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Now in its second edition, this highly accessible monograph sets a foundation for understanding the underlying concepts of normal cardiovascular function. Students of medicine and related disciplines welcome the concise coverage of the book as a practical pair or alternative to a more mechanically oriented approach or an encyclopedic physiology text. A focus on well-established cardiovascular principles reflects recent and widely accepted research in the field. Now in its second edition, this highly accessible monograph sets a foundation for understanding
the underlying concepts of normal cardiovascular function. Students of medicine and related disciplines welcome the concise coverage of the book as a practical pair or alternative to a more mechanically oriented approach or an encyclopedic physiology text. A focus on well-established cardiovascular principles reflects recent and widely accepted research in the field. Do you like this book? Share it with your friends, read it! :) How to read and open the file type for PC? The second edition of this popular textbook, written by Dr. Klabunde, emphasizes the
fundamental concepts of cardiovascular physiology. It was written to allow students to learn how the cardiovascular system works to build a foundation for understanding cardiovascular disease, its diagnosis and treatment. Therefore, the textbook is particularly suitable for first- and second-year medical students, as well as for students of allied health science and health profession training programs (e.g., medical assistant, cardiac rehabilitation, paramedic, physiology of the exercise and sports medicine). The textbook perfectly integrates classical biophysical
and biochemical principles with modern cell physiology. These principles are placed in a clinical incorporating numerous pathophysiological examples and closing cases. The textbook consists of nine chapters (256 pages, 139 illustrations). Each chapter chapter with a list of learning objectives. The capsules contain problems and clinical cases that reinforce the physiological principles. Each chapter concludes with a summary of key concepts, followed by self-assessment questions in a multi-choice format with explanations. The chapter titles of the textbooks are
listed below: Chapter 1 Introduction to the Cardiovascular System Chapter 2 Electrical activity of the heart Chapter 3 Cellular Structure and Function Chapter 4 Cardiac Function Chapter 5 Vascular Function Chapter 6 Neurohumoral control of the heart and circulation Chapter 7 Blood flow of organs Chapter 8 Exchange Function of Microcirculation Chapter 9 Cardiovas Adcularap This textbook can be purchased at amazon.com by clicking on the link on the right, or directly at the editor, Lippincott Williams & Wilkins. I am confident that this textbook will
become your first option to learn Concepts of Cardiovascular Physiology. Richard E. Klabunde, Ph.D. September 2011 CLARACY: These materials are for educational purposes only, and are not a source of medical advice for decision-making. The author received his PhD in Physiology from the University of Arizona in 1975. His thesis research focused on the regulation of microcirculatory blood flow in the skeletal muscle. After his postdoctoral studies in Arizona, he took a postdoctoral position at the University of California at San Diego (UCSD) School of
Medicine, where he trained in pharmacology. At UCSD, Dr. Klabunde studied the role of adenosine and other tissue metabolites in regulating skeletal muscle blood flow. In 1978, he joined the Department of Physiology at the University of West Virginia School of Medicine as an Assistant Professor, where he taught medical students and continued his work on the mechanisms of 3Aigirid 3Aigirid ednod ,ttobbA soirotarobal sol ed aAgolocamraF ed otnematrapeD le ne redaeL puorG ralucsavoidraC roineS nu ne esritrevnoc arap 5891 ne latnediccO ainigriV *AjeD
.ocit©Aleugse olucs?Am le ne lacol oenAugnas ojulf led In -vivro and in vitro research on new medications. During that time, he also taught cardiovascular physiology and pharmacology at the Faculty of Medicine of the University of Illinois in Rockford, and in the Chicago Faculty of Medicine. He left Abbott in 1993 to become a senior research scientist and then the director of the Deborah Research Institute in New Jersey. While he lived in New Jersey, he also taught medical students at the University of Medicine and Dentistry, New Jersey (UMDN], New
Brunswick) and in Umdnj Stratford. In 1998, Dr. Klabunde assumed a full -time academic position as an associate professor of physiology at the College of Osteophastic Medicine at the Umver31ty of Ohio. She published a textbook, cardiovascular Physiology Concepts, Lippinott, Williams & Wilkins in 2004, which is now in its third edition (2020, Wolters Kluwer). From 2007 to 2011, Dr. Klabunde serves as Director of the Continuous Clinical Presentation Study Plan for the School of Medicine. In 2012, he received the most high teaching prize of the American
