development and adult plasticity[END_REF].

The area of cardiac plexus is anatomically divided into two parts [START_REF] San Mauro | Nerves of the heart: a comprehensive review with a clinical point of view[END_REF] arterial and venous parts. From the arterial part, the nerves continue predominantly into the ventricles. From venous part, the nerves extend to the ventricles and also to the atria [START_REF] Pauza | Morphology, distribution, and variability of the epicardiac neural ganglionated subplexuses in the human heart[END_REF]. These epicardial extensions of nerves in cardiac plexus form ganglionated subplexuses, which proceed separately into regions of innervation [START_REF] Pauza | Morphology, distribution, and variability of the epicardiac neural ganglionated subplexuses in the human heart[END_REF]. Armour et al. [START_REF] Armour | Gross and microscopic anatomy of the human intrinsic cardiac nervous system[END_REF] suggested ten subplexuses in human heart. However, later, it was described, that some of them are actually fused [START_REF] Pauza | Morphology, distribution, and variability of the epicardiac neural ganglionated subplexuses in the human heart[END_REF]. Pauza et al. [START_REF] Pauza | Morphology, distribution, and variability of the epicardiac neural ganglionated subplexuses in the human heart[END_REF] defined seven ganglionated subplexuses in human heart: left and right coronary suplexuses, ventral right and left atrial subplexuses, left dorsal subplexus, middle dorsal subplexus and dorsal right atrial subplexus. The right atrium is innervated by two subplexuses, the left atrium by three, the right ventricle by one and the left ventricle by three subplexuses [START_REF] Pauza | Morphology, distribution, and variability of the epicardiac neural ganglionated subplexuses in the human heart[END_REF]. This opinion is accepted to date. The number of subplexuses and their routes of innervation vary just slightly between different species, e.g., dog [START_REF] Pauza | Morphology of the intrinsic cardiac nervous system in the dog: a whole-mount study employing histochemical staining with acetylcholinesterase[END_REF], pig [START_REF] Batulevicius | Topography of the porcine epicardiac nerve plexus as revealed by histochemistry for acetylcholinesterase[END_REF], guinea pig [START_REF] Batulevicius | Architecture and age-related analysis of the neuronal number of the guinea pig intrinsic cardiac nerve plexus[END_REF] and mouse (Rysevaite et al., 2011a). Topography of mentioned subplexuses is preserved within species, however the precise structural organization substantially varies between them [START_REF] Pauza | Morphology, distribution, and variability of the epicardiac neural ganglionated subplexuses in the human heart[END_REF]Rysevaite et al., 2011a). In human, the density of nerves changes from infancy to senility [START_REF] Chow | Autonomic innervation of the human cardiac conduction system: changes from infancy to senility--an immunohistochemical and histochemical analysis[END_REF][START_REF] Pauza | Morphology, distribution, and variability of the epicardiac neural ganglionated subplexuses in the human heart[END_REF][START_REF] San Mauro | Nerves of the heart: a comprehensive review with a clinical point of view[END_REF]. But age-related changes in neuronal number were not proven in guinea pig [START_REF] Batulevicius | Architecture and age-related analysis of the neuronal number of the guinea pig intrinsic cardiac nerve plexus[END_REF].

Innervation is richer on the base of heart compared to the apex and in the atria compared to the ventricles. The distribution of sympathetic and parasympathetic nerves within heart is not uniform [START_REF] Kukanova | Complex intracardiac nervous system[END_REF]. Studies showed that more parasympathetic nerves than sympathetic are located in atria (mainly in area of sinoatrial and atrioventricular nodes), while more sympathetic nerves are located in the ventricles [START_REF] Kawashima | The autonomic nervous system of the human heart with special reference to its origin, course, and peripheral distribution[END_REF]. Parasympathetic endings are also observed in the ventricles, but form only less than one half of sympathetic division. Sympathetic innervation in the ventricles is more concentrated toward the base of the heart [START_REF] Kawashima | The autonomic nervous system of the human heart with special reference to its origin, course, and peripheral distribution[END_REF].

The accumulated evidence in recent decades indicates that intracardiac nervous system significantly regulates heart activity (cardiac chronotropy, inotropy, dromotropy, bathmotropy and coronary blood flow) [START_REF] Randall | Interactions within the intrinsic cardiac nervous system contribute to chronotropic regulation[END_REF][START_REF] Tsuboi | Inotropic, chronotropic, and dromotropic effects mediated via parasympathetic ganglia in the dog heart[END_REF]. Recent observations suggest, that this system seems to be involved not only in heart physiology but also in some cardiac pathologies, e.g., ischemia [START_REF] Hopkins | Pathology of intrinsic cardiac neurons from ischemic human hearts[END_REF], atrial arrhythmias [START_REF] Armour | Origin and pharmacological response of atrial tachyarrhythmias induced by activation of mediastinal nerves in canines[END_REF], ventricular arrhythmias (Armour, 2008).

HEART CHOLINERGIC SYSTEM

ACh is involved in cell-to-cell signaling in almost all life-forms on earth [START_REF] Kawashima | Basic and clinical aspects of non-neuronal acetylcholine: overview of non-neuronal cholinergic systems and their biological significance[END_REF]. It plays an important role in the organism as a key neurotransmitter of cholinergic synapse (Figure 5) in the central and the peripheral nervous system (Alberts [START_REF] Bruce | Molecular biology of the cell[END_REF]. Moreover, numerous non-neuronal cells, including cardiomyocytes, have the ability to produce, transport and release ACh [START_REF] Kakinuma | Cholinoceptive and cholinergic properties of cardiomyocytes involving an amplification mechanism for vagal efferent effects in sparsely innervated ventricular myocardium[END_REF][START_REF] Lara | Dysautonomia due to reduced cholinergic neurotransmission causes cardiac remodeling and heart failure[END_REF][START_REF] Rana | Acetylcholine as an agedependent non-neuronal source in the heart[END_REF]. It was suggested that ACh concentrations are significantly higher in young cardiomyocytes than in old cells, while regardless of the age, ACh concentration is significantly lower in the ventricles than in atria [START_REF] Rana | Acetylcholine as an agedependent non-neuronal source in the heart[END_REF].

In both, nerve endings and cardiomyocytes, ACh is synthetized from acetyl-Co A and choline by cholinacetyltransferase [START_REF] Eckenstein | Two types of cholinergic innervation in cortex, one co-localized with vasoactive intestinal polypeptide[END_REF]. It was shown that activity of this enzyme is 50 % lower in venticles than in atria [START_REF] Slavíková | Choline acetyltransferase in the heart of adult rats[END_REF] and it is down-regulated in old cardiomyocytes compared to adults [START_REF] Rana | Acetylcholine as an agedependent non-neuronal source in the heart[END_REF]. In periphery, carnitine acetyltransferase may also participate in ACh synthesis [START_REF] Tucek | The synthesis of acetylcholine in skeletal muscles of the rat[END_REF]. Acetyl-Co A is a product of a pyruvate metabolism and can be found in the majority of cells [START_REF] Taylor | Synthesis, Storage and Release of Acetylcholine[END_REF]. A decrease in activity of pyruvate and ketoglutarate dehydrogenase complex results in a decreased amount of Acetyl-Co A, which consequently leads to reduction of cholinergic function (Jankowska-Kulawy et al., 2010).

The second substance necessary for ACh synthesis is choline. In the presynaptic nerve endings, choline is reuptaken from the synaptic cleft after ACh hydrolysis [START_REF] Bruce | Molecular biology of the cell[END_REF]. Other source of choline are phospholipids, which serve as a storage pool of choline for ACh synthesises [START_REF] Blusztajn | Phosphatidylcholine as a precursor of choline for acetylcholine synthesis[END_REF]. Moreover, choline enters into the organism within the food and it is necessary for the formation of membrane phosphoplipides.

Extracellular choline is transferred into the cell by a sodium-dependent highaffinity choline transporter (ChT). In the nerve, this structure is localized at the presynaptic membrane [START_REF] Michel | Choline transport for phospholipid synthesis[END_REF]. Recent studies indicate that ChT is also present intracellulary in vesicles and that it has a capability to migrate between the vesicles and the membrane (Ferguson and Blakely, 2004;[START_REF] Ribeiro | The hemicholinium-3 sensitive high affinity choline transporter is internalized by clathrin-mediated endocytosis and is present in endosomes and synaptic vesicles[END_REF]. ChT is up-regulated in old atrial myocytes, but down-regulated in old ventricular myocytes [START_REF] Rana | Acetylcholine as an agedependent non-neuronal source in the heart[END_REF]. It was shown that expression of the ChT increases by cholinergic stimulation. Specific inhibition of ChT dramatically decreases cholinergic function (for review see Ribeiro et al., 2006) and genetic deletion leads to death within an hour after birth (Ferguson et al., 2004).

Synthesized ACh is uptaken into presynaptic vesicles by vesicular ACh transporter.

This protein is localized on the vesicular membrane and it mediates the exchange of ACh for two protons. In cardiomyocytes, expression of vesicular ACh transporter is upregulated in old ventricular myocytes, but down-regulated in the old atrial myocytes [START_REF] Rana | Acetylcholine as an agedependent non-neuronal source in the heart[END_REF]. Changes in the activity of transporter are linked to the change of ACh release or at least to the altered storage of ACh (for review see [START_REF] Prado | Regulation of acetylcholine synthesis and storage[END_REF]. Recent publications deal with the question, whether this vesicular transporter is an appropriate target for pharmacotherapy of various pathologies, since it defines the volume of ACh that enters the vesicules [START_REF] Van Liefferinge | Are vesicular neurotransmitter transporters potential treatment targets for temporal lobe epilepsy? Front[END_REF] and decreased expression leads to decreased cholinergic function and autonomic imbalance [START_REF] Lara | Dysautonomia due to reduced cholinergic neurotransmission causes cardiac remodeling and heart failure[END_REF][START_REF] Roy | An analysis of the myocardial transcriptome in a mouse model of cardiac dysfunction with decreased cholinergic neurotransmission[END_REF]. In the cholinergic synapse, release of ACh from vesicles, requires the presence of extracellular calcium ions. Subsequently, vesicles move towards membrane and ACh is released into the synaptic cleft by exocytosis, where it stimulates the receptors [START_REF] Choate | Sympathetic and parasympathetic neuromuscular junctions in the guinea-pig sino-atrial node[END_REF].

EFFECTS OF NEURONAL ACETYLCHOLINE IN THE HEART

In the heart, secreted ACh from nervus vagus acts via the metabotropic muscarinic receptors [START_REF] Van Der Zee | Acetylcholine: future research and perspectives[END_REF]. In the heart of various mammalian species, M2

subtype is predominantly present [START_REF] Brodde | Adrenergic and muscarinic receptors in the human heart[END_REF]. Activation of M2 muscarinic receptors has negative chronotropic, inotropic and batmotropic effects. The autoexcitation rate of sinoatrial node and excitability of atrioventricular node also decreases [START_REF] Cifelli | RGS4 regulates parasympathetic signaling and heart rate control in the sinoatrial node[END_REF][START_REF] Olshansky | Parasympathetic nervous system and heart failure: pathophysiology and potential implications for therapy[END_REF]. The positive effect of vagal stimulation was shown in the heart failure, atrial and ventricular fibrillation [START_REF] Hamann | Vagus nerve stimulation improves left ventricular function in a canine model of chronic heart failure[END_REF][START_REF] Olshansky | Parasympathetic nervous system and heart failure: pathophysiology and potential implications for therapy[END_REF]. It reduces cardiac remodeling, inhibits fatal arrhythmia and thus also mortality in rodent [START_REF] Ando | Efferent vagal nerve stimulation protects heart against ischemia-induced arrhythmias by preserving connexin43 protein[END_REF][START_REF] Li | Vagal nerve stimulation markedly improves long-term survival after chronic heart failure in rats[END_REF] and canine [START_REF] Zhang | Chronic vagus nerve stimulation improves autonomic control and attenuates systemic inflammation and heart failure progression in a canine high-rate pacing model[END_REF]) models of heart failure. In addition, the latest research shows that nervus vagus stimulation significantly improves the function of the left ventricle, which may result in creation of a new, more effective pharmacotherapy in future [START_REF] Hamann | Vagus nerve stimulation improves left ventricular function in a canine model of chronic heart failure[END_REF].

M2 receptors were long-time considered to be the only receptor type responsible for ACh effect in heart. However, there is an emerging evidence that M1 and M3 receptors also possess physiological and pharmacological relevance and their precise function and localization is being further examined (for review see [START_REF] Wang | Function of cardiac M3 receptors[END_REF].

EFFECTS OF NON-NEURONAL ACETYLCHOLINE IN THE HEART

Kakinuma et al. suggested that myocytes are able to synthesize and release ACh.

This process appears to be continuous and is controlled by produced ACh. Thus, released

ACh stimulates cardiomyocytes to synthesize new ACh [START_REF] Kakinuma | Cholinoceptive and cholinergic properties of cardiomyocytes involving an amplification mechanism for vagal efferent effects in sparsely innervated ventricular myocardium[END_REF]. The role of ACh produced by cardiomyocytes has not yet been fully clarified. Some authors believe that it secures the intercellular communication between cardiomyocytes and fibrocytes, neurocytes or endothelial cells in vessels [START_REF] Rana | Acetylcholine as an agedependent non-neuronal source in the heart[END_REF]. Other publications indicate that ACh synthesized by cardiomyocytes intensifies the protective effects of parasympathetic system, resulting in partial neutralization of hypertrophic adrenergic system [START_REF] Rocha-Resende | Non-neuronal cholinergic machinery present in cardiomyocytes offsets hypertrophic signals[END_REF] and can protect heart against ischemia [START_REF] Kakinuma | Heart-specific overexpression of choline acetyltransferase gene protects murine heart against ischemia through hypoxia-inducible factor-1 -related defense mechanisms[END_REF]. [START_REF] Roy | An analysis of the myocardial transcriptome in a mouse model of cardiac dysfunction with decreased cholinergic neurotransmission[END_REF] showed that in the absence of the non-neuronal ACh, recovery of heart rate in stress conditions or after exercise is impaired. Thus they suggest that ACh produced by cardiomyocytes maintains the heart homeostasis and plays a role in regulation of heart activity [START_REF] Roy | An analysis of the myocardial transcriptome in a mouse model of cardiac dysfunction with decreased cholinergic neurotransmission[END_REF].

CHOLINESTERASES

ChE (EC 3.1.1), AChE (EC 3.1.1.7) and BChE (EC 3.1.1.8), are serine hydrolases, which catalyze hydrolysis of ACh and other choline-esters (Hrabovská et al., 2006b).

AChE and BChE differ in their substrate specificity, distribution, structure, kinetics, function in organism, sensitivity to inhibitors and also in their molecular forms (Giacobini, 2003a;[START_REF] Massoulié | The origin of the molecular diversity and functional anchoring of cholinesterases[END_REF].

Substrate Specificity and Distribution of Cholinesterases

AChE hydrolyses preferentially small substrates, such as ACh (Figure 6). The highest activities of AChE can be localized in skeletal muscle (at neuromuscular junction) [START_REF] Bernard | Distinct localization of collagen Q and PRiMA forms of acetylcholinesterase at the neuromuscular junction[END_REF], brain (Dobbertin et al., 2009a;[START_REF] Li | Abundant tissue butyrylcholinesterase and its possible function in the acetylcholinesterase knockout mouse[END_REF] or erythrocyte membrane [START_REF] Igisu | Acetylcholinesterase in the erythrocyte membrane[END_REF].

. BChE is also called plasma ChE or pseudocholinesterase and is able to accommodate bulkier substrates such as butyrylcholine (Figure 7) or benzoylcholine (Figure 8). It hydrolyzes small molecules such ACh, too (Giacobini, 2003a). BChE has been found in all mouse and human tissues studied to date. In all organs, except of brain and muscle, activity of BChE is much higher than AChE activity [START_REF] Li | Abundant tissue butyrylcholinesterase and its possible function in the acetylcholinesterase knockout mouse[END_REF]. The highest activities of BChE were observed in liver, serum, intestine, heart and skin [START_REF] Li | Abundant tissue butyrylcholinesterase and its possible function in the acetylcholinesterase knockout mouse[END_REF][START_REF] Schallreuter | Butyrylcholinesterase is present in the human epidermis and is regulated by H2O2: more evidence for oxidative stress in vitiligo[END_REF].

Structure of Cholinesterases

ChE are glycoproteins containing one, two or four catalytic subunits. The catalytic subunits of ChE possess interchain disulfide bonds, which stabilize protein structure. The primary structure of the mature catalytic subunit is formed by more than 500 amino acids, followed by C-terminal and N-terminal peptides [START_REF] Blong | Tetramerization domain of human butyrylcholinesterase is at the C-terminus[END_REF]Giacobini, 2003a;Lockridge et al., 1987a;[START_REF] Massoulié | Molecular and cellular biology of cholinesterases[END_REF].

AChE and BChE are the product of two different genes [START_REF] Arpagaus | Structure of the gene for human butyrylcholinesterase. Evidence for a single copy[END_REF][START_REF] Getman | The human gene encoding acetylcholinesterase is located on the long arm of chromosome 7[END_REF][START_REF] Pezzementi | Evolution of cholinesterases in the animal kingdom[END_REF]. Their amino acid sequence homology is 53-65 % identical and their active site structures are similar (Lockridge et al., 1987b). One of the most important differences is the amount of possible N-glycosylation sites. In general, AChE is less glycosylated than BChE. AChE from Torpedo californica has four N-glycosylated sites, human AChE possesses three, while human BChE has ten, of which only nine are glycosylated in a native enzyme. Glycosylation affects biosynthesis, stability, immunogenicity and pharmacokinetic parameters, but does not have any influence on catalytic characteristics (Giacobini, 2003a;Lockridge et al., 1987b;[START_REF] Nachon | was used in the project in the concentration range 0.02 -2 g/ml. Enzyme was diluted in 0.1 M phosphate buffer pH 7.5. rhBChE was a gift from Prof[END_REF][START_REF] Nicolet | Crystal structure of human butyrylcholinesterase and of its complexes with substrate and products[END_REF][START_REF] Velan | N-glycosylation of human acetylcholinesterase: effects on activity, stability and biosynthesis[END_REF]. Moreover, studies with recombinant human AChE showed that level of glycosylation affects circulatory time of enzymes [START_REF] Chitlaru | Effect of human acetylcholinesterase subunit assembly on its circulatory residence[END_REF].

Active site is situated at the bottom of a 20 Å deep gorge in the protein covered mostly by hydrophobic residues [START_REF] Axelsen | Structure and dynamics of the active site gorge of acetylcholinesterase: synergistic use of molecular dynamics simulation and X-ray crystallography[END_REF]. The active site of BChE is much larger than the active site of AChE (Figure 9). Active site of AChE is lined with fourteen aromatic residues. These are substituted by smaller aliphatic residues in case of BChE. The most notable consequence of this inequality is in the catalytic properties (substrate specificity) observed in these two enzymes [START_REF] Dvir | Acetylcholinesterase: From 3D Structure to Function[END_REF]Giacobini, 2003a;[START_REF] Nicolet | Crystal structure of human butyrylcholinesterase and of its complexes with substrate and products[END_REF].