physiological society of the American "the A& + o Arthur C. Guyton Physiology educator of the year. In the autumn of 2012, Dr. Klabunde accep ) as a digital Amazon Kindle book. & ¢ A “4 € Z + os, partly due to the ability to embed the video from one source to another. This is a great concept for writers and anyone who wants to share videos. However, it would be good to be able to reduce and edit that video so that you are sharing what you wish. Particularly & Etil, and something that I have not seen outside the video blogs, is the use of videos to mention
specific speech or reference information. It seems to be all or nothmg in moment. Okay, it's easy, if you quote someone, for example, just take a text message and paste it into your article. But the possibilities of integrating a form of communication * so closely linked to printing® with the dynamism of video and everything digital are so great, it seems extraA+o that such online editing sites ® not explode. Fortunately, Extremetech has tested 5 of these sites. Each review 3 has a table summarized in the conclusion ? its conclusion?® n to make its most factual
decisions. 5 Free online video editing sites ® reviewed & & A¢ & : [Extremetech] cuts the mociA ® motions 3 motions motions of the real media 3 of the media 3. . The materials contained in this website focus on physiological concepts * serve as a basis for cardiovascular diseases. The anatomAa, the patologAa, the pharmacologAa, the bioquA mica, etc. are not included, except where the material of these disciplines could help explain a physiolA 2 gig concept. Therefore, the student should consult other reference sources for more detailed information ? related to
these disciplines. The content of this site can be entered by several different routes. A search can be performed on individual words or phrases, keywords found in the glossary can be used to link specific topics, a content content based on clnica provides an organizational structure for the content and tutorials can be used as a guide for learning topics Similar to how 2 be presented in a course on cardiovascular physiology. This website provides abbreviated content from some of the material found in the textbook by the same author and title (Klabunde, R.E.,
Cardiovascular Physiology Concepts), which was published in its third edition * by Wolters Kluwer (2021). The printed textbook many more figures and tables, along with more detailed explanations of cardiovascular concepts, including details on uncovered topics covered This website. You can find more information about this book by clicking on the cover of the book to the left. Richard E. Klabunde, Ph.D. Professor of Physiology at the Mariana University College of Osteophastic Medicine IndianSoPolis, Indiana Revised 1.11.2022 Clarification: These materials
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Product Manager: Catherine Noonan Marketing Manager: Joy Fisher-Williams Manager: Bridgett Dougherty Managering Manager: Margie Orzech Design: Teresa Mallon Compositor: Spi Global Second Edition Copyright & © 2012 Lippincott Williams & Wilkins, A Wolters Kluwer Business 351 West Camden Street Baltimore, MD 21 201 Two Commerce Commerce Squil , PA 19 103 First Edition, 2005 All rights reserved. This book is protected by copyright. No part of this book can be reproduced or transmitted in any form or by any means, including
photocopies or scanned copies or other electronic copies, or used by any storage system and recovery of information without the written permission of the head of the copyright , except brief appointments incorporated in critical articles and reviews. To request permission, please communicate with Lippincott Williams & Wilkins on Two Commerce Square, 2001 Market Street, Philadelphia, Pa 19 103, by email to [email protects] or through the website at LWW.com (products and services ). The editor otsE otsE .etneserp le ne odinetnoc lairetam reiuqlauc ed
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.odreiuqzi olucArtnev ,VL ;odajed muirtA ,AL ;atroa ,0A ;ranomlup airetra ,AP ;ohcered olucArtnev ,VR ;ohcered oirta ,AR .eires ne odazinagro output (volume of blood expelled per unit time) from each side of the heart?® not closely matched volume shifts between the pulmonary and systemic circulations. Second, most of the major organ systems of the body receive their blood from the aorta, and the blood leaving these organs enters into the venous system (superior and inferior vena cava) that returns the blood to the heart. Therefore, the circulations of most
major organ systems are in parallel as shown in Figure 1.2. One major exception is the liver, which receives a large fraction of its blood supply from the venous circulation of the intestinal tract that drains into the Klabunde Chap01.indd 3 3 Head Lungs SVC Aorta IVC Arms Liver GI Kidneys Legs ¢AA A FIGURE 1.2 Parallel arrangement of organs within the body. One major exception is the hepatic (liver) circulation, which receives blood "A—AAow from the hepatic portal veins of the gastrointestinal (GI) circulation (series) and from the aorta via the hepatic