A peripheral anionic site is situated at the rim of the gorge, in a narrow hydrophobic pocket [START_REF] Bourne | Substrate and product trafficking through the active center gorge of acetylcholinesterase analyzed by crystallography and equilibrium binding[END_REF]. In AChE, this site contains three principal amino acids, Trp279, Tyr70 and Asp72 [START_REF] Barak | Acetylcholinesterase peripheral anionic site degeneracy conferred by amino acid arrays sharing a common core[END_REF]. In BChE, it contains Asp70 and Tyr332 linked by a hydrogen bond. A positively charged substrate forms a cationaromatic skeleton of Tyr332, while at the same time it reacts with a negatively charged Asp70. This process triggers the conformational change of the monomer [START_REF] Nicolet | Crystal structure of human butyrylcholinesterase and of its complexes with substrate and products[END_REF] -loop get closer and the substrate slides towards Trp82 (Trp84 in Torpedo californica AChE) at a cation- [START_REF] Sussman | Atomic structure of acetylcholinesterase from Torpedo californica: a prototypic acetylcholine-binding protein[END_REF]. This site was originally named as anion site. Nowadays, it is already known that there are no negatively charge residues, which would be responsible for binding quaternary nitrogen atom of the substrate [START_REF] Colletier | Structural insights into substrate traffic and inhibition in acetylcholinesterase[END_REF][START_REF] Dvir | Acetylcholinesterase: From 3D Structure to Function[END_REF]Giacobini, 2003a;[START_REF] Cokugras | Butyrylcholinesterase: Structure and Physiological Importance[END_REF][START_REF] Nicolet | Crystal structure of human butyrylcholinesterase and of its complexes with substrate and products[END_REF]. and Phe290 from structure of Torpedo californica AChE, facilitate the catalysis of hydrolysis of bigger substrates, such as butyrylcholine. Substrate stabilized between the oxyanion hole and acyl-binding pocket is ready to be hydrolyzed by the catalytic triad [START_REF] Dvir | Acetylcholinesterase: From 3D Structure to Function[END_REF]Giacobini, 2003a;[START_REF] Cokugras | Butyrylcholinesterase: Structure and Physiological Importance[END_REF][START_REF] Nicolet | Crystal structure of human butyrylcholinesterase and of its complexes with substrate and products[END_REF].

The catalytic triad differs from serine proteases especially because of Glu, which is incorporated instead of usual Asp. Catalytic triad of BChE consists of Ser198, His438 and Glu325 and Torpedo californica AChE Ser200, His440 and Glu327 [START_REF] Dvir | Acetylcholinesterase: From 3D Structure to Function[END_REF]Giacobini, 2003a;[START_REF] Cokugras | Butyrylcholinesterase: Structure and Physiological Importance[END_REF][START_REF] Nicolet | Crystal structure of human butyrylcholinesterase and of its complexes with substrate and products[END_REF].

Product of the hydrolysis exits the active site through the peripheral anionic site.

ChE are able to hydrolyze the substrate in a very rapid manner. However, since the active site is so deeply buried, it raised a question about another exit route for product. Some authors proposed that thiocholine (TCh), product of substrate (acetylthiocholine (ATC) or butyrylthiocholine (BTC)) hydrolysis) exits active-site gorge through back-doors or sidedoors (Alisaraie and Fels, 2006;Wiesner et al., 2010;[START_REF] Xu | Long route or shortcut? A molecular dynamics study of traffic of thiocholine within the active-site gorge of acetylcholinesterase[END_REF]).

An interesting fact about BChE substrate -butyrylcholine has been discovered.

Crystallography studies showed that butyrylcholine is continually bound at the BChE active site and is edged out by other substrate molecule during hydrolysis. The whole complex is thus more stable and energetically more efficient [START_REF] Nicolet | Crystal structure of human butyrylcholinesterase and of its complexes with substrate and products[END_REF].

Kinetics of Cholinesterases

AChE and BChE also differ in their kinetic properties. AChE is capable of very rapid ACh hydrolysis, which is nearly at the rate of diffusion. It exhibits one of the highest second-order rate constant [START_REF] Ordentlich | Functional characteristics of the oxyanion hole in human acetylcholinesterase[END_REF]. The enzyme from the electric eel electroplaxes turns over up to 10 000 ACh molecules per second [START_REF] Rosenberry | Acetylcholinesterase[END_REF][START_REF] Stojan | Kinetic evaluation of multiple initial rate data by simultaneous analysis with two equations[END_REF]. In the neuromuscular junction, AChE is able to hydrolyze about 4000 molecules of ACh per active site per second [START_REF] Evers | Anesthetic Pharmacology: Basic Principles and Clinical Practice[END_REF].

ChE do not follow the Michaelis-Menten kinetics and display a hysteretic behavior with certain neutral and positively charged substrates, e.g., N-methylindoxyl acetate (Masson et al., 2002a), benzoylcholine (Hrabovská et al., 2006a). A characteristic slow, few minutes lasting induction phase was observed with those substrates in the approach to steady state. This abnormality can be explained by slow transition from an inactive enzyme form to the functional enzyme form and their interactions with substrate. A more complex hysteresis, where dumped oscillations covered long induction phase, was observed with substrates that exist in different, slowly interconvertible, and conformational or micellar forms, of which only the minor form is capable of reacting with enzyme (Hrabovská et al., 2006a;[START_REF] Masson | Time-dependent kinetic complexities in cholinesterase-catalyzed reactions[END_REF][START_REF] Masson | Hysteresis of butyrylcholinesterase in the approach to steady-state kinetics[END_REF][START_REF] Masson | Damped oscillatory hysteretic behaviour of butyrylcholinesterase with benzoylcholine as substrate[END_REF]. These time-dependent abnormalities in kinetic behavior are observed for both AChE and BChE from different sources [START_REF] Badiou | Hysteresis of insect acetylcholinesterase[END_REF][START_REF] Masson | Time-dependent kinetic complexities in cholinesterase-catalyzed reactions[END_REF][START_REF] Masson | Hysteresis of butyrylcholinesterase in the approach to steady-state kinetics[END_REF]. Temperature, pH, organic solvents, osmotic pressure or hydrostatic pressure can probably also affect this phenomenon. The physiological or toxicological significance of hysteresis is not understood so far [START_REF] Masson | Time-dependent kinetic complexities in cholinesterase-catalyzed reactions[END_REF][START_REF] Masson | Butyrylcholinesterase for protection from organophosphorus poisons: catalytic complexities and hysteretic behavior[END_REF].

Moreover, AChE shows substrate inhibition [START_REF] Hofer | Acetylcholinesterase kinetics[END_REF][START_REF] Rosenberry | Acetylcholinesterase[END_REF] and BChE shows substrate activation by excess of substrate [START_REF] Cauet | Substrate activation and thermal denaturation kinetics of the tetrameric and the trypsin-generated monomeric forms of horse serum butyrylcholinesterase[END_REF] at neutral pH (7-8). At low pH, activation of both enzymes can be detected and at high pH, inhibition of both enzymes can be observed. [START_REF] Kalow | The influence of ph on the hydrolysis of benzoylcholine by pseudocholinesterase of human PLASMA[END_REF][START_REF] Masson | High activity of human butyrylcholinesterase at low pH in the presence of excess butyrylthiocholine[END_REF]Masson et al., , 2002b)).

Function of Cholinesterases

AChE is responsible for rapid hydrolysis of neurotransmitter ACh. Thus, it protects muscarinic and nicotinic cholinergic receptors from overstimulation [START_REF] Tripathi | Acetylcholinesterase :A Versatile Enzyme of Nervous System[END_REF]. Prolonged action of ACh is toxic and leads to respiratory paralysis, convulses and death [START_REF] Flynn | Elevated choline levels in brain. A non-cholinergic component of organophosphate toxicity[END_REF][START_REF] Wecker | Evidence of necrosis in human intercostal muscle following inhalation of an organophosphate insecticide[END_REF]. AChE seems to play also several non-classical roles, independent of its catalytic function [START_REF] Tripathi | Acetylcholinesterase :A Versatile Enzyme of Nervous System[END_REF]. It was found to modulate haematopoetic differentiation [START_REF] Deutsch | The stress-associated acetylcholinesterase variant AChE-R is expressed in human CD34(+) hematopoietic progenitors and its Cterminal peptide ARP promotes their proliferation[END_REF], play a role in neurite growth [START_REF] Sharma | Direct evidence for an adhesive function in the noncholinergic role of acetylcholinesterase in neurite outgrowth[END_REF], synaptogenesis (Silman and Sussman, 2005) and embryogenesis [START_REF] Hanneman | Early expression of acetylcholinesterase activity in functionally distinct neurons of the zebrafish[END_REF]. Moreover, it is believed to accelerate formation of beta-amyloid plaques in the brain [START_REF] Bartolini | beta-Amyloid aggregation induced by human acetylcholinesterase: inhibition studies[END_REF], Physiological role of BChE is unknown so far. However, the high amount of this enzyme in almost all tissues suggests that BChE has a function [START_REF] Masson | Butyrylcholinesterase for protection from organophosphorus poisons: catalytic complexities and hysteretic behavior[END_REF]. Understanding the role of BChE in the body is complicated by the fact that BChE has no endogenous physiological substrate. However, it is able to substitute cholinergic function of AChE in ACh hydrolysis [START_REF] Chatonnet | Respiratory survival mechanisms in acetylcholinesterase knockout mouse[END_REF][START_REF] Hartmann | Excessive hippocampal acetylcholine levels in acetylcholinesterase-deficient mice are moderated by butyrylcholinesterase activity[END_REF].

BChE has an important role in metabolism of some drugs, such as some muscle relaxants [START_REF] Baraka | Does pancuronium or cisatracurium delay the rate of arousal following remifentanilbased anesthesia? Middle East[END_REF], local anesthetics [START_REF] Pérez-Guillermo | Inhibition of human serum and rabbit muscle cholinesterase by local anesthetics[END_REF], cocaine [START_REF] Mattes | Cocaine and butyrylcholinesterase (BChE): determination of enzymatic parameters[END_REF], acetylsalicylic acid [START_REF] Masson | Butyrylcholinesterase-catalysed hydrolysis of aspirin, a negatively charged ester, and aspirin-related neutral esters[END_REF] or bambuterol [START_REF] Pistolozzi | Stereoselective inhibition of human butyrylcholinesterase by the enantiomers of bambuterol and their intermediates[END_REF].

It is an endogenous scavenger of toxic organophosphorus and carbamate compounds, which are used as insecticides, pesticides or misused as chemical warfare agents and inhibit both ChE (for review see [START_REF] Lenz | Stoichiometric and catalytic scavengers as protection against nerve agent toxicity: a mini review[END_REF]. Recent data suggest that BChE may play a role in lipid metabolism [START_REF] Iwasaki | Serum butyrylcholinesterase is strongly associated with adiposity, the serum lipid profile and insulin resistance[END_REF]. Its activity is positively associated with triglyceride levels, LDL cholesterol and total cholesterol concentrations in serum.

BChE activity correlates positively with body mass index in subjects fed with high fat diet [START_REF] Calderon-Margalit | Butyrylcholinesterase activity, cardiovascular risk factors, and mortality in middleaged and elderly men and women in Jerusalem[END_REF]B. Li et al., 2008b;[START_REF] Rustemeijer | Is pseudocholinesterase activity related to markers of triacylglycerol synthesis in Type II diabetes mellitus?[END_REF][START_REF] Vallianou | Association of butyrylcholinesterase with cardiometabolic risk factors among apparently healthy adults[END_REF] and is negatively associated with malnutrition [START_REF] Santarpia | Butyrylcholinesterase as a prognostic marker: a review of the literature[END_REF].

Inhibition of Cholinesterases

There are two main types of ChE inhibitors reversible and irreversible. Complete irreversible inhibition of ChE activity causes seizures, convulses, muscle paralysis and acute death by respiratory failure (Nese [START_REF] Cokugras | Butyrylcholinesterase: Structure and Physiological Importance[END_REF]. Irreversible inhibitors such as organophosphates can be misused as chemical warfare agents against civilian or military populations. Less toxic irreversible inhibitors are used as insecticides or pesticides. All these compounds affect ChE by phosphorylation of its active site Ser [START_REF] Mason | Aging and spontaneous reactivation of human plasma cholinesterase activity after inhibition by organophosphorus pesticides[END_REF] for review see [START_REF] Sharma | Development and Structural Modifications of Cholinesterase Reactivators against Chemical Warfare Agents in Last Decade: A Review[END_REF]. Thus, ChE are not able to hydrolyze ACh and it leads to its accumulation in the synaptic cleft [START_REF] Levin | Behavioral effects of organophosphate in man[END_REF]. Therapy of this type of toxicity includes immediate administration of cholinolytic agents (e.g., atropine), oxime reactivators [START_REF] Jun | Potency of several oximes to reactivate human acetylcholinesterase and butyrylcholinesterase inhibited by paraoxon in vitro[END_REF][START_REF] Petroianu | Five oximes (K-27, K-48, obidoxime, HI-6 and trimedoxime) in comparison with pralidoxime: survival in rats exposed to methyl-paraoxon[END_REF] and anticonvulsants [START_REF] Bajgar | Cholinesterase reactivators: the fate and effects in the organism poisoned with organophosphates/nerve agents[END_REF]. Pure BChE is a potential prophylactic agent against organophospate poisoning [START_REF] Kayser | Pharmaceutical Biotechnology: Drug Discovery and Clinical Applications[END_REF][START_REF] Raveh | Human butyrylcholinesterase as a general prophylactic antidote for nerve agent toxicity. In vitro and in vivo quantitative characterization[END_REF] 

Molecular Forms of Cholinesterases

ChE exhibit an extremely wide molecular diversity, which originates at the genetic, post-transcriptional and post-translational levels [START_REF] Massoulié | Old and new questions about cholinesterases[END_REF]. The BChE gene in human is located on the chromosome 3, at 3q26 [START_REF] Arpagaus | Structure of the gene for human butyrylcholinesterase. Evidence for a single copy[END_REF]. In mouse, BChE gene is located in the middle of chromosome 3 (B. Li et al., 2008a). It consists of 4 exons, 3 introns and its length is at least 73 kb. Exon 1 contains untranslated sequences.

Exon 2 has the most important function. It contains 83 % of the protein coding sequence.

Smaller part of the catalytic subunit is coded by exon 3 and exon 4. It is responsible for Cterminus coding [START_REF] Arpagaus | Structure of the gene for human butyrylcholinesterase. Evidence for a single copy[END_REF][START_REF] Massoulié | Molecular and cellular biology of cholinesterases[END_REF]. BChE gene exists in large numbers of allelic variants. These variants affect activity of enzyme, its stability and production [START_REF] Primo-Parmo | Characterization of 12 silent alleles of the human butyrylcholinesterase (BCHE) gene[END_REF].

AChE is also a product of a single gene (Figure 10) in vertebrates. This gene is located on the long arm of chromosome 7, at 7q22 in human [START_REF] Getman | The human gene encoding acetylcholinesterase is located on the long arm of chromosome 7[END_REF] and on chromosome 5 in mouse [START_REF] Rachinsky | Assignment of the gene for acetylcholinesterase to distal mouse chromosome 5[END_REF][START_REF] Rachinsky | Molecular cloning of mouse acetylcholinesterase: tissue distribution of alternatively spliced mRNA species[END_REF]. Gene consists of 6 exons. Exon 1 is non-coding. Exons 2, 3 and 4 code 535 amino acid long catalytic domain. C-terminus is coded by alternative exons 5 and 6 [START_REF] Massoulié | The origin of the molecular diversity and functional anchoring of cholinesterases[END_REF][START_REF] Sikorav | Complex alternative splicing of acetylcholinesterase transcripts in Torpedo electric organ; primary structure of the precursor of the glycolipid-anchored dimeric form[END_REF].

primary AChE gene transcript for alternative splicing, different types of catalytic subunits (70-80 kDa) can be produced [START_REF] Massoulié | Molecular and cellular biology of cholinesterases[END_REF].

-amphiphilic AChE monomers. These forms are secreted by venom glands of Elapidae snakes and can be found also in muscles and liver of these snakes. Their presence does not affect the toxicity of the poison [START_REF] Cousin | Identification of a novel type of alternatively spliced exon from the acetylcholinesterase gene of Bungarus fasciatus. Molecular forms of acetylcholinesterase in the snake liver and muscle[END_REF].

-amphiphilic monomeric AChE subunits, which contain catalytic subunit and 26 amino acid long C-terminus, encoded by the non-splicing of the last exon. This molecular form of AChE can be found in human and rodent embryonic and tumor cells [START_REF] Karpel | Overexpression of alternative human acetylcholinesterase forms modulates process extensions in cultured glioma cells[END_REF][START_REF] Massoulié | Molecular and cellular biology of cholinesterases[END_REF]. Some authors suggested their possible function in embryogenesis and stress regulation [START_REF] Karpel | Overexpression of alternative human acetylcholinesterase forms modulates process extensions in cultured glioma cells[END_REF][START_REF] Karpel | Expression of three alternative acetylcholinesterase messenger RNAs in human tumor cell lines of different tissue origins[END_REF]. Increased level of this form was linked to apoptosis, neuronal development, inflammation diseases and Alzheimer disease [START_REF] Massoulié | The origin of the molecular diversity and functional anchoring of cholinesterases[END_REF]Perrier et al., 2005). membrane by glycophosphatidylinositol (GPI). C-terminus is a result of alternative splicing on the exon 5. AChE anchored by GPI (GPI AChE) can be predominantly found on the erythrocyte membrane; however, its presence was also described in skeletal muscle and colon [START_REF] Massoulié | The origin of the molecular diversity and functional anchoring of cholinesterases[END_REF][START_REF] Montenegro | Cholinesterases are downexpressed in human colorectal carcinoma[END_REF][START_REF] Moral-Naranjo | The levels of both lipid rafts and raft-located acetylcholinesterase dimers increase in muscle of mice with muscular dystrophy by merosin deficiency[END_REF]. GPI AChE exist in Torpedo tissues, mammals, invertebrates and moreover, it is a predominant form in Drosophila [START_REF] Incardona | Construction and characterization of secreted and chimeric transmembrane forms of Drosophila acetylcholinesterase: a large truncation of the C-terminal signal peptide does not eliminate glycoinositol phospholipid anchoring[END_REF][START_REF] Massoulié | Old and new questions about cholinesterases[END_REF]. The structure of GPI anchor depends on the biochemical properties of the cell [START_REF] Massoulié | The origin of the molecular diversity and functional anchoring of cholinesterases[END_REF][START_REF] Montenegro | Cholinesterases are downexpressed in human colorectal carcinoma[END_REF][START_REF] Moral-Naranjo | The levels of both lipid rafts and raft-located acetylcholinesterase dimers increase in muscle of mice with muscular dystrophy by merosin deficiency[END_REF].

is present in mammals in the largest amounts. It generates catalytic subunits, which are characterized by 40 amino acid long C-terminal T peptides, encoded by exon 6. Disulfide bonds are formed between catalytic subunits or between catalytic subunit and anchoring protein. In this manner, various homo-oligomeric (monomers, dimers, tetramers) and heteromeric (anchored tetramers) forms are produced (Figure 11). Generated molecular forms are responsible for ACh hydrolysis in synapses. It is a single transcript yielded by BChE (for review see [START_REF] Massoulié | The origin of the molecular diversity and functional anchoring of cholinesterases[END_REF][START_REF] Massoulié | Molecular and cellular biology of cholinesterases[END_REF]. et al., 1998). On the other hand, the anchoring proteins contain proline-rich attachment domain (PRAD domain) [START_REF] Bon | Quaternary associations of acetylcholinesterase. II. The polyproline attachment domain of the collagen tail[END_REF], that is a set of sequential Pro at the N-terminal.