artery (parallel). SVC, superior vena cava; IVC, inferior vena cava. hepatic portal system to supply the liver. The liver also receives blood from the aorta via the hepatic artery. Therefore, most of the liver circulation is in series with the intestinal circulation, while some of the liver circulation is in parallel with the intestinal circulation (see Chapter 7). The parallel arrangement has significant hemodynamic implications as described in Chapter 5. Briefly, the parallel arrangement of major vascular beds prevents blood flow changes in one organ from significantly
affecting blood flow in other organs. In contrast, when vascular beds are in series, blood flow changes in one vascular bed significantly alter blood flow to the other vascular bed. 6/10/2011 8:42:18 PM 4 CARDIOVASCULAR PHYSIOLOGY CONCEPTS THE FUNCTIONS OF THE HEART AND BLOOD VESSELS Lungs Ao SVC Heart The heart sometimes is thought of as an organ that pumps blood through the organs of the body. While this is true, it is more accurate to view the heart as a pump that receives blood from venous blood vessels at a low pressure,
imparts to the blood (raises it to a higher pressure) by contracting around the blood within the cardiac chambers, and then ejects the blood into the arterial blood vessels. It is important to understand that organ blood flow is not driven by the output of the heart per se, but rather by the pressure generated within the arterial system as the heart pumps blood into the vasculature, which serves as a resistance network. Organ blood flow is determined by the arterial pressure minus the venous pressure, divided by the vascular resistance of the organ (see Chapters
5 and 7). Pressures in the cardiovascular system are expressed in millimeters of mercury (mm Hg) above atmospheric pressure. One millimeter of mercury is the pressure exerted by a 1-mm vertical column of mercury (1 mm Hg is the equivalent of 1.36 cm H20 hydrostatic pressure). Vascular resistance is determined by the size of blood vessels, the anatomical arrangement of the vascular network, and the viscosity of the blood flowing within the vasculature. The right atrium receives systemic venous blood (venous return) at very low pressures (near 0 mm
Hg) (Fig. 1.3). This venous return then passes through the right atrium and fills the right ventricle; atrial contraction also contributes to the ventricular filling. Right ventricular contraction ejects blood from the right ventricle into the pulmonary artery. This generates a maximal pressure (systolic pressure) that ranges from 20 to 30 mm Hg within the pulmonary artery. As the blood passes through the pulmonary circulation, the blood pressure falls to about 10 mm Hg. The left atrium receives the pulmonary venous blood, which then flows passively into the left
ventricle; atrial contraction provides a small amount of additional filling of the left Klabunde Chap01.indd 4 RA PA LA LV IVC RV ¢AA A FIGURE 1.3 Blood “"A-AAow within the heart. Venous blood returns to the right atrium (RA) via the superior (SVC) and inferior vena cava (IVC). Blood passes from the RA into the right (RV), which expels the blood to the pulmonary artery (PA). After passing through the lungs, the blood enters & ,in the left aurAcula (la) and then the left ventulum (LV), which expels the blood to the aorta (year) to distribute it to the different
O3rganos of the body. ventulum. As the left ventulum contracts and expels blood to the systemic arterial system, a relatively high pressure is generated (maximum or systemic pressure of 100 to 140 mm Hg). Therefore, the left ventulum is a high pressure pump, in contrast to the right ventulum, which is a low pressure pump. The details of the heart pumping action are found in chapter 4. The heart pumping activity is generally expressed in terms of its cardigan expenditure, which is the amount of blood ejected with each contraction (that is, the volume of
stroke) multiplied by heart rate. Any factor that alters the heart rate or the volume of the stroke will alter cardigan expenditure. The heart rate is determined by specialized cells within the heart that act as eligic pacemakers, and its activity is increased or decreased by autonomous nerves and hormones (see chapter 2). Potentials of action generated by these pacemaker cells are carried out throughout the heart and trigger the contraction of cardigan myocytes (see chapter 3). This produces ventricular contraction and blood ejection. The strength of 10/611
8:42:18 pm chapter 1 & ¢ & € ¢ Introduction to the cardiovascular system The ventricular contraction, and therefore the volume of the stroke, is regulated by intrinsecos mechanisms to the heart, by autonomous nerves and hormones (see capés 3, 4 and 6). The heart has other important functions in addition to pumping blood. The heart synthesizes several hormones. One of these hormones, the Natriuré atico atrial pédo, plays a paper aluger aluger euq ,roiretsop sisif*Apih al ed acit©Aruiditna anomroh ed n®Aicarebil al ed n*Aicaluger al ne lepap nu nageuj
n3Azaroc le noc sodaicosa selairosnes sosoivren serotpecer sol. .)6 olutApac rev( lairetra n3Aiserp al y oenAugnas nemulov led n3Aicaluger al ne pédida of the riés. Vascular system The blood vessels contract and dilate to regulate the arterial pressure, alter the blood flow inside the O%rganos, regulate the blood pressure capillary and distribute the blood volume inside the body. Changes in vascular diameters are produced by the activation of the vascular smooth mismocus within the vascular wall by the autonomous nerves, metabine and biochemics from the
outside of the blood vessel and vasoactive substances released by the endothelial cells that cover the blood vessels (see capés 3, 5 and 6). Blood vessels have other functions in addition to the distribution of blood flow and exchange. The blood vessels that cover endothelium produce substances that modulate hemostasis (blood coagulation) and 1nﬂammatory responses (see chapter 3). Interdependence of circulatory and orgial function The cardiovascular function is closely linked to the function of other Os. For example, the brain does not only receive blood flow
to support its metabolism, but also act as a control center to regulate cardiovascular function. A second example of the interdependence between organic function and circulation is the rién. The riés excrete variable amounts of sodium, water and other molas to maintain the homeostasis of lychids and electrolytes. The blood that passes through the riés is filtered and the riés modify the composition of the filtering to form urine. Klabunde chap01.indd 0555555555555 5 5 can have harmful effects on renal function and, therefore, on the balance of the
bodies and electrolytes of the organism. In addition, renal dysfunction can lead to large increases in blood volume, which can precipitate cardiovascular changes that can lead to hypertensive or exacerbate heart failure. In summary, the function of the O°rganos depends on the Sanguénea, and cardiovascular function depends on the function of the Arganos. The regulation of cardiac and vascular function The cardiovascular ' system must be able to adapt to changing conditions and the demands of omon3Atua osoivren ametsis le rop )AP( lairetra n3Alserp al ed
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Membrane potential at rest CardA© lulas caracas, like all living cells of the body, have a potential to reach the cell membrane. This potential can be measured by inserting a microelectrode into the cell and measuring the potential in millivolts (mV) within the cell relative 3 the outside of the cell. convenci® n, the outside of the cell is considered 0 mV. If measurements are made with a resting ventricular myocyte, a membrane potential of approximately A A¢ A 90 mV is recorded. This resting membrane (Em) potential is determined by the concentrations of ions
charged positively and negatively through the cell membrane, the relative permeability of the cell membrane to these ions, and the unique * pumps that carry ions across the cell membrane. EQUILIBRIUM POTENTIALS Of the many different ions present inside and outside the cell membranes, Na+, K+ and Ca++ concentrations are most important in the determination * membrane potential through the cell membrane. Although chloride ions are in and out of the cell, they contribute relatively little to the potential of the resting membrane. Figure 2.1 shows
approximate concentrations of Na+, K+ and Ca++ inside and outside the cell. Of the three ions, K+ is the most important in the determination * the resting membrane potential. In a cardSac, the K+ concentration ® high inside and low outside the cell. Therefore, a chemical gradient Klabunde Chap02.indd 10 Myocyte K+ (150 mM) K+ (4 mM) Pr Na+ (20 mM) Ca++ (0.0001 mM) Na+ (145 mM) Ca++ (2.5 mM) -90 mV A¢ A FIGURE 2.1 Concentrations of K+, Na+ and Ca++ with a resting membrane potential of A90 mV. Proteins &, negatively charged.
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prevent K+ from spreading through its chemical gradient and remaining outside the cell. If the the The concentration of K+ increased from 4 to 10 mm, the chemical gradient for the diffuse outside the cell would be reduced; Therefore, the membrane potential required to maintain the electrochemical balance would be less negative according to the NERNST relation. The EM for a ventricular myocyte is approximately & ¢ € t+ & € ™ 90 mv, which is close to the equilibrium potential for k+. Because the equilibrium potential for k+ is & ¢ € T a € ™ 96 mv and the
membrane potential at measured is @ ¢ € + &€ ™ 90 mv, a net driving force (net electrochemical force) acts on the K+, which makes it spread outside the cell. In the case of K +, this net electrochemical driving force is the EM (4 ¢ € t 4 € ™ 90 mv) less the EK (& ¢ € T @ € ™ 96 mv), resulting in +6 mv. Because the resting cell has a finite permeability with K+ and a small net driving force outside is acting on K+, K+ is slowly filtered outward from the cell. Sodium ions also play an important role in determining membrane potential. Because the concentration of