Interaction of PRAD with tetramer of ChE (containing four WAT domains) produces hetero-oligomeric forms of ChE. Interactions between the domains are hydrophobic and polar [START_REF] Dvir | The synaptic acetylcholinesterase tetramer assembles around a polyproline II helix[END_REF]. Formation of disulphide bonds contributes to the stabilization.

Anchored ChE are more stable and more resistant to degradation than individual catalytic subunits [START_REF] Bon | Quaternary associations of acetylcholinesterase. II. The polyproline attachment domain of the collagen tail[END_REF][START_REF] Massoulié | The C-terminal peptides of acetylcholinesterase: cellular trafficking, oligomerization and functional anchoring[END_REF]. It was shown, that hetero-oligomeric forms are functional forms of ChE in central nervous system and at the neuromuscular junction. In the central nervous system, ChE are anchored by small, transmembrane, proline-rich membrane anchor (PRiMA) [START_REF] Perrier | PRiMA: the membrane anchor of acetylcholinesterase in the brain[END_REF]. At the neuromuscular junction (along the nerve terminus) ChE are predominantly anchored to the basal lamina by collagen Q anchor (ColQ) [START_REF] Bernard | Distinct localization of collagen Q and PRiMA forms of acetylcholinesterase at the neuromuscular junction[END_REF][START_REF] Feng | Genetic analysis of collagen Q: roles in acetylcholinesterase and butyrylcholinesterase assembly and in synaptic structure and function[END_REF].

Collagen Q

ColQ forms are more abundant for AChE than for BChE. They are characterized by the presence of a specific collagen-like tail [START_REF] Massoulié | The origin of the molecular diversity and functional anchoring of cholinesterases[END_REF]. This structure is important for anchorage to the basal lamina. ColQ consists of a signal peptide, an N-terminal domain, C-terminal region and collagen domain (Figure 10). The N-terminal domain contains a PRAD that is required for the organization of AChE and BChE tetramer. Collagen domain contains two clusters, which constitute heparin-binding sites. These domains are responsible for heparin interaction and they differ in their affinity for heparin [START_REF] Deprez | Two different heparin-binding domains in the triple-helical domain of ColQ, the collagen tail subunit of synaptic acetylcholinesterase[END_REF]. C-terminal domain enables binding of ColQ on the basal lamina by interaction with muscle-specific kinase [START_REF] Cartaud | MuSK is required for anchoring acetylcholinesterase at the neuromuscular junction[END_REF]. Asymmetric form is formed of the triple helical structure of three collagenic subunits Q. Each of the Q subunits may be associated to one catalytic tetramer. Thus, molecules can contain one, two or three catalytic tetramers (A 4 , A 8 and A 12 ) [START_REF] Massoulié | The origin of the molecular diversity and functional anchoring of cholinesterases[END_REF][START_REF] Massoulié | Molecular and cellular biology of cholinesterases[END_REF]. It is known, that two transcripts can be present in organism -ColQ1 and ColQ1a. Fast muscles contain ColQ1a transcript and A 12 form is predominant here. Slow soleus muscle contains ColQ1 and ColQ1a transcripts and in these muscles mainly A 4 and A 8 forms are present [START_REF] Krejci | Differences in expression of acetylcholinesterase and collagen Q control the distribution and oligomerization of the collagen-tailed forms in fast and slow muscles[END_REF]. In rat, expression of ColQ gene was proven in brain, heart, lung and testis [START_REF] Krejci | The mammalian gene of acetylcholinesterase-associated collagen[END_REF]. Presence of high-salt buffers is needed for efficient solubilization of ColQ ChE.

ColQ ChE are characterized by their sensitivity to collagenase [START_REF] Massoulié | The origin of the molecular diversity and functional anchoring of cholinesterases[END_REF][START_REF] Massoulié | Molecular and cellular biology of cholinesterases[END_REF].

Proline rich membrane anchor

PRiMA is a transmembrane protein with 70 kb long gene. The gene consists of 5 exons separated by 4 introns [START_REF] Perrier | PRiMA: the membrane anchor of acetylcholinesterase in the brain[END_REF]. PRiMA consists of signal peptide, Nterminal extracellular domain, transmembrane domain and C-terminal domain.

Extracellular domain of PRiMA contains a PRAD domain, which organizes AChE T and BChE T in tetramer [START_REF] Perrier | PRiMA: the membrane anchor of acetylcholinesterase in the brain[END_REF]. Two different transcripts of PRiMA (PRiMA I and II) exist in the body. Variant II is probably present only in cerebellum [START_REF] Perrier | Expression of PRiMA in the mouse brain: membrane anchoring and accumulation[END_REF]. Assembly of catalytic domains with PRiMA protein is being executed in endoplasmic reticulum. Subsequently, protein is transported through Golgi apparatus on the cell surface, where protein is anchored. In case of absence of PRiMA, AChE is retained in endoplasmic reticulum, while the retention signal is the exposed WAT domain. This suggests a role of PRiMA in stabilization, transport and localization of ChE [START_REF] Dobbertin | Targeting of acetylcholinesterase in neurons in vivo: a dual processing function for the proline-rich membrane anchor subunit and the attachment domain on the catalytic subunit[END_REF]. PRiMA is predominant form of ChE in the central nervous system (present in axons, dendrites, soma) of mammals [START_REF] Henderson | Co-localization of PRiMA with acetylcholinesterase in cholinergic neurons of rat brain: an immunocytochemical study[END_REF]. ChE anchored by PRiMA were found in brain, kidney, heart [START_REF] Perrier | PRiMA: the membrane anchor of acetylcholinesterase in the brain[END_REF] and in muscle, where they are diffusely distributed along the muscle in extrajunctional regions [START_REF] Bernard | Distinct localization of collagen Q and PRiMA forms of acetylcholinesterase at the neuromuscular junction[END_REF].

PRiMA is important in the targeting ChE to the cell surface, stabilizing ChE and targeting the enzyme to the membrane of axonal varicosities in striatum. It is also the key element for the maturation of AChE in vivo in the brain (Dobbertin et al., 2009a;[START_REF] Perrier | PRiMA: the membrane anchor of acetylcholinesterase in the brain[END_REF].

Hybrid Cholinesterase

Presence of hybrid ChE in chicken was described in literature. This mixed form is typical by presence of both, AChE and BChE subunits, assembled with PRiMA or ColQ anchors (Tsim et al., 1988a(Tsim et al., , 1988b)). To date, the knowledge about this topic is quite limited. It is known that ColQ or PRiMA anchors are necessary for generation of hybrid enzyme. In the absence of anchor, formation of mixed enzyme is not possible [START_REF] Chen | Molecular Assembly and Biosynthesis of Acetylcholinesterase in Brain and Muscle: the Roles of t-peptide, FHB Domain, and N-linked Glycosylation[END_REF].

Presence of mixed enzyme, anchored by ColQ, was confirmed in muscle of one-day chick (Tsim et al., 1988a). It was reported that composition of subunits is age-related with increasing content of AChE. In the muscle of adult chicken, BChE is completely replaced by AChE (Tsim et al., 1988b). In the chicken brain, hybrid enzyme is anchored by PRiMA protein and amount of hybrid enzyme increases till adulthood. Some authors hypothesize, that hybrid enzyme can play a role in the development of cholinergic system [START_REF] Chen | The PRiMA-linked cholinesterase tetramers are assembled from homodimers: hybrid molecules composed of acetylcholinesterase and butyrylcholinesterase dimers are up-regulated during development of chicken brain[END_REF]. Interestingly, presence of hybrid enzyme was confirmed also in astrocytomatous cyst and gliomas. It seems to be present only in some types of tumors, while it was not observed in brain, meningiomas or neurinomas [START_REF] García-Ayllón | Identification of hybrid cholinesterase forms consisting of acetyl-and butyrylcholinesterase subunits in human glioma[END_REF].

Cholinesterase Mutant Mice

Mutant mice with deletion of ChE or their molecular forms were developed during the past 15 years (Figure 12). They were prepared by homologous recombination in embryonic stem cells to delete specific exons of AChE, BChE, ColQ and PRiMA.

ColQ -/-mice were prepared by the deletion of exon 2 encoding the PRAD domain.

Consequently, AChE and BChE cannot be organized into the tetramers with ColQ and thus these mice are characterized by absence of AChE and BChE anchored by ColQ protein.

Mice are smaller and typical tremor and muscle weakness can be observed. Only 10 -20 % of the mice live till adulthood. Absence of ColQ AChE in cardiac muscle was observed in these mice [START_REF] Feng | Genetic analysis of collagen Q: roles in acetylcholinesterase and butyrylcholinesterase assembly and in synaptic structure and function[END_REF].

PRiMA -/-mice were prepared by the deletion of exon 3 encoding the PRAD domain in the PRiMA gene. PRiMA -/-mice are characterized by the absence of AChE and BChE anchored by PRiMA protein. When PRiMA is absent, ChE are retained in the endoplasmic reticulum. Mice are indistinguishable from WT mice in physical appearance, [START_REF] Dobbertin | Targeting of acetylcholinesterase in neurons in vivo: a dual processing function for the proline-rich membrane anchor subunit and the attachment domain on the catalytic subunit[END_REF], temperature and ventilation [START_REF] Boudinot | Influence of differential expression of acetylcholinesterase in brain and muscle on respiration[END_REF]. Detailed behavior analysis uncovered motoric deficit [START_REF] Farar | Developmental adaptation of central nervous system to extremely high acetylcholine levels[END_REF].

AChE del E 5+6 -/-mice are produced by the deletion of the exon 5 and exon 6.

Exon 5 is responsible for formation of GPI AChE and exon 6 for the production of PRiMA AChE and ColQ AChE. Thus, mice do not contain any anchored form of AChE. They are characteristic by presence of soluble monomers of AChE. Their phenotype is very similar to ColQ -/-mice. Muscle weakness, tremor and smaller weight are also present [START_REF] Camp | Acetylcholinesterase (AChE) gene modification in transgenic animals: functional consequences of selected exon and regulatory region deletion[END_REF].

BChE -/-mice were prepared by the gene-targeted deletion of splice junction between introns 1 and 2, and the signal peptide including the translation site. The first 102 amino acids of the mature BChE protein were also deleted [START_REF] Li | Production of the butyrylcholinesterase knockout mouse[END_REF]. BChE -/-mice are typical for their complete absence of BChE in organism and serve as a model for human BChE deficiency (Li et al., 2008a,b). There is no evident change in the phenotype.

Heart rate, blood pressure and respiration are similar to WT littermates (B. Li et al., 2008a). However, these mice are prone to obesity when fed with high fat diet (B. Li et al., 2008b). .

All described mouse mutant strains are very useful in the study of ChE in the mice.

When selective ChE inhibitors are used, other than studied systems or tissues may be affected, and thus results can be easily misinterpreted. Moreover, there are no available specific inhibitors for ColQ and PRiMA ChE. Thus, only this type of mutant mice can be used to discover precise localization of ChE and their molecular forms in the mice.

Described mutant mice were, for example, successfully used in the localization of molecular forms in the neuromuscular junction [START_REF] Bernard | Distinct localization of collagen Q and PRiMA forms of acetylcholinesterase at the neuromuscular junction[END_REF][START_REF] Petrov | Schwann cells sense and control acetylcholine spillover at the neuromuscular junction by 7 nicotinic receptors and butyrylcholinesterase[END_REF] and in the brain [START_REF] Dobbertin | Targeting of acetylcholinesterase in neurons in vivo: a dual processing function for the proline-rich membrane anchor subunit and the attachment domain on the catalytic subunit[END_REF]. 

Cholinesterases in Heart

Inhibition of ChE remarkably affects cardiac functions (Masuda, 2004). It causes an increase of ACh level in the myocardium, which results in cardioinhibitory effect.

Decreased frequency, force of contraction, rate of sinoatrial node autoexcitation, excitability of atrioventricular node and beat by beat fluctuation are reduced [START_REF] Malone | Cholinesterase inhibitors and cardiovascular disease: a 333[END_REF]Masuda, 2004[START_REF] Cifelli | RGS4 regulates parasympathetic signaling and heart rate control in the sinoatrial node[END_REF][START_REF] Olshansky | Parasympathetic nervous system and heart failure: pathophysiology and potential implications for therapy[END_REF]. Detailed information about ChE, in term of their activity, molecular forms and also localization in heart are needed. Recent studies showed, that affecting ChE activities could be promising in heart failure, arrhythmia, ischaemia/reperfusion injury and hypertension (for review see [START_REF] He | Novel strategies and underlying protective mechanisms of modulation of vagal activity in cardiovascular diseases[END_REF][START_REF] Lataro | Increase in parasympathetic tone by pyridostigmine prevents ventricular dysfunction during the onset of heart failure[END_REF].

Activity and Localization of Cholinesterases in Heart

AChE and BChE are both present in mammalian heart. In mouse heart, activity of BChE is much higher than AChE activity [START_REF] Li | Abundant tissue butyrylcholinesterase and its possible function in the acetylcholinesterase knockout mouse[END_REF]. AChE was localized in epicardial intrinsic cardiac nervous system in whole mount mouse heart (Rysevaite et al., 2011a).

In dog, higher BChE activity was reported in the ventricles than in the atria. On the contrary, AChE activity was higher in the atria than in the ventricles. AChE activity was present mainly in conduction system, with the highest activity located in sinoatrial node. [START_REF] Sinha | Studies on the distribution of cholinesterases: activity in the human and dog heart[END_REF]. Recent studies showed localization of AChE in cardiac plexus of canine heart [START_REF] Pauza | Morphology of the intrinsic cardiac nervous system in the dog: a whole-mount study employing histochemical staining with acetylcholinesterase[END_REF] In rat, experiments also demonstrate non-uniform distribution of AChE. The majority of its activity was found in the right atrium whereas the lowest level was detected in the ventricles (Nyquist-Battie and Trans-Saltzmann, 1989). BChE contribution of total ChE activity in rat is higher than that of AChE [START_REF] Nyquist-Battie | Acetylcholinesterase molecular forms in rat heart[END_REF][START_REF] Stanley | Acetylcholine, choline acetyltransferase and cholinesterases in the rat heart[END_REF]. Localization studies based on activity of ChE showed no precise localization in cryosections [START_REF] Karnovsky | the localization of cholinesterase activity in rat cardiac muscle by electron microscopy[END_REF], but confirmed the presence of AChE in cardiac plexus of whole mounted rat heart [START_REF] Batulevicius | Topographic morphology and agerelated analysis of the neuronal number of the rat intracardiac nerve plexus[END_REF]. Electron microscopy revealed the presence of BChE in sarcoplasmic reticulum of adult rat cardiomyocytes [START_REF] Karnovsky | the localization of cholinesterase activity in rat cardiac muscle by electron microscopy[END_REF] and AChE in conducting system of embryonic and newborn rat hearts [START_REF] Nakamura | Distribution of acetylcholinesterase activity in the rat embryonic heart with reference to HNK-1 immunoreactivity in the conduction tissue[END_REF].

In human, available information are quite controversial. Sinha et al. [START_REF] Sinha | Studies on the distribution of cholinesterases: activity in the human and dog heart[END_REF]) described the highest AChE activity in the right atrium, lower activity in the left atrium and the lowest in the ventricles. They suggested that 90 % of ChE activity in human heart belongs to AChE and only 10 % belongs to BChE activity [START_REF] Sinha | Studies on the distribution of cholinesterases: activity in the human and dog heart[END_REF].

However, they used Triton detergent for homogenization [START_REF] Sinha | Studies on the distribution of cholinesterases: activity in the human and dog heart[END_REF]. According to the current knowledge, this detergent strongly inhibits BChE activity [START_REF] Li | Abundant tissue butyrylcholinesterase and its possible function in the acetylcholinesterase knockout mouse[END_REF]. Jbilo et al [START_REF] Jbilo | Tissue distribution of human acetylcholinesterase and butyrylcholinesterase messenger RNA[END_REF] showed that human heart contains less AChE mRNA than BChE mRNA. Chow et al. [START_REF] Chow | Autonomic innervation of the human cardiac conduction system: changes from infancy to senility--an immunohistochemical and histochemical analysis[END_REF] presented that BChE activity predominates over AChE in the heart of infants. They localized AChE in the sinus and atrioventricular nodes but not in the His bundle or Purkinje fibers in infant. Further on, they observed a progressive increase of AChE-positive nerves in nodes and in branching bundles until adulthood and then a decline in elders [START_REF] Chow | Autonomic innervation of the human cardiac conduction system: changes from infancy to senility--an immunohistochemical and histochemical analysis[END_REF]. AChE was localized also in cardiac plexus of human heart [START_REF] Pauza | Morphology, distribution, and variability of the epicardiac neural ganglionated subplexuses in the human heart[END_REF].

ChE activity and quantitative ChE levels are age-related [START_REF] Sinha | Regional distribution of acetylcholinesterase in the right atria of humans and dogs[END_REF][START_REF] Sinha | Studies on the distribution of cholinesterases: activity in the human and dog heart[END_REF].

In chick heart, AChE was found during the first 14 days of development, but then seemed to be replaced by BChE [START_REF] Taylor | The cytochemical localization of cholinesterase activity in the developing chick heart[END_REF]. In rat, the activity of AChE in atria increased more rapidly after birth than AChE in the ventricles (Nyquist-Battie, 1990). In atrioventricular node, in the first 4 postnatal days, heart contained BChE and after 12 days AChE was predominant [START_REF] Taylor | The relationship between innervation and the cholinesterases of the rat atrioventricular node[END_REF]. In human, the density of AChE in the conducting system increases from the infancy to adulthood and then gradually declines in the elders to a level similar to that in infancy. BChE activity seems to be the highest in the infancy and its activity decreases with advancing age [START_REF] Chow | Autonomic innervation of the human cardiac conduction system: changes from infancy to senility--an immunohistochemical and histochemical analysis[END_REF]. It was shown, that PRiMA and ColQ transcripts are expressed in the mouse heart [START_REF] Feng | Genetic analysis of collagen Q: roles in acetylcholinesterase and butyrylcholinesterase assembly and in synaptic structure and function[END_REF][START_REF] Krejci | The mammalian gene of acetylcholinesterase-associated collagen[END_REF][START_REF] Perrier | PRiMA: the membrane anchor of acetylcholinesterase in the brain[END_REF]. Sedimentation studies in mice revealed that AChE monomers and dimers form a major fraction (about 51 %) of the enzyme forms in heart. PRiMA AChE forms about 15 %. Asymmetric form A 12 forms about 15 % and A 8 about 11 % of total AChE in the heart. There is also a small amount of non-amphiphilic tetramer, which probably comes from plasma. In case of BChE, there is approximately 84 % of monomers and dimers and only small percentage of total BChE form non-amphiphilic tetramers and tetramers anchored by PRiMA [START_REF] Gómez | Characterization of acetylcholinesterase and butyrylcholinesterase forms in normal and dystrophic Lama2dy mouse heart[END_REF].