Na+ is more high out of the cup, this ion would disseminate by its chemical gradient in the cup. To avoid this internal flow of Na+, a great positive load is needed within the cup (in relation to the outside) to balance the chemical diffuse forces. This potential is Klabunde chap02.indd 11 11 called equilibrium potential for Na+ (ENA) and is calculated using the NERNST equation, as follows: EQ. 2-2 ENA = -61 log [na+] i =+52 mv [na+] or in which sodium concentration within [Na+] i = 20 mm and sodium concentration was [Na+] O = 145 mm. The equilibrium
potential calculated for the sodium indicates that to balance the internal diffuse of Na+ in these intracellular and extracellular concentrations, the interior of the lula must be +52 mv to prevent Na+ from spreading in the cup. The net conduction or electrochemical force that acts on sodium (and every iatic species) two components. First, the gradient of sodium concentration® is driving sodium into the cell; According to Nernst's calculation, the force required to counteract counteract ot, e.i, gnineppah morf egnehc sitht tneverp oT .snoi esaht fo noitartnecnoc
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Na+ and K+ to the cell (Fig. 2.2). Normal operation of this pump is essential to maintain Na+ and K+ concentrations across the membrane. If this pump stops working (such as when ATP is lost under hypoxic conditions), or if the pump activity is inhibited by cardiac glycosides such as digoxin, Na+ builds up inside the cell and the intracellular K+ falls. This change Ca ++ 1 Ca ++ 13 results in a less negative (more depolarized) resting membrane potential primarily because EK becomes less negative (see Equation 2-1). In addition to maintaining the
concentration gradients of Na+ and K+, it is important to note that the Na+/K+ -ATPase pump is electrogenic because it extrudes three Na+ for every two K+ that enters the cell. By pumping more positive charges outside the cell than inside the cell, the pump creates a negative potential inside the cell. This electrogenic potential can be up to 10 mV, depending on the activity of the pump. The inhibition of this pump, therefore, causes the depolarization resulting from changes in the concentration gradients of Na+ and K+ and the loss of an electrogenic
component of the membrane potential. In addition, increases in intracellular Na+ or extracellular K+ stimulate the activity of the Na+/K+ -ATPase generator pump and produce hyperpolarizing currents. Because Ca ++ enters the cell, especially during action potentials, it is necessary to have a mechanism to maintain its concentration gradient. Two primary mechanisms remove calcium from cells (Fig. 2.2). The first involves an ATP-dependent Ca++ pump that actively pumps calcium out of the cell and generates a small negative electrogenic potential. Na+
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STOB(LITNETNET ENARBMEM GNITSERLLLA THAT TAsH.2 .GF( leht eht hguorht muidos fo tnemevom eht tauger satag owt tnic tnagi yugs yugs yugs yugs yb seiuds nopu depoleved neeb Sah ledpecnoc that dna ,deados ylevisnetxe tsom ehut evah slennnahs tsaf .Litnetnetnettnetnettnettetnettop erbmet sennaht desats desats desats desats desats desats desats desitlov ssap snol .setats desolc dna nepo htob evah slennahc nol .)hCA ,KI( slennahc muissatop fo sepyt laiceps fo gninepo eht ot sdael yltneugesbus taht rotpecer lammelocras a ot sdnib ,traeh eht
gnitavrenni sevren sugav eht yb desaeler rettimsnartoruen eht si hcihw ,enilohclyteca Na+ outside 15 m H restoring (closed) repolarization of depolarization In the state of rest (closed), the gates m (activation doors) are closed, although the doors h (inactivation doors) are open. The depolarization répida to the threshold opens the doors M (activated voltage), opening the channel and allowing the sodium to enter the cup. Little after, as the cup begins to repolarize, the doors h close and the channel is inactive. Towards the end of the repolarization, the teeth m
again close and open the doors H. This returns the channel to its rest state. KLABUNDE _CHAPO02.indd 15 11/6/2011 10:28:37 am Cardiovascular Physiology Concepts The channel to return to its initial and closed rest state. The complete recovery of the doors H can take 100 milliseconds or more after the resting membrane potential has been restored. The response of the activation doors and inactive Normal depolarization extends from one cardboard to another for another for the elactic activation of the heart. However, the response of the pipple sodium
channel is different when the resting membrane potential partially depolarizes or the cup is slowly depolarized. For example, when myocytes become hypomic, cells are depolarized to a less negative rest membrane potential. This partially depolarized state inactive the sodium channels when closing the doors H. How much more a cup is depolarized, the greater the number of inactivated sodium channels will be. To a membrane potential of approximately & ¢ € t & € ™ 55 mv, all the channels of Quick. If a myocyte has a normal rest potential but then suffers a