However, information about precise distribution of ChE molecular forms in particular components of mouse heart are still missing.

Methods for Studying of Cholinesterases

Biochemical analysis

When determining ChE activities, many factors have to be taken into account e.g. enzyme source, substrates, pH value, buffers, temperature or available apparatus. pHdetection methods are considered to be old-fashioned and in many cases, their sensitivity is not sufficient. Currently, the most often used methods are spectrophotometric methods.

Results are precise, reproducible and there is low consumption of chemicals and biological material. Radiometric methods are more sensitive, highly reproducible, but technical equipment and sufficient safety is not available in every lab (for review see [START_REF] Holas | The progress in the cholinesterase quantification methods[END_REF].

One of the most commonly used colorimetric methods for determination of ChE activities is Ellman's method [START_REF] Ellman | A new and rapid colorimetric determination of acetylcholinesterase activity[END_REF]. The principle of this method lies in a two-step reaction (Figure 13). ChE hydrolyze the substrate (ATC or BTC) and TCh is produced. The TCh interacts with Ellman's reagent (DTNB, 5,5'-dithiobis-(2-nitrobenzoic acid)) [START_REF] Ellman | Tissue sulfhydryl groups[END_REF]. The product is a yellow anion (5-thio-2-nitrobenzoic acid), which has an absorbance maximum at wavelength of 412 nm. The reaction is stoichiometric, which allows for a detailed analysis of hydrolytic behavior of ChE [START_REF] Ellman | A new and rapid colorimetric determination of acetylcholinesterase activity[END_REF].

Even though the Ellman's method is nowadays clearly the most popular method for determination of ChE activity, it does have its limitations and many modifications can be found in the literature. For example, the sensitivity of the DTNB solution to light can be affected by proper storage of the reagent in darkness [START_REF] Walmsley | Effect of daylight on the -dithiobis(2-nitrobenzoic acid)[END_REF]. The stability of the DTNB solution is also limited. Therefore many laboratories deal with this by storing the stock solution of the reagent at temperature of 4 °C, or alternatively at -20 °C. When working with blood samples there is also an issue with the absorbance maximum of the [START_REF] George | Improved Ellman procedure for erythrocyte cholinesterase[END_REF]. In order to avoid this interference, the experiments should be performed either with plasma or with serum (preventing haemolysis), or the blood samples must be diluted appropriately. Most of the optimizations of this method are related to the efforts to reduce these interferentions with hemoglobin by changing the wavelength of the measurement (e.g., 436, 450 nm) [START_REF] George | Improved Ellman procedure for erythrocyte cholinesterase[END_REF][START_REF] Macqueen | Manual colorimetric methods for pseudocholinesterase and red cell (true) cholinesterase[END_REF]Reiner et al., 2000). The following complication of Ellman's method also concerns to measuring activity in biological samples. DTNB has a specific capability to interact with molecules that contain free sulfhydryl groups, such as glutathione, albumin or hemoglobin. Some of the authors propose a 10-20 minute preincubation of the biological sample with the reagent, during which the interaction with free thiol groups occurs (Reiner et al., 2000). ChE activity determination can be problematic in the presence of oxims, since the non-specific yellow anion of 5-thio-2-nitrobenzoic acid can be produced. This can lead to a wrong interpretation of the results (Sinko et al., 2007). Even though there is a rather large spectrum of colorimetric methods, most of the scientists use Ellman's experiment for determination of ChE activity. The main reasons are simplicity of the methodology, the fact that it can be done very quickly, its low overall price that is linked to low consumption of chemicals and biological material, since the reaction can be done very easily even in microplates. Nowadays, the Ellman's method is also used in practice, during the evaluation of health condition in patients that frequently come into contact with organophosphate or carbamate inhibitors. also be used as a final step in determination of ChE activity based on the Enzyme-Linked Immunosorbent Assay (ELISA). ChE are rather complex antigens, thus numerous attempts to create antibodies against ChE failed. The first successful results came in form of polyclonal antibodies against AChE [START_REF] Ogert | Studies on the topography of the catalytic site of acetylcholinesterase using polyclonal and monoclonal antibodies[END_REF][START_REF] Wasserman | Epitope mapping of formspecific and nonspecific antibodies to acetylcholinesterase[END_REF]. Only in most recent years, new selective and specific monoclonal antibodies against BChE were introduced (Hrabovska et al., 2010). ELISA proposed by us is based on catching ChE from the sample using antibody that is anchored at the immunological plate and subsequent determination of activity using Ellman's assay [START_REF] Mrvova | Monoclonal antibodies to mouse butyrylcholinesterase[END_REF]. This method not only allows the determination of ChE activity, but also quantification of ChE protein that is present in the analyzed sample [START_REF] Mrvova | Monoclonal antibodies to mouse butyrylcholinesterase[END_REF].

The other methods with unique sensitivity, high reproducibility and accuracy are radiometric methods. Winteringham and Disney suggested determination of AChE activity based on production of acetic acid containing [C 14 ] ( [START_REF] Winteringham | Radiometric assay of acetylcholinesterase[END_REF].

Principle of Johnson and Russell method lies in hydrolysis of [ 3 H]-ACh and released acetate [ 3 H] is detected. This method is extremely sensitive and it is suitable when large numbers of samples are needed to be analyzed in short time [START_REF] Johnson | A rapid, simple radiometric assay for cholinesterase, suitable for multiple determinations[END_REF].

Histochemical analysis

Koelle and Friedenwald introduced unique TCh histochemical method [START_REF] Koelle | A histochemical method for localizing cholinesterase activity[END_REF]. This method enables acquiring of important information about localization of ChE in tissues. The method involves incubation of cryostatic sections in a medium (pH 8.0) that contains ATC iodide as a substrate, copper sulphate and glycine. The released TCh reacts with the copper salt and insoluble product is created copper TCh [START_REF] Koelle | A histochemical method for localizing cholinesterase activity[END_REF]. The sections can be treated with a yellow solution of ammonium sulfide in order to achieve the transformation of the white copper TCh precipitate into a brown amorphous residue of copper sulfide. To ease the precipitation and to avoid the undesired diffusion, the authors suggested saturation of slides by copper TCh prior to placing them into the staining medium. To lower the diffusion, Koelle suggested to

The main objective of the project was a detail characterization of ChE in mouse heart, in term of their activities, molecular forms and precise localization.

The first aim of the project was to determine activity of AChE and BChE in individual compartments of mouse heart.

. Even though the Ellman's method is nowadays clearly the most popular method for determination of ChE activity, it has some limitations, which cause problems especially when performed in biological samples. Thus, we focused on consequently used this modified assay to determine activities of ChE in heart compartments.

The second aim of the project was to characterize the molecular forms of ChE present in different heart compartments. Biochemical method of sucrose gradients were used to determine abundance of each molecular form of ChE and their relative ratio in different heart compartment. Mouse mutant strains with specific deletion of ChE or their anchoring proteins were used to address the aim while results were compared to WT.

The third aim of the project was to localize individual molecular forms of ChE in mouse heart. Morphology of hearts was studied by hematoxylin and eosin staining. Three to six month old male and female WT mice and mouse mutant strains with specific deletion of ChE genes or their particular molecular forms (BChE -/-, AChE del E 5+6 -/-, ColQ -/-, PRiMA -/-) were used in the experiments. After perfusion, hearts used for biochemical analysis were immediately dissected into the right atrium, the left atrium, the right ventricle, the left ventricle, and the septum or after atria removal, into the base, and the apex of the heart, flash frozen in liquid nitrogen and stored at -80 °C until used.

PREPARATION OF THE TISSUE SAMPLES

Hearts used for microscopic analysis were immediately after perfusion immersed into 3 M KCl to stop its function in diastole. Subsequently, hearts used for cryosections were placed into 20 % sucrose for 2 hours at 4 °C, followed by 2-hour immersion in 40 % sucrose at 4 °C. Hearts were then placed into molds, embedded OCT (Tissue-Tek®, Sakura®) and slowly frozen in isopentane (Sigma-Aldrich, 101306844) and dry ice at -30 °C. Tissues were stored at -80 ºC or immediately cut in cryostat to 12 µm thick transversal or longitudinal sections. Sections were then mounted on SuperFrost slides (Fisher, 1820(Fisher, .1106)). Slides were stored at -80 ºC until used. Hearts used for whole-mounted hearts analysis (Figure 14) were immersed into 3 M KCl and 20 % liquid warm gelatin was injected into all four heart chambers to inflate its volume. Subsequently, hearts were placed into the ice-cold PBS, allowing gelatin to polymerize and thus keeping the hearts inflated. 

Other Tissues Preparation

Mice were anesthetized with chloral hydrate (Sigma Aldrich, 15307), perfused transcardially with ice-cold PBS and euthanized. Brain, diaphragm and liver were dissected and flash frozen in liquid nitrogen. Plasma samples were prepared from human, mouse, rat, and dog venous blood, collected into ethylenediaminetetraacetic acid (EDTA)or heparin-treated collection tubes (S-Monovette® EDTA K2 Gel, Sarstedt, 04.1931, or Microvette® 200 LH, Sarstedt, 20.1292) and centrifuged at 14,000g for 10 min at 4 °C.

Supernatant con until use [START_REF] Dingova | Optimal detection of cholinesterase activity in biological samples: modifications to the 75[END_REF].

EXTRACT PREPARATION

Tissues were transferred into pre-chilled 2-ml microfuge tubes containing two 5 mm stainless steel beads (Qiagen) and 5 volumes of ice-cold buffer (10 mM HEPES buffer pH 7.5 (Euromedex 933911/13S413), 10 mM EDTA, 0.8 M NaCl, and 1 % Chaps (Euromedex 22021)) and agitated for 2.5 min at frequency 25 Hz in a Mixer Mill MM 300 (Retsch). Homogenates were then centrifuged at 14,000g for 10 minutes at 4 °C and supernatants representing the extracts, were removed into pre-chilled microcentrifuge tubes and used immediately in experiments [START_REF] Dingova | Optimal detection of cholinesterase activity in biological samples: modifications to the 75[END_REF]. Total amount of proteins in the sample was determined using commercially available kit Pierce TM BCA Protein Assay Kit (Thermo Scientific, 23227).

(iso-OMPA) (Sigma Aldrich, T1505). Stability of the intermediate product, TCh, was tested in 0.1 M phosphate buffer (pH 7.5 or 8.0) and 5 mM HEPES buffer (pH 7.5) by the addition of 20 mM DTNB to a final concentration of 0.5 mM at time points 1, 2, 3, and 4

hours after the addition of inhibitors. Increase in absorbance was measured at 412 nm. The experiment was repeated four times with human plasma and three times with rmAChE.

Stability of the yellow product, TNB, was assayed by following change of absorbance at 412 nm after 1, 2, 3, and 4 hours at 25 °C. The experiment was repeated four times.

3.3.1.3

Enzyme was preincubated with 0.5 mM DTNB for 15 minutes. rhBChE activity was assayed in duplicates or triplicates in 0.1 M sodium phosphate buffer (pH 7.5) or 5 mM HEPES buffer (pH 7.5) in the presence of 1 mM BTC (Figure 15A). Increase in the Multi-Mode Microplate Reader at 15-second intervals for up to 20 minutes. Activity of rmAChE was followed at the same conditions using 1 mM ATC as substrate. When AChE -OMPA after 20 to 30 minutes of pre-incubation. In a parallel sample, BChE activity was measured using BTC to verify the inhibition. As an alternative, a specific reversible inhibitor of BChE may be used, especially in samples with higher BChE activity.

Modified Two-EA)

BChE-catalyzed hydrolysis of 1 mM BTC was performed in 0.1 M sodium phosphate buffer or 5 mM HEPES buffer. The reaction was conducted in duplicates or triplicates at seven different time points, and each time point was performed in an independent well of a 96-well plate (i.e., 14 independent wells). An additional well contained no substrate and served as a control. DTNB (0.5 mM) was added to the wells subsequently in 2-minute intervals, and absorbance was measured immediately at 412 nm (Figure 15B). Alternatively, the ChE inhibitor neostigmine (3 mM, Sigma Aldrich, N2001)

was added together with the DTNB solution to stop the reaction. AChE activity was determined with 1 mM ATC as substrate after 30 minutes BChE inhibitor iso-OMPA. 

ISOTHERMAL TITRATION CALORIMETRY

Isothermal titration calorimetry is quantitative technique used in the studies of biomolecular interactions. It enables to determine thermodynamic parameters of the interactions in the solution by direct measuring of the heat generated or absorbed during a biomolecular binding.

DTNB was prepared in 0.1 M phosphate buffer (pH 7.5). Isothermal titration calorimetry measurements were carried out using an iTC200 calorimeter (GE Healthcare).

A 27added to the sample cell, and a 20 mM solution of DTNB was loaded into the injection syringe. For each experiment, a 60-second delay at the experiment was followed by 19 econds apart. The sample cell was stirred at 1000 rpm throughout and maintained at a temperature of 25 °C. Control titration was performed by injecting DTNB into buffer. The area under each peak of the resultant heat profile was integrated, normalized for DTNB concentrations, and plotted against the molar ratio of DTNB to enzyme using Origin (version 7) supplied with the instrument. [START_REF] Turnbull | On the value of c: can low affinity systems be studied by isothermal titration calorimetry?[END_REF] (the ratio of hBChE concentration and the dissociation constant K D ) with the stoichiometry parameter, n, fixed to 1.0 [START_REF] Dingova | Optimal detection of cholinesterase activity in biological samples: modifications to the 75[END_REF].

SUCROSE GRADIENTS

Principle of the method is based on different distribution of sediments containing different molecular forms of ChE in sucrose gradient during ultracentrifugation. It is routinely used in the study of molecular forms of ChE in biological samples, e.g., brain [START_REF] Perrier | PRiMA: the membrane anchor of acetylcholinesterase in the brain[END_REF] and neuromuscular junction [START_REF] Bernard | Distinct localization of collagen Q and PRiMA forms of acetylcholinesterase at the neuromuscular junction[END_REF].

Sample Preparation and Separation Procedure

Each sample contained 200 µl of tissue extract, 200 µl of extraction solution and -galactosidase (Sigma Aldrich, SLBC2016V) and 2 µl of alkaline phosphatase (Sigma Aldrich, 039K4000). Prepared mixture (400 µl) was applied on a top of 5-20 % sucrose gradient containing 10 mM HEPES buffer pH 7. 

Evaluation of the Results

Based on the peaks of sedimentation standards, sequences of fractions were converted into Svedberg units -S. Molecular forms were assigned to the position of peaks produced in BRIJ detergent following paper [START_REF] Bernard | Distinct localization of collagen Q and PRiMA forms of acetylcholinesterase at the neuromuscular junction[END_REF]. Peak positions with corresponding molecular forms of ChE are listed in the Table 1 andTable 2. When CHAPS detergent was used, a shift of amphiphilic forms was observed. 

ELISA METHOD

Assay was performed as described previously [START_REF] Hrabovska | A novel system for the efficient generation of antibodies following immunization of unique knockout mouse strains[END_REF][START_REF] Mrvova | [END_REF]. Each well of a 96-well Nunc Immuno F96 Maxi-Sorp plate (Nunc) was coated Signal was revealed as BChE activity and measured using EA at pH 7.5. Experiments were performed in triplicates, repeated three times [START_REF] Dingova | Optimal detection of cholinesterase activity in biological samples: modifications to the 75[END_REF].

and mounted with Eukitt® medium. Activity was visualized by light microscopy (Olympus BX61) and pictures were processed in Adobe Photoshop or GIMP.

Whole-mounted heart

Activity staining of gelatin-filled heart (prepared as described in 3.2.1.1 Heart Tissue Preparation) followed the same procedure as described in the chapter 3.4.2.1

Cryosections, with exception for the omitted initial fixation and the incubation being shortened to 3 hours at room temperature. Subsequently, hearts were properly washed and post-fixed in 4 % PFA. Hearts were then placed into a Petri dish filled with distilled water and observed using light microscopy (Olympus BX61). As these preparations were 3D objects, multiple pictures with consecutive planar focuses were used for the final pictures, which were composed using extended depth of field in ImageJ program and processed in Adobe Photoshop or GIMP.

IMMUNOHISTOCHEMISTRY

Slides containing transversal and longitudinal sections of the heart (prepared as described in 3.2.1.1 Heart Tissue Preparation) were defrosted before staining and fixed with 4 % PFA for 15 minutes at room temperature. Sections were traced with Dako pen (Dako, S2002). Slides were covered with 50 mM glycine for 10 minutes and subsequently washed with PBS. Dehydration of slides was performed by graded ethanol 50-100 % (each grade for 3 OH in a ratio 1:4) was applied for 15 minutes. To enhance fluorescence contrast, 30 % H 2 O 2 ethanol (100-50 %) and washed 3 times for 5 minutes in PBS. Non-specific sites were blocked with 5 % goat serum diluted in PBS for 30 minutes and subsequently washed 3 times for 5 minutes with PBS. After 2-hour incubation with primary antibodies (described in the chapter 3.1.3 ANTIBODIES), the slides were washed 5 times for 5 minutes.

Secondary antibodies (described in the chapter 3.1.3 ANTIBODIES) were applied for 30 minutes and the slides were thoroughly washed with PBS for 1 hour (solution was changed every 10 minutes). Slides were then mounted with Fluoroshield (Sigma-Aldrich, F6182) or with Fluoroshield with DAPI (Sigma-Aldrich, F6057). All steps were performed at room temperature, protected from light. Results were observed with fluorescence microscopy (Nikon Eclipse Ni-U) and pictures were processed in Adobe Photoshop or GIMP.

ACTIVITY OF CHOLINESTERASES IN HEART

Activities of ChE in the individual compartments of mouse heart have not been studied until now. In this thesis, we determined activity of AChE and BChE in the right atrium, the left atrium, the right ventricle, the left ventricle, the septum, the apex and the base of the heart. The activities were measured by 2s-EA that we optimized to study native ChE in biological samples.

4.1.1

However, it has some limitations. The most important limiting factors of the method are sensitivity of DTNB to light, instability of the DTNB solution over time, high background in biological samples due to the interactions with abundant free sulfhydryl groups, and low detection sensitivity that does not allow detecting low ChE activities. at low activity levels. Results introduced in this chapter were described in paper Dingova [START_REF] Dingova | Optimal detection of cholinesterase activity in biological samples: modifications to the 75[END_REF].

4.1.1.1

Measurement of low AChE or BChE activity in tissue homogenates with the color that slowly develops during the prolonged incubation times is an artifact unrelated to ChE activity. We had observed that replacement of phosphate buffer by HEPES buffer significantly reduced background color. To further define the favorable conditions, we analyzed the stability of the Ellm and final product (TNB) in phosphate and HEPES buffers in the pH range from 7.0 to 8.5.

As shown in Figure 16, the velocity of the hydrolytic reaction decreased with the reduction of the pH within our selected range, but the product formation is independent on the pH and the choice of buffer (phosphate vs. HEPES).

Figure 16: Effect of phosphate and HEPES buffers on product formation: Phosphate buffer pH 8.0 was suggested as the buffer of choice in the original paper [START_REF] Ellman | A new and rapid colorimetric determination of acetylcholinesterase activity[END_REF]. We compared velocity of TNB formation in presence of mentioned phosphate buffer pH 8.0 and other studied buffers (A). Velocity of BTC hydrolysis by rhBChE is similar in all buffers, though the reaction rate increased slightly with increasing pH.

The velocity of the product formation was almost identical in phosphate buffer pH 8.0, HEPES buffer pH 7.5 and HEPES buffer pH 8.0 formed at the same wave length (B) in all studied buffers. Course and velocity of product formation is almost identical with phosphate buffer pH 8.0 in case of HEPES buffer pH 7.5 and 8.0.

Stability of thiocholine

After 4 hours of incubation in 0.1 M sodium phosphate buffer (pH 7.5) (Figure 17A), the concentration of TCh, measured as color intensity after the addition of DTNB, was 7.4 % lower compared with the 1-hour time point. This instability of TCh was even higher (10 % lower color intensity) in 0.1 M sodium phosphate buffer (pH 8.0), in agreement with the pKa value of the TCh (7.7 7.8) [START_REF] Barakat | Chemical synthesis of two series of nerve agent model compounds and their stereoselective interaction with human acetylcholinesterase and human butyrylcholinesterase[END_REF]. In contrast, incubation in 5 mM HEPES buffer (pH 7.5) for 4 hours caused less than 1.5 % change in the apparent TCh concentration, suggesting better stability of TCh in HEPES buffer than in phosphate buffer. Thus, TCh, the first intermediate of the reaction, appears to be a very stable compound in HEPES buffer. DTNB dissolves in phosphate buffer but not in HEPES buffer. We evaluated conditions to increase DTNB solubility in HEPES buffer. Solubility may be achieved in methanol, ethanol, or dimethyl sulfoxide (DMSO). However, their inhibitory effect on ChE activities [START_REF] Fekonja | Inhibition and protection of cholinesterases by methanol and ethanol[END_REF][START_REF] Hamers | A small-volume bioassay for quantification of the esterase inhibiting potency of mixtures of organophosphate and carbamate insecticides in rainwater: development and optimization[END_REF][START_REF] Pohanka | Assessment of acetylcholinesterase activity using indoxylacetate and comparison with the standard 2640[END_REF] makes organic solvents unsuitable for activity assays. We solubilized DTNB in HEPES buffer (0.09 M) by adding 0.05 M sodium phosphate buffer to make a stock 20 mM DTNB solution (as described in the chapter 3.3.1.1

). The final concentrations in the reaction or stability incubation mixtures were then 1.25 mM phosphate and 5 mM HEPES buffer.

The stability of DTNB depended strictly on the pH in both buffers; the higher the pH, the lower the stability of DTNB (Figure 17C). The highest increase in the absorbance was observed within the first 5 hours. Absorbance continued to increase during the 80-hour testing period but at a lower rate.

In general, DTNB is more stable in HEPES buffer than in phosphate buffer.

Absorbance of DTNB in HEPES buffer (pH 7.0 or 7.5) was close to baseline. DTNB stability in HEPES buffer (pH 8.0) was comparable to that in phosphate buffer (pH 7.0).

DTNB in HEPES buffer (pH 8.5) was more stable than that in phosphate buffer (pH 7.5).

The presence of BTC did not change the observed dependence on pH but increased the absolute values of measured absorbance approximately 3.5-fold higher in the presence of 0.5 mM BTC and 7-fold higher in the presence of 1 mM BTC.

Stability of TNB

ours at room temperature. We saw only a slight decrease in color (5.4 %) when incubated in phosphate buffer (pH 7.5) and no change in HEPES buffer (pH 7.5) (<1.8 %) (Figure 17B). It is important to note that the final product is highly sensitive to light [START_REF] Walmsley | Effect of daylight on the -dithiobis(2-nitrobenzoic acid)[END_REF], and it is essential to maintain the reaction mixture in the dark during the whole experiment.

In the absence of light protection, the decrease of TNB colors exceeded 10 % by hour.

4.1.1.2

The higher stability of TCh compared with DTNB suggested that the assay could be improved by separating the two reactions into two steps. In our modified 2s EA, the first step is substrate hydrolysis by ChE (with no DTNB present in the mixture). In the second step, DTNB is added at different times, followed by measurement of absorbance at 412 nm (Figure 15B). An alternative second step is to stop the reaction by the addition of a ChE inhibitor and to delay the quantification of product by the addition of DTNB later.

Interestingly, we observed that in 2s EA for rhBChE (regardless of the substrate ATC or BTC) the slope of the increase of absorbance was steeper than that in EA (reaction incubated in the presence of DTNB from time 0). The increase in the slope value represented 20 to 25 % for rhBChE, human plasma, mouse plasma, mouse brain extract, and mouse liver extract (Figure 18). This two-step approach, thus, eliminates a factor of instability of DTNB over the time of incubation and possible DTNB interaction with ChE.

Figure 18: Comparison of BChE activity measured by EA ( ) and 2s EA ( ). In EA, DTNB is present from time 0. In 2s EA, DTNB is absent during BTC hydrolysis but is added at different times of the reaction or after the reaction is stopped (see Figure 15B). Thus, DTNB is not present in the reaction mixture during the product formation. We observed a steeper increase in absorbance at 412 nm in 2s EA than in EA with rhBChE, human plasma, mouse brain extract, and mouse liver extract. Surprisingly, BTC hydrolysis in rat or dog plasma was unaffected by the presence of DTNB (Figure 19). Moreover, we did not observe such phenomena for AChE. The slopes of absorbance increase with time for ATC hydrolysis with no DTNB in the reaction mixture was comparable to that in the presence of DTNB (Figure 19). Direct interaction of DTNB with hBChE was confirmed by isothermal titration calorimetry that measures changes in heat that occur during complex formation. The thermogram describing the binding of DTNB to hBChE was compared with the control experiment in which the heat of dilution of DTNB into the buffer was followed (Figure 21). The interaction of DTNB with the enzyme was exothermic, releasing heat during complex formation. The magnitude of each peak diminished with progression of the titration, suggesting that interaction was taking place. In contrast, injections of DTNB into the buffer generated peaks of constant magnitude within the titration, reflecting the heat of dilution of ligand into buffer. 

Enzyme-linked immunosorbent assay

To improve the detection of BChE activity in tissue extracts, we tested ELISA for this application. Selective binding of BChE to immobilized antibody in ELISA yields a This step decreases background absorbance and allows detection of low ChE activity in biological samples.

by EA, the increase of absorbance over time was possible to follow in ELISA (Figure 22).

course of the absorbance increase versus time was comparable in EA and ELISA, with higher absolute values for the former method (Figure 22). This method, therefore, could be useful for measuring low ChE activities in biological samples containing a high content of free SH groups (and thus high background) where dilution of the sample would lead to undetectable signal (e.g., tissues from AChE or BChE heterozygous animals). 

ACTIVITY OF CHOLINESTERASES IN HEART

We used modified 2s-EA for precise determination of AChE (Figure 23A We detected the highest AChE activity in the atria. AChE activities of left and right atria were comparable with slightly higher content of activity in the left part. We observed notably lower AChE activity in the ventricles in comparison to atria. The lowest activity was determined in the septum and the left ventricle. Activity in the right ventricle was slightly higher than in the septum and the left ventricle, but still 2.5-fold lower than in the atria (Figure 23A). When AChE activities in the apex and on the base of the heart were observed, more than 4-fold higher activity was determined on the base of the heart (Figure 23B).

In contrary to AChE activities, the lowest BChE activities were detected in the atria. Higher activity was observed in the right ventricle and the highest activities were detected in the left ventricle and the septum (Figure 23C). Similarly to AChE activity, BChE activity was higher on the base of the heart than in apex, however only 1.3-fold higher (Figure 23D).

MOLECULAR FORMS OF CHOLINESTERASES IN THE HEART

We used method of sucrose gradient (as described in the chapter 3.3.3 SUCROSE GRADIENTS) to clarify which molecular forms of ChE are present in the mouse heart.

Moreover, we quantitatively determined contribution of each molecular form in the mouse heart compartments: the right atrium, the left atrium, the right ventricle, the left ventricle, the septum, the apex and the base.

ACETYLCHOLINESTERASE IN THE HEART

To find out which AChE molecular forms are present in the mouse heart, we analyzed hearts from WT, ColQ -/-and PRiMA -/-mice using the method of sucrose gradient (Figure 24). Experiments were repeated two times for knockout mice and at least three times for WT mice.

In WT mice, AChE was distributed into four peaks. Peak around 4S corresponds to the presence of G 1 na /G 2 a and was present in the WT, ColQ -/-and also PRiMA We discovered that amount of G 1 na /G 2 a forms in the heart is highly dependent on the quality of the perfusion. When non-perfused heart was used for analysis, the size of the peak at 4S, caused by high activity of GPI AChE on the erythrocyte membrane, was so high that it made other molecular forms almost undetectable (Figure 25). This peak markedly decreased when heart was thoroughly perfused (Figure 24). The perfusion is therefore a critical step to quantify AChE and BChE in highly vascularized tissues, such as heart. that corresponds to presence of G 1 na /G 2 a was so high, that peaks at 9S (PRiMA AChE) and 12.5S; 16.1S (ColQ AChE) were almost undetectable. Gradients were performed in BRIJ detergent.

To reduce the number of used mutant mice, further we performed gradients in BRIJ and CHAPS detergents to distinguish amphiphilic and non-amphiphilic molecular forms in the individual heart compartments of WT mice. Amphiphilic tetramers (e.g PRiMA AChE)

associate with the BRIJ detergent, producing a characteristic shift in sedimentation coefficient when compared to CHAPS detergent. Non-amphiphilic forms do not interact with detergent thus positions of peaks in BRIJ and CHAPS detergents are the same [START_REF] Bernard | Distinct localization of collagen Q and PRiMA forms of acetylcholinesterase at the neuromuscular junction[END_REF][START_REF] Bon | Amphiphilic and nonamphiphilic forms of Torpedo cholinesterases: I. Solubility and aggregation properties[END_REF] 

Acetylcholinesterase in the Apex and on the Base of the Heart

When the heart base and the apex were compared (Figure 28), different ratios of PRiMA AChE and ColQ AChE were observed. In apex, we observed slightly higher content of ColQ AChE than PRiMA AChE. In contrary, we observed higher amount of PRiMA AChE than ColQ AChE on the base of the heart. Neverthless, as discussed above, AChE activity is higher on the base than in the apex, regardless the molecular forms (thus both, ColQ AChE and PRiMA AChE activities are higher on base than in apex). ). Experiment was repeated at least three times.

BUTYRYLCHOLINESTERASE IN THE HEART

Molecular forms of BChE in the mouse heart from WT, ColQ -/-and PRiMA -/-mice were also analyzed by method of sucrose gradient (Figure 29). Globular G 1 a and G 4 na forms of BChE were present in heart of all three studied genotypes, in comparable quantities.

This reveals that no anchored forms of BChE are present in the heart. Major part of BChE molecular forms in perfused heart was formed by G 1 a forms. Content of soluble tetramers (G 4 na ) is highly dependent on the tissue perfusion due to the high activity of this form in the serum. We observed that the quantity of G 4 na in nonperfused heart (Figure 30) is higher than that of G 1 a and substantially decreased after perfusion (Figure 29). Similarly to analysis of AChE forms, BRIJ detergent and CHAPS detergent were used to distinguish amphiphilic and non-amphiphilic molecular forms in the heart compartments of WT mice.

Butyrylcholinesterase in the Heart Compartments

In all studied parts of the heart, we detected only G 1 a and G 4 na molecular forms of BChE (Figure 31), while the ratio of these forms was similar in all compartments. As we detected shift in peak at 4.5S between gradients performed in CHAPS and BRIJ detergents, we can conclude that the majority of BChE in heart is represented by G 1 a forms. Experiment was repeated at least three times.

LOCALIZATION OF CHOLINESTERASES IN THE HEART

BASIC MORPHOLOGY OF THE HEART

To examine an impact of lack of different molecular forms of ChE on overall heart morphology, we performed hematoxyline and eosin staining in transversal sections of perfused heart of WT mice, AChE del E 5+6 -/-, BChE -/-, PRiMA -/-and ColQ -/-mice.

Diameter of cardiomyocytes was measured and compared between genotypes (Figure 32). We detected significantly lower (p < 0.001) cardiomyocyte diameter in AChE del E 5+6 -/-mice when compared to WT mice. This relationship was confirmed for males and females. We did not observe other significant differences in cardiomyocyte diameter between WT and other genotypes. However, difference was revealed between males and females in WT mice. Females had significantly lower cardiomyocyte diameter (p < 0.05) than males. In other genotypes, no intersex differences were observed.

CHOLINESTERASES ON THE BASE OF THE HEART

Previous studies showed that cardiac plexus, which consists of parasympathetic and sympathetic nerves, is localized on the heart base. To facilitate the visualization of the epicardial surface of the heart, we inflated the heart by gelatin injection into the all heart chambers (as described in details in the section 3.2.1.1 Heart Tissue Preparation). Using the ChE activity staining method, we evaluated ChE activity in the mutant mice (AChE del E 5+6 -/-, BChE -/-, PRiMA -/-and ColQ -/-). We were thus able to characterize localization of AChE, BChE and their molecular forms (ColQ and PRiMA AChE) in this region (Figure 33).

On the heart base of WT mice, we observed strong, homogenously distributed ChE activity. Similar results were acquired in BChE mutant mice, indicating that anchored AChE is predominant in this part of the heart. In AChE del E 5+6 -/-mice, only one markedly stained lining, which disappeared after treatment with BChE inhibitor, was observed. This confirms the major localization of AChE on the heart base. Comparable strong staining was preserved in both, ColQ -/-and PRiMA -/-hearts. We can conclude that both, PRiMA AChE and ColQ AChE are localized on the heart base.

In higher magnification, clear difference in coloration was observed between the genotypes in the heart hilum, where the veins input and output are localized. In WT, BChE -/-and ColQ -/-mice, strongly colored structures and also small branching were stained. However, small branching was not visible in AChE del E 5+6 -/-and PRiMA -/- mice. This suggests that subtle branching on the heart base is formed by PRiMA AChE. WT, BChE -/-, ColQ -/-, but not in AChE del E 5+6 -/-and PRiMA -/-mice.

CHOLINESTERASES IN THE VENTRICLES

Transversal and longitudinal sections of the ventricles of WT and mutant mice were stained for AChE and BChE activity. We did not detect any AChE activity in the ventricular myocardium in any of the studied hearts, even after prolonged incubation. Immunohistochemistry using specific anti-AChE antibody, antibody against neuronal marker TUJ1 and endothelial marker PECAM1 was performed in the transversal sections of the ventricle (Figure 37). In agreement with previous results, we detected AChE protein in the epicardium.

Fluorescent signal of AChE antibody was co-localized with TUJ1 antibody, but not with anti-PECAM1. This suggests that strong coloration present on the base of the heart is linked to the neuronal cells.

CHOLINESTERASES IN THE ATRIA

Localization of ChE was examined in both, cryosections of atrial myocardium and epicardium of atria of gelatin filled whole-mounted heart (Figure 38). In both myocardium and epicardium of atria, results were similar. We detected activity in the WT, BChE -/-and ColQ -/-mice. Activity staining was absent in the AChE del E 5+6 -/-and PRiMA -/-mice. Thus, in the atria, AChE anchored by PRiMA was localized in the myocardium and also in the epicardium.

We performed immunohistochemistry using specific anti-AChE antibody, antibody against neuronal marker TUJ1 and antibody against endothelial marker PECAM1 in the sections of the atria (Figure 39). Fluorescent signal of AChE antibody was co-localized with TUJ1 antibody, but not with anti-PECAM1. This suggests that coloration presents in the atria is linked to neuronal cells. Study of cholinergic system in the heart has been neglected for a long time. In the last decade, however, increasing amount of papers dealing with study of the neuronal and non-neuronal cholinergic system in the heart has been published. Cholinergic neuronal control of the heart is provided by nervus vagus [START_REF] Abramochkin | Non-quantal release of acetylcholine from parasympathetic nerve terminals in the right atrium of rats[END_REF]Coiado et al., 2015;[START_REF] Pauza | Morphology, distribution, and variability of the epicardiac neural ganglionated subplexuses in the human heart[END_REF]Rysevaite et al., 2011a;[START_REF] Saburkina | Morphological pattern of intrinsic nerve plexus distributed on the rabbit heart and interatrial septum[END_REF]. Non-neuronal cholinergic system in the heart was described only recently and it has been shown to play a crucial role in regulating heart functions [START_REF] Kakinuma | Heart-specific overexpression of choline acetyltransferase gene protects murine heart against ischemia through hypoxia-inducible factor-1 -related defense mechanisms[END_REF][START_REF] Kakinuma | A non-neuronal cardiac cholinergic system plays a protective role in myocardium salvage during ischemic insults[END_REF][START_REF] Kakinuma | Cholinoceptive and cholinergic properties of cardiomyocytes involving an amplification mechanism for vagal efferent effects in sparsely innervated ventricular myocardium[END_REF][START_REF] Lara | Dysautonomia due to reduced cholinergic neurotransmission causes cardiac remodeling and heart failure[END_REF][START_REF] Rana | Acetylcholine as an agedependent non-neuronal source in the heart[END_REF][START_REF] Rocha-Resende | Non-neuronal cholinergic machinery present in cardiomyocytes offsets hypertrophic signals[END_REF][START_REF] Roy | Cardiomyocyte-secreted acetylcholine is required for maintenance of homeostasis in the heart[END_REF].