slow depolarization, there is more time available for the H doors to close as the doors open M. This causes the sodium channel to make the transition directly directly from the of (Closed) Status to inactivated (closed) state. The result is that there is no open and open state for sodium to pass through the channel, effectively abolishing the fast streams of sodium through these channels. As long as the partial depolarized state persists, the channel will not resume its resting and closed state. As described later in this chapter, these changes significantly alter the
action potentials of myocytes by abolishing the fast sodium currents during the action potentials. A single heart cell has many channels of sodium, and each channel has a slightly different voltage activation threshold and the duration of its open and activated state. The amount of sodium (the sodium current) that passes through the sodium channels when a cardiac cell undergoes depolarization depends on the number of sodium channels, the length of time the channels are open, and the electrochemical gradient that drives the sodium channel. towards the
cell. Klabunde chap02.indd 16 The open and closed states described for sodium channels are also found in other ion channels. For example, slow calcium channels have activation and inactivation doors (although they have different letter designations than fast sodium channels). Although this conceptual model is useful to help understand how ions cross the membrane, many of the details of how this actually happens at the molecular level are still unknown. However, recent research is helping to show which regions of ion channel proteins act as voltage
sensors and which regions undergo conformational changes analogous to the doors described in the conceptual model. Action potentials Action potentials occur when the membrane potential suddenly depolarizes and then repolarizes to its resting state. The two general types of cardiac action potentials non- professmnal action potentlals and pacemakers. Non-grazing action potentials are triggered by depolarizing the currents of adjacent cells, while pacemaker cells are capable of spontaneous spontaneous spontaneous action generation® n. Both types of action
potentials ? in the heart?® n differ con51derab1y from the action potentials ® in the nervous and skeletal muscle cells (Fig. 2.4). An important difference is the duration 2 the action potentials 3. In a tupic nerve, the duration 3 the action potential is about 1 membrane potential (VM) 16 Nerve cell +50 myocyte cardAaco 0 A¢ & ¢- 50 A¢ & ¢ - 100 0 500 TIME (MS) A¢a Figure 2.4 Comparison ® acciA n potentials of a CA© lula nerve and an unscarred cardAaco myocyte. The action potentials 3 a much longer duration ® than the action potentials 3 the nerve cells.
11/6/2011 10:28:37 AM CapAtulo 2 A¢ & ¢¢ Heart activity ® n at 2 milliseconds. In the skeletal muscle cells, the * of the action potential is about 2 to 5 3. In contrast, the duration * the ventrlcular action potentials 3 200 to 400 milliseconds. These differences between nerve action potentials® skeletal muscle and cardAacos myocytes are related to the differences in the unique conductance * responsible for generating changes in membrane potential. The non3action potentials of Pacemaker Figure 2.5 show the unique mechanisms responsible for the generation 3
non-3 action potentials of the purchasing pacema, such as those found in atrial and ventricular myocytes, and Purkinje fibers. By convenci® n, the action potential 2 n is divided into five numbered phases. Non-manufacturer cells have a true resting membrane potential (phase 4) that remains close to ERP 1 mV 02 0 3 & - 50 4 4 conductance ions A¢ & ¢ - 100 200 ms GK+ GCA + GNA+ Ventricular cauliflower A¢a Figure 2.5 Changes in ion conductance associated with a ventricular myocyte  n potential. Phase 0 (depolarization® n) is mainly due to the rapid
increase in of sodium (GNA+) accompanied by a cange in potassium conductance (GK+); The initial repolarization of phase 1 is due to the opening of special potassium (ITO) channels; Phase 2 (Plateau) is mainly due to an increase in slow internal calcium conductance (GCA ++) through Ca ++ channels of type L; The results of phase 3 (repolarization) of a sal ne soibmac sol ,otnat ol roP .eyunimsid ++aCg y sodadrater serodacifitcer oisatop ed selanac ed s©Avart a atnemua +Kg odnauc ecudorp es )3 esaf( n*Aicaziraloper aL .)mezaitlid y olimaparev ,olpmeje
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.)5.2 .giF ees( )PRA ro ,PRE( doirep yrotcarfer (or (or The pacemaker for the heart. When this occurs, the new pacemaker outside the SA node is called ectolic focus. Nodal SA action potentials are divided into three phases: Phase 0, ascending route of the action potential; Phase 3, the repolarization permit; and phase 4, the period of spontaneous depolarization that leads to the subsequent generation of a new action potential (Fig. 2.6). Phase 0 depolarization is mainly due to the increase of GCA ++ through calcium channels of type L. These channels operated