The mentioned papers were focused on the study of ACh [START_REF] Pbs Was Used In Abramochkin | Both neuronal and non-neuronal acetylcholine take part in non-quantal acetylcholine release in the rat atrium[END_REF][START_REF] Abramochkin | Non-quantal release of acetylcholine from parasympathetic nerve terminals in the right atrium of rats[END_REF][START_REF] Borodinova | Non-quantal release of acetylcholine in rat atrial myocardium is inhibited by noradrenaline[END_REF][START_REF] Kakinuma | Cholinoceptive and cholinergic properties of cardiomyocytes involving an amplification mechanism for vagal efferent effects in sparsely innervated ventricular myocardium[END_REF][START_REF] Oberhauser | Acetylcholine release in human heart atrium: influence of muscarinic autoreceptors, diabetes, and age[END_REF][START_REF] Rana | Acetylcholine as an agedependent non-neuronal source in the heart[END_REF][START_REF] Rocha-Resende | Non-neuronal cholinergic machinery present in cardiomyocytes offsets hypertrophic signals[END_REF][START_REF] Roy | Cardiomyocyte-secreted acetylcholine is required for maintenance of homeostasis in the heart[END_REF], cholinacetyltransferase [START_REF] Kakinuma | Heart-specific overexpression of choline acetyltransferase gene protects murine heart against ischemia through hypoxia-inducible factor-1 -related defense mechanisms[END_REF][START_REF] Kakinuma | Cholinoceptive and cholinergic properties of cardiomyocytes involving an amplification mechanism for vagal efferent effects in sparsely innervated ventricular myocardium[END_REF][START_REF] Rana | Acetylcholine as an agedependent non-neuronal source in the heart[END_REF][START_REF] Roy | Cardiomyocyte-secreted acetylcholine is required for maintenance of homeostasis in the heart[END_REF]Rysevaite et al., 2011b),

ChT [START_REF] English | Tachycardia, reduced vagal capacity, and age-dependent ventricular dysfunction arising from diminished expression of the presynaptic choline transporter[END_REF][START_REF] Kakinuma | Cholinoceptive and cholinergic properties of cardiomyocytes involving an amplification mechanism for vagal efferent effects in sparsely innervated ventricular myocardium[END_REF][START_REF] Neumann | Heart rate variability is associated with polymorphic variation in the choline transporter gene[END_REF][START_REF] Rana | Acetylcholine as an agedependent non-neuronal source in the heart[END_REF], vesicular transporter [START_REF] Lara | Dysautonomia due to reduced cholinergic neurotransmission causes cardiac remodeling and heart failure[END_REF][START_REF] Rana | Acetylcholine as an agedependent non-neuronal source in the heart[END_REF][START_REF] Roy | Cardiomyocyte-secreted acetylcholine is required for maintenance of homeostasis in the heart[END_REF][START_REF] Roy | An analysis of the myocardial transcriptome in a mouse model of cardiac dysfunction with decreased cholinergic neurotransmission[END_REF][START_REF] Yasuhara | Demonstration of choline acetyltransferase of a peripheral type in the rat heart[END_REF] or ACh receptors in the heart [START_REF] Brodde | Adrenergic and muscarinic receptors in the human heart[END_REF][START_REF] Dunlap | Mechanisms of altered vagal control in heart failure: influence of muscarinic receptors and acetylcholinesterase activity[END_REF][START_REF] Oberhauser | Acetylcholine release in human heart atrium: influence of muscarinic autoreceptors, diabetes, and age[END_REF][START_REF] Olshansky | Parasympathetic nervous system and heart failure: pathophysiology and potential implications for therapy[END_REF]. ChE, especially AChE, were used mainly as tools to identify cholinergic neurons in heart [START_REF] Pauza | Morphology, distribution, and variability of the epicardiac neural ganglionated subplexuses in the human heart[END_REF], Rysevaite et al., 2011[START_REF] Saburkina | Epicardial neural ganglionated plexus of ovine heart: anatomic basis for experimental cardiac electrophysiology and nerve protective cardiac surgery. Heart Rhythm Off[END_REF], Pauza et al., 1997b[START_REF] Pauza | Anatomical study of the neural ganglionated plexus in the canine right atrium: implications for selective denervation and electrophysiology of the sinoatrial node in dog[END_REF][START_REF] Saburkina | Morphological pattern of intrinsic nerve plexus distributed on the rabbit heart and interatrial septum[END_REF] and authors did not focus on the study of ChE as enzymes regulating ACh action. Detailed information about ChE in the heart was missing. In this work, complex information about ChE activity, localization and precise characterization of their molecular forms are presented for the first time.

Modified EA enables to study low ChE activities in biological samples

method [START_REF] Ellman | A new and rapid colorimetric determination of acetylcholinesterase activity[END_REF]. This optimization has been designed to acquire precise information about AChE and BChE activities in the biological samples, including heart, where low ChE activities are measured [START_REF] Dingova | Optimal detection of cholinesterase activity in biological samples: modifications to the 75[END_REF].

Due to the character of in vitro studies, pure enzymes in high quantities (micromolar range; e.g., [START_REF] Groner | The kinetics of inhibition of human acetylcholinesterase and butyrylcholinesterase by two series of novel carbamates[END_REF]Hrabovská et al., 2006a) are usually used for the analyses by enzymologist. In the body, however, the concentration of ChE varies between tissues [START_REF] Li | Abundant tissue butyrylcholinesterase and its possible function in the acetylcholinesterase knockout mouse[END_REF], ranging from high (e.g., AChE in striatum [START_REF] Dobbertin | Targeting of acetylcholinesterase in neurons in vivo: a dual processing function for the proline-rich membrane anchor subunit and the attachment domain on the catalytic subunit[END_REF], BChE in liver [START_REF] Li | Abundant tissue butyrylcholinesterase and its possible function in the acetylcholinesterase knockout mouse[END_REF]) to low (e.g., AChE in heart [START_REF] Li | Abundant tissue butyrylcholinesterase and its possible function in the acetylcholinesterase knockout mouse[END_REF], BChE in striatum [START_REF] Dobbertin | Targeting of acetylcholinesterase in neurons in vivo: a dual processing function for the proline-rich membrane anchor subunit and the attachment domain on the catalytic subunit[END_REF]). Moreover, different scientific approaches (e.g., genetic manipulations) may further decrease the level of the protein to the detection limits.

Prolonged incubation is often needed to record very low activities. For example, histochemistry with 30 minute of incubation leads to a typical AChE staining of the WT neuromuscular junction but gives no staining in mutant mice with deletion of ColQ AChE forms. However, increased incubation time (to 3 hours or even over-night) reveals low activity of residual PRiMA AChE [START_REF] Bernard | Distinct localization of collagen Q and PRiMA forms of acetylcholinesterase at the neuromuscular junction[END_REF]. Use of the same approach (with because of instability of DTNB in the commonly used phosphate buffer. We confirm that DTNB is unstable in phosphate buffer and that stability of DNTB in liquid depends inversely on pH. However, the presence of 5.0 mM HEPES buffer in the solution increases the stability of DTNB over time, as does a decrease of the pH to 7.0. The presence of HEPES buffer has no effect on enzyme hydrolysis but slightly increases the stability of intermediate products (TCh) or end products (TNB). This information can be used to increase the stability of the stock solution of DTNB as well as in assays that require prolonged recording time of enzyme hydrolysis.

Another problem that must be faced when studying ChE activities in biological samples is the occurrence of free SH groups in many biomolecules. Interaction with DTNB gives a significant background that can interfere with detection of product formation (e.g., AChE detection in liver [START_REF] Xie | Postnatal developmental delay and supersensitivity to organophosphate in gene-targeted mice lacking acetylcholinesterase[END_REF] vs. [START_REF] Li | Abundant tissue butyrylcholinesterase and its possible function in the acetylcholinesterase knockout mouse[END_REF]). Authors try to solve the problem by a 20 minutes pre-incubation of biological enzyme sample with DTNB prior to the addition of substrate [START_REF] Wang | Screening assays for cholinesterases resistant to inhibition by organophosphorus toxicants[END_REF]. In such conditions, however, DTNB instability in phosphate buffer (pH 8.0), protease action and DTNB effect on enzyme activity may make it impossible to detect low activities of the enzyme. We have observed an interaction of DTNB with BChE activity. Although it may be of no importance when high BChE activities are being followed, low BChE activities may be masked, especially when high background is present. An inhibitory effect on BChE, but not on AChE, was observed for Triton X-100 previously as well [START_REF] Gómez | Characterization of acetylcholinesterase and butyrylcholinesterase forms in normal and dystrophic Lama2dy mouse heart[END_REF][START_REF] Li | Abundant tissue butyrylcholinesterase and its possible function in the acetylcholinesterase knockout mouse[END_REF][START_REF] Moral-Naranjo | Molecular forms of acetyland butyrylcholinesterase in normal and dystrophic mouse brain[END_REF]. Triton X-100 is an efficient protein extraction agent that has been commonly used for tissue ChE extraction. Its inhibitory action toward BChE is species specific. This was explained by different amino acid lining of the acyl-binding pocket within the active site gorge [START_REF] Boeck | DNA sequence of butyrylcholinesterase from the rat: expression of the protein and characterization of the properties of rat butyrylcholinesterase[END_REF][START_REF] Li | Abundant tissue butyrylcholinesterase and its possible function in the acetylcholinesterase knockout mouse[END_REF] (Figure 40). [START_REF] Jordan-Starck | Role of cysteine residues in Pseudomonas mevalonii 3-hydroxy-3-methylglutaryl-CoA reductase. Site-directed mutagenesis and characterization of the mutant enzymes[END_REF], native lecithin-cholesterol acyltransferase [START_REF] Francone | Effects of site-directed mutagenesis at residues cysteine-31 and cysteine-184 on lecithin-cholesterol acyltransferase activity[END_REF], human immunodeficiency virus protease torre and Levine, 1994), insect ChE [START_REF] Rowland | Inactivation of an invertebrate acetylcholinesterase by sulfhydryl reagents: a reconsideration of the implications for insecticide design[END_REF], and AChE in Torpedo californica [START_REF] Steinberg | Torpedo acetylcholinesterase is inactivated by thiol reagents[END_REF]. The mechanism of the DTNB inhibition of Torpedo AChE was explained by an interaction with the free SH group of Cys away from the active site at position 231.

Nevertheless, DTNB was less potent than other SH agents. For BChE, the free SH group of Cys is available in human at position 66 and in mouse and rat at position 239, although there is none in dog enzyme. Therefore, it is very unlikely that the effect of DTNB on activity of mouse and human BChE, but not on rat and dog BChE, is facilitated through the free Cys SH group. Moreover, DTNB changes the thermal stability of the Torpedo enzyme by a still unknown mechanism probably involving other site(s) than just the free SH group [START_REF] Wilson | The rate of thermal inactivation of Torpedo acetylcholinesterase is not reduced in the C231S mutant[END_REF].

To overcome the limitations of the standard EA, we propose a modified 2s-EA in which ATC or BTC is hydrolyzed by AChE and BChE with no DTNB present in the reaction mixture. Production of TCh (which is stable over time in our experimental conditions, as discussed above) is visualized at different time points by adding DTNB, followed by immediate measurement of yellow color. This modification troubleshoots the most important problems arising from the study of low ChE activities in biological samples. In the modified method, there is no change of the background arising from DTNB instability over time and no inhibition of ChE activity by DTNB. This 2s-EA method is an [START_REF] Johnson | A rapid, simple radiometric assay for cholinesterase, suitable for multiple determinations[END_REF]) that overcomes the radioactivity issue. The second approach to study low activities of BChE in biological samples is the use of ELISA. The advantage is that the enzyme is selectively captured and isolated from other biomolecules. As we have confirmed here, results obtained with captured enzyme are comparable to those obtained with enzyme in solution. Efficiency of this method, however, depends on the binding characteristic of antibodies and protein.

Avidity, sensitivity, efficiency and selectivity in protein capturing, therefore, should always be assessed [START_REF] Mrvova | Monoclonal antibodies to mouse butyrylcholinesterase[END_REF]. ELISA enables one to study very low activities in biological samples, because these are not masked by the background resulting from DTNB interaction with free SH groups. Moreover, pre-incubation of the sample with DTNB is not needed and, thus, no interference with DTNB is present.

Based on our results, we have performed activity study in the heart in HEPES buffer pH 7.5 using modified 2s-EA. The modification of method enables more sensitive detection. This has been very useful especially in the right and left atria, where the lowest activities of the BChE have been detected. Due to higher sensitivity of the modified method, pooling several tissues of atria to determine BChE activity has not been necessary.

Thus, our suggested optimization of the method also enables a decrease in the consumption of biological material.

Molecular forms of AChE and BChE present in the mouse heart

Overall activity study has shown that AChE activity in the entire heart is a few-fold lower than BChE activity. Our results are in line with the previously published data. It was shown that BChE activity predominates over AChE activity in the heart of mice [START_REF] Gómez | Characterization of acetylcholinesterase and butyrylcholinesterase forms in normal and dystrophic Lama2dy mouse heart[END_REF][START_REF] Li | Abundant tissue butyrylcholinesterase and its possible function in the acetylcholinesterase knockout mouse[END_REF], rats [START_REF] Nyquist-Battie | Acetylcholinesterase molecular forms in rat heart[END_REF][START_REF] Stanley | Acetylcholine, choline acetyltransferase and cholinesterases in the rat heart[END_REF] and human [START_REF] Chow | Autonomic innervation of the human cardiac conduction system: changes from infancy to senility--an immunohistochemical and histochemical analysis[END_REF].

We have observed high AChE activity in the left atrium and the right atrium of mice (Figure 41), which is in agreement with previous observations acquired from human, dog [START_REF] Sinha | Studies on the distribution of cholinesterases: activity in the human and dog heart[END_REF] and rat tissues [START_REF] Nyquist-Battie | Regional distribution of the molecular forms of acetylcholinesterase in adult rat heart[END_REF]. AChE was visible at the neuromuscular junction [START_REF] Bernard | Distinct localization of collagen Q and PRiMA forms of acetylcholinesterase at the neuromuscular junction[END_REF]. Finally, the authors discovered diffusely distributed PRiMA AChE along the muscle in the extrajunctional regions [START_REF] Bernard | Distinct localization of collagen Q and PRiMA forms of acetylcholinesterase at the neuromuscular junction[END_REF]. Other explanation of inconsistent results between these two techniques can be prolonged tissue handling in microscopy analysis and thus possible degradation of ColQ AChE.

In the myocardium of the ventricles, we have not detected any AChE activity, but we have observed BChE staining. Reports in literature are quite contradictory when it comes to BChE localization in ventricular myocardium. [START_REF] Chow | Autonomic innervation of the human cardiac conduction system: changes from infancy to senility--an immunohistochemical and histochemical analysis[END_REF] reported massive BChE staining in the sinoatrial and atrioventricular nodes in infants, which gradually disappeared till adulthood. There are no studies dealing with localization of BChE in mice. We have visualized diffusely distributed BChE activity in the myocardium. This can be caused by high level (80 89 % of the total activity) of intracellularly localized G 1 a . However, the precise cellular localization of this pool is questionable. As previously published, monomeric and dimeric forms of ChE were found in the endoplasmic reticulum of different tissues [START_REF] De Jaco | A mutation linked with autism reveals a common mechanism of endoplasmic reticulum retention for the alpha,beta-hydrolase fold protein family[END_REF][START_REF] Eichler | The activity of an endoplasmic reticulum-localized pool of acetylcholinesterase is modulated by heat shock[END_REF][START_REF] Liesi | Ultrastructural localization of acetylcholinesterase activity in primary cultures of rat substantia nigra[END_REF][START_REF] Somogyi | A possible structural basis for the extracellular release of acetylcholinesterase[END_REF] and their importance for the assembly of AChE and BChE was confirmed [START_REF] Brockman | Assembly of monomeric acetylcholinesterase into tetrameric and asymmetric forms[END_REF][START_REF] Eichler | The activity of an endoplasmic reticulum-localized pool of acetylcholinesterase is modulated by heat shock[END_REF]. Thus, we suggest that observed pool of inactive BChE enzyme could be localized in the endoplasmic reticulum and serves as the precursor for formation of soluble tetrameric BChE protein. Other possibility is that BChE G 1 a is present in the sarcoplasmic reticulum as published previously in rat [START_REF] Karnovsky | the localization of cholinesterase activity in rat cardiac muscle by electron microscopy[END_REF] and rabbit heart [START_REF] Hagopian | Cytochemical localization of cholinesterase activity in adult rabbit heart[END_REF]. [START_REF] Rotundo | Intracellular transport, sorting, and turnover of acetylcholinesterase. Evidence for an endoglycosidase H-sensitive form in Golgi apparatus, sarcoplasmic reticulum, and clathrin-coated vesicles and its rapid degradation by a nonlysosomal mechanism[END_REF] showed that AChE molecules can be chased into the sarcoplasmic reticulum prior to degradation. Moreover, potential role of sarcoplasmic reticulum in protein synthesis and folding is discussed [START_REF] Glembotski | Roles for the Sarco-/Endoplasmic Reticulum in Cardiac Myocyte Contraction, Protein Synthesis, and Protein Quality Control[END_REF].

This hypothesis suggests similar function of endoplasmic and sarcoplasmic reticulum in the assembly of ChE.

In the epicardium of heart, we have visualized dense AChE staining on the base of the heart, which extended epicardially to the atria, where we have identified PRiMA AChE. On the heart base, apart from strongly-colored linings, we have also noticed subtle branches. Molecular forms of AChE on the heart base have never been researched before.

Here, we for the first time, report that strong epicardial AChE staining on the base of the heart consists of ColQ AChE and also PRiMA AChE. Staining of subtle branches has disappeared in the PRiMA deficient mice. This suggests that PRiMA AChE is responsible for this subtle coloration. As published before, staining from the heart base prolonged by the left dorsal, dorsal right atrial, right ventral and ventral left atrial routes (Rysevaite et al., 2011a). The structural organization of the staining matched to that obtained from human hearts [START_REF] Pauza | Morphology, distribution, and variability of the epicardiac neural ganglionated subplexuses in the human heart[END_REF]. This makes mouse heart a suitable model for studying human epicardial AChE.

In case of BChE, we have been able to detect only one strongly-colored lining on the base of the heart and no epicardial staining on the apex. These results are in line with outcomes gained from biochemical analysis, where higher activity has been detected on the base of the heart than in the region of apex. The nature of this activity is, however, questionable. The fact, that the activity is precisely localized, suggests presence of anchored forms of BChE. But it is contradictory to our biochemical experiments, where no such forms have been detected. We cannot rule out that this activity belongs to G 1 a .

However, available information about this form in the organism is poor. The other possibility is the presence of the amphiphilic G 4 BChE. Gomez et al. [START_REF] Gómez | Characterization of acetylcholinesterase and butyrylcholinesterase forms in normal and dystrophic Lama2dy mouse heart[END_REF] have shown small amount (3 %) of this form in the mouse heart. Amphiphilic G 4 corresponds to the PRiMA anchored BChE. However, in our experiment we have used PRiMA deficient mice and the results are comparable to hearts of WT littermates. We have also used two detergents, BRIJ and CHAPS, to distinguish between amphiphilic and nonamphiphilic forms, while no amphiphilic G 4 have been observed. Thus, we are more prone to believe that activity belongs to the G 1 a or G 4 na , which presence in the heart was proved within this study. However, ACh is probably hydrolyzed by BChE tetramer. We propose that the tetramer could be produced from G 1 a BChE in the endoplasmic reticulum (ER) and passes the secretion cascade through Golgi apparatus (GA).

AChE does not only fulfill function in the neurotransmission, synaptogenesis (Silman and Sussman, 2005) or neurite growth [START_REF] Sharma | Direct evidence for an adhesive function in the noncholinergic role of acetylcholinesterase in neurite outgrowth[END_REF], but also modulates haematopoetic differentiation [START_REF] Deutsch | The stress-associated acetylcholinesterase variant AChE-R is expressed in human CD34(+) hematopoietic progenitors and its Cterminal peptide ARP promotes their proliferation[END_REF] and plays a role in embryogenesis [START_REF] Hanneman | Early expression of acetylcholinesterase activity in functionally distinct neurons of the zebrafish[END_REF]. Moreover, our results suggest that AChE may also play a role in the cardiomyogenesis. In the AChE del 5+6 -/-mice, which are typical for the absence of anchored forms of AChE, we have observed significantly lower cardiomyocyte diameter than in the WT mice. AChE del 5+6 -/-mice are smaller and weaker than WT mice. Thus, logical explanation can be that due to the lower body and heart weights, also cardiomyocyte diameter is decreased. However, previous investigations showed no changes in the total length or the mean diameter of cardiomyocytes due to changes in food intake and caloric restriction even if the body, heart and left ventricular weights were significantly reduced [START_REF] Gruber | Myocardial remodelling in left ventricular atrophy induced by caloric restriction[END_REF]. Thus, effect of body weight on the cardiomyocyte diameter is excluded. Other studies revealed that administration of selective AChE inhibitor, pyridostigmine, led to the reduced diameter of cardiomyocytes [START_REF] Lataro | Increase in parasympathetic tone by pyridostigmine prevents ventricular dysfunction during the onset of heart failure[END_REF] and prevented the cellular hypertrophy induced by adrenergic overstimulation [START_REF] Rocha-Resende | Non-neuronal cholinergic machinery present in cardiomyocytes offsets hypertrophic signals[END_REF]. These observations strongly support our hypothesis, that anchored AChE affects cardiomyocyte diameter.

Recently, it has been shown that cardiomyocytes have properties of the nonneuronal cholinergic nervous system. These cells possess all components necessary for the ACh synthesis and release [START_REF] Kakinuma | Cholinoceptive and cholinergic properties of cardiomyocytes involving an amplification mechanism for vagal efferent effects in sparsely innervated ventricular myocardium[END_REF][START_REF] Lara | Dysautonomia due to reduced cholinergic neurotransmission causes cardiac remodeling and heart failure[END_REF][START_REF] Rocha-Resende | Non-neuronal cholinergic machinery present in cardiomyocytes offsets hypertrophic signals[END_REF]. Similarly to cholinergic neurons, ACh is synthetized by cholinacetyltransferase, choline is transported to the cytoplasm through the ChT and ACh is packed into the vesicles by vesicular ACh transporter (for review see [START_REF] Roy | Cholinergic activity as a new target in diseases of the heart[END_REF]. However, it looks that the release of ACh is controlled differently. In the neurons, the fusion of the vesicles is triggered by the membrane depolarization that opens voltage gated calcium channel.

Because the voltage gated calcium channels control the shape of the action potential that triggers the muscle contraction, it is improbable that ACh is released at each contraction [START_REF] Abramochkin | Non-quantal release of acetylcholine from parasympathetic nerve terminals in the right atrium of rats[END_REF]. Indeed it was observed that the vesicles are not localized close to the plasma membrane but around the nucleus. This suggests that even if the molecular actors involved in the packaging of ACh are identical, the release of ACh is differently controlled. As a consequence, the degradation of ACh in the cardiomyocytes could also be differently controlled than in the nervous system where AChE and BChE are specifically anchored [START_REF] Dobbertin | Targeting of acetylcholinesterase in neurons in vivo: a dual processing function for the proline-rich membrane anchor subunit and the attachment domain on the catalytic subunit[END_REF][START_REF] Perrier | PRiMA: the membrane anchor of acetylcholinesterase in the brain[END_REF][START_REF] Perrier | Expression of PRiMA in the mouse brain: membrane anchoring and accumulation[END_REF][START_REF] Tsim | Acetylcholinesterase: Old Questions and New Developments[END_REF]. A fundamental difference between the synaptic neurotransmission and the function of ACh released by the cardiomyocytes is the timing. During the synaptic neurotransmission, the duration of ACh function is in the range of milliseconds [START_REF] Ordentlich | Functional characteristics of the oxyanion hole in human acetylcholinesterase[END_REF][START_REF] Rosenberry | Acetylcholinesterase[END_REF], thus AChE must be already present, i.e., anchored by ColQ or PRiMA.

In the cardiomyocytes, the timing appears to be different. The best example is when comparing the cardiac function in presence or in absence of ACh in the cardiomyocytes [START_REF] Roy | Cardiomyocyte-secreted acetylcholine is required for maintenance of homeostasis in the heart[END_REF]. After acute, brief exercise, heart rate recovers in 30 minutes when ACh is produced by the cardiomyocytes, however, it requires more than one hour when cardiomyocytes cannot produce ACh [START_REF] Roy | Cardiomyocyte-secreted acetylcholine is required for maintenance of homeostasis in the heart[END_REF]. At the physiological level, if ACh functions have to be ended during this period, an efficient way could be the release of BChE tetramer. This could be done by the production of PRAD and the maturation of G 1 a BChE that is present intracellularly, probably in the endoplasmic reticulum (Figure 42B).

During the past years, BChE was found to contain a PRAD as organizer of the tetramer [START_REF] Altamirano | Conserved aromatic residues of the C-terminus of human butyrylcholinesterase mediate the association of tetramers[END_REF][START_REF] Li | Lamellipodin proline rich peptides associated with native plasma butyrylcholinesterase tetramers[END_REF]. We propose that secreted BChE tetramer could play a role in the degradation of non-neuronal ACh (Figure 42B). However, release of tetramer into extracellular location is not clear. Here, a question arises if this tetramer is being continuously released or it is released in specific conditions, when ACh level has to be controlled.

Alternatively, intracellular BChE can also have a function in cardiomyocyte, similarly to the 7 nicotinic receptors in mouse liver mitochondria [START_REF] Kalashnyk | Intracellular localization of nicotinic acetylcholine receptors in human cell lines[END_REF]. It was shown that intracellular receptors regulates mitochondrial pore formation and early pro-apoptotic events like cytochrome C release [START_REF] Gergalova | 7 nicotinic acetylcholine receptors control cytochrome c release from isolated mitochondria through kinasemediated pathways[END_REF][START_REF] Gergalova | Mitochondria express 7 nicotinic acetylcholine receptors to regulate Ca2+ accumulation and cytochrome c release: study on isolated mitochondria[END_REF]. Also other proteins might have intracellular and extracellular roles, too e.g., epimorphin/syntaxin 2, amphoterin/high mobility group protein B1 and tissue transglutaminase [START_REF] Radisky | Single proteins might have dual but related functions in intracellular and extracellular microenvironments[END_REF].
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arrhythmia density [START_REF] Behling | Cholinergic stimulation with pyridostigmine reduces ventricular arrhythmia and enhances heart rate variability in heart failure[END_REF], improves hemodynamic profile during dynamic exercise [START_REF] Serra | Cholinergic stimulation improves autonomic and hemodynamic profile during dynamic exercise in patients with heart failure[END_REF] and increases heart rate recovery after exercise [START_REF] Androne | Acetylcholinesterase inhibition with pyridostigmine improves heart rate recovery after maximal exercise in patients with chronic heart failure[END_REF]. Moreover, effect of pyridostigmine bromide on the heart failure is currently tested in the phase 2 of clinical trials (clinicaltrials.gov NCT01415921).

Our results provide deep information about ChE in the heart. We have precisely determined their activity, molecular forms and localization. One of the most interesting observations claim, that AChE is localized mainly in the atria and its presence is linked to the neuronal cells. On the contrary, BChE is localized mainly in the ventricles, where probably plays a role in the non-neuronal system of cardiomyocytes. Thus these results can help to selectively affect ChE in specific heart compartments and thus enable selective pharmaceutical intervention. These investigations can help to better characterize relationship between heart disease and effect of ChE inhibitors with respect to their selectivity and thus may result in production of a new, more effective pharmacotherapy in future that may reduce morbidity and mortality in patients with heart diseases. Apart from the clinical point of view, our results can be widely used in the experimental practice e.g., in the study of the heart morphology, anatomy and physiology of the heart.

Within this study we also optimized EA. This method is one of the most widely used methods for determination of ChE activity. It is commonly used in the biological monitoring of agriculturalists or human who comes in contact with organophosphates, carbamates or other ChE inhibitors [START_REF] London | Repeatability and validity of a field kit for estimation of cholinesterase in whole blood[END_REF]. In clinical practice, EA is used for prediction of prolonged apnea after succinylcholine administration [START_REF] Alexander | Pseudocholinesterase Deficiency Workup[END_REF][START_REF] Dietz | Colorimetric determination of serum cholinesterase and its genetic variants by the propionylthiocholinedithiobis(nitrobenzoic acid)procedure[END_REF]. Moreover, in the experimental procedures, activities of AChE and BChE are studied more and more extensively, especially due to their link to pathologies, e.g., diabetes mellitus [START_REF] Iwasaki | Serum butyrylcholinesterase is strongly associated with adiposity, the serum lipid profile and insulin resistance[END_REF][START_REF] Rao | Elevated butyrylcholinesterase and acetylcholinesterase may predict the development of type 2 diabetes mellitus and 1276[END_REF][START_REF] Sato | Serum butyrylcholinesterase and the risk of future type 2 diabetes: the Kansai Healthcare Study[END_REF], obesity [START_REF] Alcântara | Butyrylcholinesterase and obesity in individuals with the CHE2 C5+ and CHE2 C5-phenotypes[END_REF][START_REF] Dantas | Obesity and variants of the GHRL (ghrelin) and BCHE (butyrylcholinesterase) genes[END_REF][START_REF] Lima | G variant of BCHE gene associated with enzyme activity, obesity and triglyceride levels[END_REF], liver diseases [START_REF] Ramachandran | Serum cholinesterase is an excellent biomarker of liver cirrhosis[END_REF][START_REF] Steinebrunner | Pharmacologic cholinesterase inhibition improves survival in acetaminophen-induced acute liver failure in the mouse[END_REF], Alzheimer disease [START_REF] Alkalay | Plasma acetylcholinesterase activity correlates with intracerebral -amyloid load[END_REF][START_REF] Appleyard | Acetylcholinesterase and butyrylcholinesterase activities in cerebrospinal fluid from different levels of the neuraxis of patients with dementia of the Alzheimer type[END_REF][START_REF] García-Ayllón | Altered levels of acetylcholinesterase in Alzheimer plasma[END_REF], Parkinson disease [START_REF] Bawaskar | RBC acetyl cholinesterase: A poor e dementia[END_REF][START_REF] Hiraoka | Cholinergic deficit and response 143[END_REF], Lewy-body disease [START_REF] Shimada | Mapping of brain acetylcholinesterase alterations in Lewy body disease by PET[END_REF][START_REF] Wang | Efficacy and safety of cholinesterase inhibitors and dementia, and dementia with Lewy bodies: systematic review with meta-analysis and trial sequential analysis[END_REF], coronary arthery disease [START_REF] Alcântara | Butyrylcholinesterase activity and risk factors for coronary artery disease[END_REF].

In all mentioned areas, where EA is routinely used, biological samples are analyzed. Our modification of method was designed especially for studying ChE activity in
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  ) control the level of acetylcholine (ACh) in tissues. The existence of these exceptional enzymes was proposed in 1914 by Sir Henry Dale and confirmed for the first time in heart muscle by Otto Loewi. Since then, hundred years have
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 2 Figure 2: Heart anatomy (Chunq MK and Rich[START_REF] Chung | Introduction to the cardiovascular system[END_REF] 

Figure 3 :

 3 Figure 3: Cardiac conduction system. SN node sinoatrial node, AV Node atrioventricular node

Figure 4 :

 4 Figure 4: Innervation of heart by sympathetic and parasympathetic nerves[START_REF] Olshansky | Parasympathetic nervous system and heart failure: pathophysiology and potential implications for therapy[END_REF] 
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 5 Figure 5: Cholinergic synapse (Hrabovska A)

Figure

  Figure 6: Acetylcholine Figure 7: Butyrylcholine Figure 8: Benzoylcholine

Figure 9 :

 9 Figure 9: Schematic structure of the active site of AChE (left)[START_REF] Colletier | Structural insights into substrate traffic and inhibition in acetylcholinesterase[END_REF] and BChE (left) (Nese[START_REF] Cokugras | Butyrylcholinesterase: Structure and Physiological Importance[END_REF] 

Figure 10 :

 10 Figure 10: AChE, BChE, ColQ and PRiMA genes (Krejci E)

Figure 11 :

 11 Figure 11: Molecular forms of AChE[START_REF] Massoulié | The origin of the molecular diversity and functional anchoring of cholinesterases[END_REF] 

Figure 12 :

 12 Figure 12: Structure of AChE, BChE, ColQ and PRiMA genes. Deleted sequences in mutant mice (KO) are displayed. Picture also depicts protein encoded by mutant mice.

  ChE in adult rat heart were extensively studied. Based on the published data, monomers and dimers of AChE are present in all heart compartments, including the left atrium and the ventricles (41-45 % of total activity in these compartments) in the interventricular septum (37 % of total activity in the septum) and the intraatrial septum and the right atrium (28-33 % of total activity in these compartments).Tetrameric AChE forms represent 60-64 % of total activity in the right atrium, in the interatrial septum and 54 % in the interventricular septum. The lowest values (48 %) were detected in the ventricles and the left atrium[START_REF] Nyquist-Battie | Regional distribution of the molecular forms of acetylcholinesterase in adult rat heart[END_REF].The asymmetric AChE form was present in all studied parts of the heart in 8-10 % of total AChE activity[START_REF] Nyquist-Battie | Acetylcholinesterase molecular forms in rat heart[END_REF]. It was shown, that the ratio of these molecular forms changes from the fetal to the neonatal period. The activity of asymmetric AChE forms remains relatively stable, however, the activity of other forms increases[START_REF] Nyquist-Battie | Changes in the expression of acetylcholinesterase molecular forms during rat heart development[END_REF]. Molecular forms of AChE were studied also in main components of conducting system. There were very similar quantities of molecular forms in sinoatrial and atrioventricular nodes. Monomers and dimers of AChE represent 25-30 %, tetrameric forms 67 %, and A 12 about 8 % of total AChE activity in heart. Despite of the similar distribution of AChE molecular forms in nodes, lower activity was detected in atrioventricular node[START_REF] Nyquist-Battie | Regional distribution of the molecular forms of acetylcholinesterase in adult rat heart[END_REF].

  Figure13adapted from[START_REF] Dingova | Optimal detection of cholinesterase activity in biological samples: modifications to the 75[END_REF] 

Figure 14 :

 14 Figure 14: Injection of 20 % gelatin into chambers of the heart enables an inflation of the heart volume

Figure 5

 5 Figure 15: A: Principle of

(

  48 hours incubation at 4 °C) with 1 g of affinity pure anti-mouse IgG in a final volume of 100 l adjusted with 0.05 M phosphate buffer (pH 7.4) and 0.15 M NaCl. Plates were then blocked with 0.1 % bovine serum albumin for a minimum of 48 hours at 4 °C and incubated overnight at 4 °C with primary antibody 4H1 against mouse BChE, followed by 6 hour incubation with mouse diaphragm extract at room temperature. After each incubation, the plates were washed with 0.01 M phosphate buffer (pH 7.4) and 0.05 % Tween in Wellwash 4 Mk 2 (Thermo) or ELx50 (BioTek).

Figure 17 :

 17 Figure 17: Stability of components of Ellm HEPES buffers. A trend of decreasing stability of TCh in the presence of phosphate buffer (pH 7.5, pH 8.0 ) was observed. This effect was not demonstrated in HEPES buffer (7.5). TNB stability was unchanged in HEPES buffer (pH 7.5). However, we observed slight instability in phosphate buffer (pH 7.5).DTNB is more stable in HEPES buffer than in phosphate buffer. Stability decreased with increasing pH

  Figure panels show mean values of duplicates with standard deviations. Experiments were repeated at least three times, and with rhBChE 20 times, using DTNB from various sources.

Figure 19 :

 19 Figure 19: Rat and dog BChE activity is not affected by DTNB. In contrast to mouse and human, no difference between standard EA ( ) and 2s EA ( ) was observed in rat plasma and dog plasma. Figure panels depict mean values of duplicates with standard deviations. Experiments were repeated twice.

Figure 20 :

 20 Figure 20: Interaction of DTNB with rhBChE: Effect of increasing concentrations of DTNB on rhBChE activity using standard EA (A) and 2s EA (B). In both cases, 50 % of rhBChE activity is decreased in the presence of 10 mM DTNB. The figures are constructed from the mean values of triplicates. Results were confirmed in 10 (A) and 3 (B) independent experiments. The commonly used DTNB concentration is 0.5

Figure 21 :

 21 Figure 21: Data from the isothermal titration calorimetry for (left) the DTNB/hBChE interaction and (right) DTNB/phosphate buffer dilution: The upper panel shows the rate of heat release as a function of time from repeated 2 µL injections of 2 mM DTNB titrated into a cell containing 200 µl of 27 µM hBChE, measured at 25 °C. The lower panel shows the integrated areas under the respective peaks in the top panel plotted against the molar ratio of DTNB titrated into the enzyme.

Figure 22 :

 22 Figure 22: High background in biological samples. ELISA ( ) and regular EA ( ) were performed in

  ,B) and BChE (Figure 23C,D) activities in the extracts of individual compartments of Langendorffperfused mouse heart: the right atrium, the left atrium, the right ventricle, the left ventricle, the septum, the apex and the base of the heart. The extracts contained the same amount of the total protein.

Figure 23 :

 23 Figure 23: AChE and BChE activities in heart compartments. (A) Activity pattern of AChE activity is following: the the right atrium > the right ventricle > the the septum. (C) BChE activities were determined in subsequent activity order: the the right atrium < the right ventricle < the the septum. Higher AChE (B) and BChE (D) activities were observed on the base of the heart than in apex. This experiment was performed with the same amount of protein in each sample and repeated three times.

Figure 24 :

 24 Figure 24: Molecular forms of AChE in the Langendorff-perfused mouse heart. Peaks of AChE activity characterize presence of AChE molecular forms depicted above the figure. Peak around 4S corresponds to presence of G 1 na /G 2 a , 9S to PRiMA AChE, 12.5 and 16.1S to ColQ AChE. Gradients were performed in BRIJ detergent and high salt (0.8M NaCl) that solubilize anchored forms from membrane and basal lamina.

Figure 25 :

 25 Figure 25: Molecular forms of AChE in the non-perfused heart of WT mice. Peaks of AChE activity characterize presence of AChE molecular forms depicted above the figure. In non-perfused heart, peak 4S

  . We did not analyze in detail the nature of the G 2 a of AChE. Its origin of AChE T and AChE H could only be distinguished by the enzymatic digestion of the GPI. The solubilization of the ChE and the conversion of the molecular forms by the proteases cause a significant problem when activity of AChE and BChE molecular forms is evaluated. In fact, ColQ and PRiMA complexes are easily converted in G 4 na . A single step extraction in buffer containing high concentrations of salts, CHAPS as detergent (in place of Triton) and EDTA associated with the fast solubilization in a Mixer Mill reduces dramatically the quantity of G The anchored forms of AChE formed the predominant part. However, content of PRiMA AChE was slightly higher than that of ColQ AChE (ratio 1:1.2). Results in right and left atria were almost identical.

Figure 26 :

 26 Figure 26: Molecular forms of AChE in the right and the left atrium of WT mice. Peaks correspond to presence of G 1 na /G 2 a CHAPS ( ). Shift between detergents confirms presence of amphiphilic forms. Experiment was repeated at least three times.

Figure 27 :

 27 Figure 27: Molecular forms of AChE in the ventricles and the septum of WT mice. Peaks correspond to presence of G 1 na /G 2 a CHAPS ( ). Experiment was repeated at least three times.

Figure 28 :

 28 Figure 28: Molecular forms of AChE in the apex and on the base of the heart of WT mice. Peaks correspond to presence of G 1 na /G 2 a , PRiMA AChE and ColQ AChE. Note the difference in the scale of the Y axes.

Figure 29 :

 29 Figure 29: Molecular forms of BChE in the mouse heart. Peaks characterize presence of molecular forms depicted above the figure. Peak around 4.5S corresponds to presence of G 1 a and 12.5S to G 4 na . Gradients were performed in BRIJ detergent and repeated two times for knockout mice and at least three times for WT mice.