by tension are opened when the membrane is depired to a tension threshold of around & ¢ 4" 40 mv . Because the movement of Ca ++ through calcium channels is not paid in comparison with the rigid sodium channels (therefore, the tile A € &), the depolarization rate (the slope of phase 0) is much slower than the one in other cardages (for example, in the purkin lulas). As calcium channels open and the membrane potential moves towards the calcium equilibrium potential, a transient decrease in 0 0 MV and expel blood. The long ERP also prevents the heart
from developing sustained and tethanical contractions such as those that occur in the esquelomo method. At the end of the ERP, the cup is found in its relative refractory permit. At the beginning of this permit, suprampharal depolarization are required to generate action potentials. Because not all sodium channels have recovered their resting status for this time, the action potentials generated during the relative refractory permit have a decreased phase 0 slope and a lower amplitude. When sodium channels recover completely, the cup becomes completely
excitable and normal depolarization stages can cause new potentials of raved action. A ¢ & € 50 ianic conductions & "18 3 4 4 oisatop oisatop ed aicnatcudnoc al ed n*Aicunimsid anu ed oda+Aapmoca L opit ed ++aC ed selanac sol ed s©Avart a )++aCg( oiclac ed aicnatcudnoc al ed otnemua nu a etnemlapicnirp ebed es )n3Aicaziralopsed( 0 esaf aL .)AS( raluciruaonis ladon sosapacram n®Aicca ed laicnetop nu a sadaicosa sacin®Ai satcudnoc sal ne soibmaC 6.2 ARUGIF A ¢A AS odon iS ++aCg Phase 3 (repolarization® n) results from an increase in GK+ and a
decrease * GCA++. Phase 4 undergoes spontaneous depolarization * a pacemaker (IF) current carried in part by Na+; The decrease * GK+ and the increase in GCA++ also contribute to spontaneous ® depolarization. 6/11/2011 10:28:37 AM CapAtulo 2 A¢ & ¢ The activity of the heart 3 n GK+ occurs, which contributes to the depolarization * as shown in the following equation® n: Eq. 2-5 EM = G'K (-96 mV) + G'Ca ( + 134 mV) Depolarization causes the voltage-delayed rectifier potassium channels to open up to the equilibrium potential for K+ (phase 3). At the
same time, the slow inward Ca++ channels that were opened during phase 0 were inactivated, decreasing asA GCA++ and contributing to repolarization® n. Phase 3 ends when the membrane potential reaches around A¢E & 65 . The repolarization phase is 3 self-limited because the potassium channels begin to close again as the cell repolarizes. The 3 mechanisms responsible for the spontaneous depolarization 3 pacemaker potential (Phase 4) are not entirely clear, but probably involve multiple unique 3 currents. First, at the beginning of phase 4, GK+ is still
decreasing. This cavity in GK+ contributes to depolarization® n. Second, in the repolarized state, a pacemaker (IF) or "FUNNY" has been identified (see Fig. 2.6). This depolarization current 3 in part implies a slow inward movement of Na+. Third, in the second half of phase 4, there is a small increase in GCA++ through T-type calcium channels. T-type calcium channels ("Transit") differ from L-type calcium channels, as they open briefly to very negative voltages (A¢E '50 mV) and are not blocked by the calcium channel classical blockers of L-type L. Fourth, as
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sodartnocne n*Aicca ed selaicnetop sol. Chapter 3). This effect leads to an increase in the IF and an early opening of the L -type calcium channels, which increase the depolarization rate. Repolarization also accelerates, which shortens in general general and may increase maximal hyperpolarization. Vagal stimulation releases acetylcholine at the SA node, which decreases the slope of phase 4 (by inhibiting ¢AAAfunny¢AAA currents), hyperpolarizes the cell, and increases the threshold voltage required to trigger phase 0. All of these effects cause the pacemaker
potential to take longer to reach threshold, thereby slowing the rate (negative chronotropy). The rate of repolarization is reduced, which contributes to increasing overall cycle length. Acetylcholine acts by binding to muscarinic receptors (M2). This decreases cAMP via the inhibitory G-protein (Gi-protein), the opposite effect of sympathetic 6/11/2011 10:28:38 AM 20 CARDIOVASCULAR PHYSIOLOGY CONCEPTS SA Nodal Cell Sympathetic Normal Vagal 0 mV Normal Threshold -50 Normal Maximal Hyperpolarization ¢AA FIGURE 2.7 Effects of sympathetic
and parasympathetic (vagal) stimulation on sinoatrial (SA) nodal pacemaker activity. Sympathetic stimulation increases the "A-AAring rate by increasing the slope of phase 4 and lowering the threshold for the action potential. Vagal stimulation has the opposite effects, and it hyperpolarizes the cell. Horizontal dashed lines represent threshold and maximal hyperpolarization potentials for normal cell. activation (see Chapter 3). Acetylcholine also activates a special type of potassium channel (KACh channel) that hyperpolarizes the cell by increasing potassium