Figure 30 :

 30 Figure 30: Molecular forms of BChE in the non-perfused heart of WT mice. Peaks characterize presence of molecular forms depicted above the figure. Peak around 12.5S corresponds to presence of G 4na . In nonperfused heart, activity of G 4 na is higher than that of G 1 a (4.5S). Gradients were performed in BRIJ detergent.

Figure 31 :

 31 Figure 31: Distribution of peaks characterizing molecular forms of BChE in heart compartments. In all parts, only G 1 a and G 4 na were detected. Gradients were performed in BRIJ ( ) and CHAPS ( ) detergent.

Figure 32 :

 32 Figure 32: Average cardiomyocyte diameters in hearts of WT and ChE knockout mice. Significant differences were observed in the values of AChE del E 5+6 -/-mice and WT mice (p < 0.001) and in the values of females and males WT mice (p < 0.05). Experiment was repeated two times for each genotype and sex.

Figure 33 :

 33 Figure 33: Localization of ChE on the heart base. ChE activity was revealed for 3 hours with ATC as a substrate. ChE activity is marked by black arrows. Strong ChE activity was detected in WT, BChE -/-, ColQ -/-, PRiMA -/-mice, but not in AChE del E 5+6 -/-mice, where only one colored lining was present. Majority of coloration on the heart base was formed by ColQ AChE and PRiMA AChE. Higher magnification revealed presence of AChE anchored by PRiMA in subtle branching on the heart hilum. This coloration is present in

Figure 36 :

 36 Figure 36: Transversal section of the ventricles. Strong staining was identified in the epicardium of WT, BChE -/ , ColQ -/-and PRiMA -/-mice. No coloration was detected in the Del E 5+6 -/-mice. Experiment was repeated five times.

Figure 37 :

 37 Figure 37: Localization of AChE and neuronal marker (TUJ1) in the epicardium by immunohistochemistry.Fluorescent signal of AChE antibody and TUJ1 antibody were co-localized. Experiment was repeated three times.

Figure 38 :

 38 Figure 38: Localization of ChE in cryosections of atria and in the atria of whole-mounted heart. ChE activity is marked by black arrows. ChE activity was detected in the WT, BChE -/-and ColQ -/-mice. No activity was detected in the AChE del E 5+6 -/-and PRiMA -/-mice. Experiments were repeated at least three times.

Figure 39 :

 39 Figure 39: Localization of AChE and neuronal marker (TUJ1) in the atria by immunohistochemistry. Fluorescent signal of AChE antibody and TUJ1 antibody were co-localized. Experiment was repeated three times.

Figure 40 :

 40 Figure 40: Aligned sequences of human, mouse, rat and dog BChEs viewed by Multiple sequence viewer tool in Maestro. Position 278 is highlighted in a box.

Figure 42 :

 42 Figure 42: Neuronal (A) and non-neuronal (B) cholinergic system in the heart. A: Choline ( ) is transported into the presynaptic nerve by choline transporter (ChT) where it reacts with acetyl Co-A ( ) and ACh ( ) is produced. This reaction is catalyzed by the action of cholinacetyltransferase (ChAT). ACh is transported into the vesicles by vesicular ACh transporter (VAChT). Subsequently, ACh is released into the synaptic cleft where it stimulates ACh receptors. ACh is hydrolyzed by anchored AChE into choline and acetyl. PRiMA AChE is co-localized with the cholinergic postganglionic nerves in atria and ventricules. (*) ColQ AChE was confirmed to co-localize with neurons only on the heart base, while its origin in atria remains questionable. B: In cardiomyocytes, ACh is synthetized and released by the same pathway as in the case of neuron.

  

  

  

  

  . It binds organophosphorus compounds preferentially, irreversibly and in stoichiometric ratio 1:1. It is usually well tolerated and thermally stable. Level of BChE can also be used as a diagnostic marker of organophosphorus exposure ( for review see Nese[START_REF] Cokugras | Butyrylcholinesterase: Structure and Physiological Importance[END_REF].

	inhibitors show positive effect in some cardiovascular diseases e.g., heart failure, atrial and
	ventricular tachycardia. Currently, effect of ChE inhibitor, pyridostigmine bromide, during
	the heart failure is tested in the phase 2 of clinical trials (clinicaltrials.gov NCT01415921).

Reversible inhibitors of ChE are used in clinical practice. Alzheimer disease and Lewy body disease are chronic, progressive neurodegenerative diseases, characterized by central cholinergic deficit with substantially reduced level of ACh. Therefore, it is desirable to partially inhibit ChE and thus increase the level of ACh in brain (for review see

Giacobini, 2003b)

. There are three ChE inhibitors approved and clinically used in the treatment of dementia in Europe and USA: rivastigmine, galantamine and donepezil

[START_REF] Hrabovska | Reassessment of the role of the central cholinergic system[END_REF][START_REF] Matsunaga | Combination Therapy with Cholinesterase Meta-analysis[END_REF]

. ChE inhibitors are also used in treatment of glaucoma. It reduces intraocular pressure by increasing aqueous outflow (for review see

[START_REF] Mclellan | Feline Glaucoma A Comprehensive Review[END_REF]

. Reasonable use of ChE inhibitors was shown in myasthenia gravis, which is an autoimmune disease characterized by muscle weakness.

Precise etiology of this disorder is unknown, but presence of the antibodies directed against the nicotinic receptor is well known. ChE inhibitors are used for diagnosis and also symptomatic therapy of myasthenia gravis. Administration of ChE inhibitors helps to increase amount of available ACh at the neuromuscular junction. Nevertheless, these drugs do not influence progression of disease (for review see Jayam

[START_REF] Jayam Trouth | Myasthenia gravis: a review[END_REF]

. ChE

Table 1 :

 1 Position of peaks of AChE molecular forms in BRIJ detergent

Peak position (S) Molecular forms of AChE

  

	16.1	A 12 3 tetramers AChE anchored by ColQ
	12.5	A 8 2 tetramers AChE anchored by ColQ
	10.5	G 4	na non-amphiphilic AChE tetramers
	9.2	G 4	a -amphiphilic AChE tetramers (PRiMA anchored AChE)
	4.5	G 2	a / G 1	na -amphiphilic dimers or non-amphiphilic monomers
	2.4	G 1	a -amphiphilic monomers

Table 2 :

 2 Position of peaks of BChE molecular forms in BRIJ detergent

	Peak position (S)		Molecular forms of BChE
	12.5	G 4	na -non-amphiphilic BChE tetramers
	12.5	G 4	a -amphiphilic AChE tetramers (PRiMA anchored BChE)
	4.5	G 1	a -amphiphilic monomers
	Program FITYK 0.9.8 (http://fityk.nieto.pl/) was used to evaluate the percentage of
	each molecular form of ChE in individual parts of heart.

  -/-mice. Peak around 9S (in gradient containing BRIJ) corresponds to the presence of amphiphilic tetramer G 4 a , which is known as PRiMA AChE. This peak was observed only in WT and ColQ -/-mice and was completely absent in heart of PRiMA -/-mice. Peaks of AChE around 12.5S and 16S are known as peaks of asymmetric forms. They were absent in ColQ -/-mice and preserved in WT and PRiMA -/-mice. These peaks correspond to presence of ColQ AChE. Quantitatively, ColQ AChE and PRiMA AChE are present in the mouse heart approximately at ratio 1:1.

  Moreover, we have shown presence of PRiMA AChE and ColQ AChE in both atria, with the slightly higher content of the first one. The lowest AChE activity has been determined in the left ventricle and the septum. Majority of its activity has been formed by anchored AChE forms. However, here, ColQ AChE has been found in the slightly higher amount In the myocardium of the atria, we have visualized clear AChE activity, but no BChE activity. As mentioned above, results from the biochemical analysis have shown that PRiMA AChE and ColQ AChE are present in these compartments. While we have precisely localized PRiMA AChE, we were not able to detect ColQ AChE. It is possible, that ColQ AChE is not concentrated in one structure or cell type, but it is more dispersed within the tissue and thus signal is under detection limit. Recently, a similar discrepancy between biochemical and microscopic analysis was observed in the skeletal muscles. It was shown that quantity of PRiMA AChE and ColQ AChE were similar, but only ColQ
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I hereby declare that I created my thesis independently using only the quoted literature and under leadership of my supervisors Assoc. prof. PharmDr. Anna Hrabovská, PhD. and Eric Krejci, PhD. ............................................. decrease the pH of the incubation solution to 6.4 and introduce phosphate buffer [START_REF] Koelle | The histochemical differentiation of types of cholinesterases and their localizations in tissues of the cat[END_REF]. Later, he substituted the phosphate buffer with a maleate buffer, due to its larger buffering capacity and introduced BTC as a substrate for BChE [START_REF] Koelle | The elimination of enzymatic diffusion artifacts in the histochemical localization of cholinesterases and a survey of their cellular distributions[END_REF]. Additional modifications of Koell method involved choosing the most appropriate pH for solutions, optimizing the concentration of sodium sulfate, replacing copper with lead or gold, going through various methods for tissue fixation, testing various incubation times etc. (for review see Naik NT, 1963).

Perhaps the most accepted innovation of the histochemical method was introduced by Karnovsky and Roots (Karnovsky and Roots, 1964). The method also utilizes TCh iodide esters as substrates, which provide TCh after hydrolysis. The TCh causes the reduction of ferricyanide to ferrocyanide, which then reacts with copper ions. It produces copper ferrocyanide (Hatchett brown), which precisely delimits areas of enzymatic activity. Copper ions are in the medium complexly bound to a citrate, in order to avoid the creation of copper ferricyanide. The produced precipitate is granular and easily visible. The authors experimented with different concentrations of chemicals and found out that 10-fold higher concentration of ferrocyanide and 3-fold lower concentration of copper ions causes massive diffusion of precipitates and nuclear staining. If pH lower than 6.0 is needed, concentration of citrate should be increased for stability of the staining solution (Karnovsky and Roots, 1964). A number of modifications of this histochemical method was presented over time. They dealt specifically with concentrations of chemicals, variation of substrates, pH of reaction mixture etc. [START_REF] Tsuji | A modification of thiocholine-ferricyanide method of Karnovsky and Roots for localization of acetylcholinesterase activity without 317 323[END_REF]. Accepted modification by Tsuji [START_REF] Tsuji | Perineuronal surface acetylcholinesterase activity of a fine neural network stained histochemically and observed with backscattered electron imaging and X-ray mapping methods[END_REF] suggested replacement of 65 mM maleate buffer by 10 mM citrate buffer. This increased stability of the staining solution. Other modifications included only slight changes in the concentrations of ferrocyanide (from 0.5 mM to 0.47 mM) and copper ions (from 3 mM to 2.8 mM) [START_REF] Tsuji | Perineuronal surface acetylcholinesterase activity of a fine neural network stained histochemically and observed with backscattered electron imaging and X-ray mapping methods[END_REF].

Nowadays, immunohistochemistry begin to be a popular method in studying ChE localization. As mentioned in chapter ELISA (1.3.3.9.1 Biochemical Analysis), only recently, new selective and specific antibodies against ChE were introduced and thus, immunohistochemistry is increasingly used also in context of ChE localization. Detailed principle of the method is described in chapter 1.1.2.5.2 Immunohistochemistry.

BIOCHEMICAL ANALYSIS

3.3.1

We h [START_REF] Ellman | A new and rapid colorimetric determination of acetylcholinesterase activity[END_REF]. This modification enabling detection of low ChE activities in biological samples was published in a paper [START_REF] Dingova | Optimal detection of cholinesterase activity in biological samples: modifications to the 75[END_REF]. 

MICROSCOPIC ANALYSIS

HEMATOXYLIN AND EOSIN STAINING

Slides containing transversal sections of heart (prepared as described in 3.2. However, we observed stronger diffuse staining in the WT mice than in BChE -/- mice, when BChE activity was revealed (Figure 34). This staining was not affected by the perfusion process. This suggests that BChE is probably found intracellularly.

Figure 34: BChE activity in the transversal sections of myocardium of the ventricles. In WT mice and BChE -/-mice, activity of BChE was revealed in the presence of BW with ATC or with BTC as substrate.

Background color is stronger in the WT mice, which suggests diffusely distributed BChE in the myocardium.

Experiment was repeated at least three times.

Longitudinal sections of the ventricles were studied also by immunohistochemistry.

We used biotinylated 4H1 BChE antibody and streptavidine 488 to visualize BChE in the heart of WT and BChE -/-mice (Figure 35). We did not detect any localized BChE protein in these sections. We have found the reversed activity pattern (Figure 41) of BChE in the studied heart compartments. This type of study has not been performed so far. The only similar experiment was performed in dogs, where the authors claimed higher BChE activity in the ventricles than in the atria [START_REF] Sinha | Studies on the distribution of cholinesterases: activity in the human and dog heart[END_REF] that we have also confirmed in mice. Our 

Neuronal vs. non-neuronal system in the heart

It is well-known that AChE hydrolyses ACh in the synapses of cholinergic ganglia and also ACh released from parasympathetic postganglionic intracardiac neurons in the heart [START_REF] Pbs Was Used In Abramochkin | Both neuronal and non-neuronal acetylcholine take part in non-quantal acetylcholine release in the rat atrium[END_REF][START_REF] Abramochkin | Non-quantal release of acetylcholine from parasympathetic nerve terminals in the right atrium of rats[END_REF][START_REF] Borodinova | Non-quantal release of acetylcholine in rat atrial myocardium is inhibited by noradrenaline[END_REF][START_REF] Dunlap | Mechanisms of altered vagal control in heart failure: influence of muscarinic receptors and acetylcholinesterase activity[END_REF][START_REF] Olshansky | Parasympathetic nervous system and heart failure: pathophysiology and potential implications for therapy[END_REF]. For decades, scientists have been considering AChE as a neuronal marker [START_REF] Batulevicius | Topographic morphology and agerelated analysis of the neuronal number of the rat intracardiac nerve plexus[END_REF][START_REF] Marron | Distribution, morphology, and neurochemistry of endocardial and epicardial nerve terminal arborizations in the human heart[END_REF][START_REF] Pauza | Morphology of the intrinsic cardiac nervous system in the dog: a whole-mount study employing histochemical staining with acetylcholinesterase[END_REF][START_REF] Pauza | Morphology, distribution, and variability of the epicardiac neural ganglionated subplexuses in the human heart[END_REF]Rysevaite et al., 2011a;[START_REF] Saburkina | Morphological pattern of intrinsic nerve plexus distributed on the rabbit heart and interatrial septum[END_REF][START_REF] Saburkina | Morphological pattern of intrinsic nerve plexus distributed on the rabbit heart and interatrial septum[END_REF][START_REF] Saburkina | Epicardial neural ganglionated plexus of ovine heart: anatomic basis for experimental cardiac electrophysiology and nerve protective cardiac surgery. Heart Rhythm Off[END_REF][START_REF] Vaitkevicius | Nerve supply of the human pulmonary veins: an anatomical study. Heart Rhythm Off[END_REF]. Thus, colocalization of AChE with cholinergic nerves on the heart base could be expected.

We report, that in the myocardium of atria, fluorescent signal of the PRiMA AChE has been co-localized with the signal of neuronal marker TUJ1. This suggests neuronal character of PRiMA AChE in the atria (Figure 42A).

At the time of writing this thesis, we have not been able to set suitable conditions for visualization of fluorescent signal in the gelatin-filled heart with specific anti-AChE antibody and antibody against neuronal marker TUJ1. Therefore, we have used a different approach to study the source of AChE localized on the heart base. We have performed transversal sections of the ventricles in the region of the heart base and then we have localized PRiMA AChE, ColQ AChE and neurons in the epicardium. Based on the obtained results, we report, that strongly-colored structures (representing PRiMA AChE and ColQ AChE) on the base of the heart have neuronal character (Figure 42A). In these sections, colored subtle branches seen in activity stained hearts filled with gelatin, representing only PRiMA AChE (see above), have not been visible and thus we cannot definitely conclude character of this staining. However, it was shown that PRiMA gene encodes the AChE anchor in the mammalian brain and that AChE is anchored by PRiMA on the cells membranes of the cholinergic neurons (Dobbertin et al., 2009b;[START_REF] Perrier | PRiMA: the membrane anchor of acetylcholinesterase in the brain[END_REF][START_REF] Perrier | Expression of PRiMA in the mouse brain: membrane anchoring and accumulation[END_REF]. Moreover, PRiMA AChE was shown to be produced by motorneurons [START_REF] Bernard | Distinct localization of collagen Q and PRiMA forms of acetylcholinesterase at the neuromuscular junction[END_REF]. Thus, it is possible that this staining, identified as PRiMA AChE, has also neuronal character.

ChE perform an important role in cholinergic system of the heart. However, knowledge about this subject has until now been very poor and thus it deserves more attention. We have provided a complex study of ChE in the heart. Activities of AChE (Table 3) and BChE (Table 4) in the heart compartments have been determined and molecular forms present in these parts have been described. We have performed localization study of AChE (Table 3) and BChE (Table 4) in the epicardium and myocardium of heart and we have studied the origin of these ChE. Moreover, we have assessed effect of lack of ChE and their molecular forms on the diameter of cardiomyocytes.

We In the study we have used mouse mutant strains with specific deletion of ChE or their molecular forms. We have found that when anchored AChE is missing, diameter of cardiomyocytes is significantly lowered. In the presented work, we filled the missing information about ChE in the heart.

These results can be very helpful, since ChE control the level of ACh in the tissue and protective effect of ACh was observed in the heart diseases e.g., heart failure, atrial and ventricular fibrillation (for review see [START_REF] Roy | Cholinergic activity as a new target in diseases of the heart[END_REF]. Potential targets in pharmacotherapy of mentioned disorders are ChE. Recent studies showed that donepezil, selective AChE inhibitor, reduces cardiac remodeling and markedly improves the longterm survival in chronic heart failure [START_REF] Handa | Anti--term survival after chronic heart failure in mice[END_REF] and in chronic heart failure followed by the extensive myocardial infarction [START_REF] Li | Donepezil markedly improves long-term survival in rats with chronic heart failure after extensive myocardial infarction[END_REF]. Other AChE inhibitor, pyridostigmine, showed positive effects on cardiac remodeling, attenuating left ventricular dysfunction in the onset of heart failure following myocardial infarction [START_REF] Lataro | Increase in parasympathetic tone by pyridostigmine prevents ventricular dysfunction during the onset of heart failure[END_REF] and also in the model of sympathetic hyperactivity inducing cardiac dysfunction [START_REF] Gavioli | Cholinergic signaling exerts protective effects in models of sympathetic hyperactivity-induced cardiac dysfunction[END_REF]. Other studies also confirmed beneficial effect of pyridostigmine in patients with heart failure. They showed that pyridostigmine reduces ventricular biological samples. Moreover, it is notably useful when low activities of ChE are determined. We recommend performing prolonged (hours-long) activity assays of ChE in HEPES buffer. If phosphate buffer is required for the experiment, pH 7.0 or 7.5 should be used to increase DTNB stability and lower the background over the time of measurement.

Low ChE activities in biological samples should be followed by the modified 2s-EA in which interaction of DTNB is abolished. We also found out that the more time-consuming ELISA may be used if the background needs to be eliminated. Use of ELISA may be limited by the availability of monoclonal antibodies to detect ChE from different species [START_REF] Dingova | Optimal detection of cholinesterase activity in biological samples: modifications to the 75[END_REF].
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