conductance. Nonneural mechanisms also alter pacemaker activity (Table 2-2). For example, circulating catecholamines (epinephrine and norepinephrine) cause tachycardia (abnormally high heart rate) by a mechanism similar to norepinephrine TABLE 2-2 FACTORS INCREASING OR DECREASING THE SA NODE FIRING RATE INCREASING DECREASING Sympathetic stimulation Parasympathetic stimulation Muscarinic receptor antagonist Muscarinic receptor agonists b-Adrenoceptor agonists b-Blockers Circulating catecholamines Ischemia/hypoxia
Hypokalemia Hyperkalemia Hyperthyroidism Sodium and calcium channel Hyperthermia hypothermia klabunde chap02.indd 20 released by sympathetic nerves. Hyperthyroidism induces tachycardia, and hypothyroidism induces bradycardia (abnormally low cardose rate). Changes in the synthetic concentration of ions, particularly potassium, can cause changes in the Node SA. Hyperpotsemia induces bradycardia or can even stop SA's nodal shot, while hypokalemia increases the phase 4 depolarization rate and causes tachycardia, apparently as potassium
conductance decreases during phase 4. Cell hypoxia depolarizes the membrane potential , causing bradycardia and abolition of pacemaker activity. The increase in body temperature (for example, fever) causes an increase in the frequency of nodal shooting from SA. Several medications used to treat the abnormal cardigan rhythm (that is, antiarrmonic phones) also affect the nodal rhythm. Calcium channel blockers, for example, cause bradycardia when inhibiting calcium channels of type L, which reduces slow -in -law currents inward during phase 4 and
phase 0. Film that affect control. autonomic or autonomic receptors (for example, type '4z42' type blockers and m2 receptor antagonists; agonists of adrend © rgic receptors type 2) alter the activity of the pacemaker. Digoxin causes bradycardia by increasing parasymphastic activity and inhibiting Na+/ K+-atpase sarcolda © mica, which leads to depolarization. 11/6/2011 10:28:38 am chapter 2 & ¢ & € ¢ ELSE CTRIC ACTIVITY OF THE HEART Generation of an analysis of action potentials is called unleashed activity. Non -pacemaker lulas may suffer spontaneous
depolarizations during phase 3 or at the beginning of phase 4, which triggers abnormal ? action potentials. These spontaneous depolarizations (called post-depolarizations), if of sufficient magnitude, can trigger self-sustaining action potentials * result in tachycardia (Fig. 2.8). Subsequent early depolarizations occur during phase 3 and are more likely to occur when the potential action durations are * Because these subsequent depolarizations occur at a time when the na+ pipid channels are still inactivated, the slow internal Ca ++ carries the depolarization
current. Another type of subsequent depolarization, delayed after depolarization, occurs at the end of phase 3 or later in phase 4. It can also lead to potential self -sufficient action potentials and tachycardia. This form of unleashed activity seems to be associated with lifting in intracellular calcium, as Klabunde chap02.indd 21-50-100 delayed after deploarizations 0 mv "Ran" response "does not agree potential action does not agree not They show automaticity normally because they are characterized by having to have to have as having in a true resting
membrane potential that does not experience spontaneous depolarization. If the rigid sodium channels that are responsible for the rose depolarization during phase 0 are blocked phase , and the action potential seems very similar to a "" potential for slow response action. The depolarization phase of the action potential in these conditions is produced by indoor slow calcium currents transported through the calcium channels of type L. In addition, as well as the nodal pacemakers, these cages can show spontaneous depolarization during phase 4. This abnormal
automaticity in these transformed cells of "rigid response" can cause a potential generation of spontaneous action, producing as much as arrhythmias. Abnormal MV automaticity -50 -100 time If the magnitude of spontaneous depolarization is sufficient, it can trigger potential self -sustainable action potentials. ischemia, digoxin toxicity, and excessive stimulation * catecholamines. * of action potentials * within the conductionA 3 n the conduction of the corazA * n within the corazA ® n The action potentials 3 generated by the node SA extend through the aurulas
mainly by the conductionA 3 n from cA© to cA© lulas (Fig. 2.9). When one ¢AAA ¢AAA ¢AAA + + + ¢AAA ¢AAA ¢AAA ++ + + ¢AAA ¢AAA ++ + ¢AAA ¢AAA ¢AAA ¢AAA ¢AAA ¢AAA ¢AAA ¢AAA ¢AA FIGURE 2.9 Cell-to-cell conduction. Cardiac cells are connected together by low-resistance gap junctions between the cells, forming a functional syncytium. When one cell depolarizes, depolarizing currents can pass through the gap junctions (red arrows) and depolarize adjacent cells, resulting in a cell-to-cell propagation of action potentials. 6/11/2011 10:28:38
AM 22 CARDIOVASCULAR PHYSIOLOGY CONCEPTS myocyte depolarlzes positive charges accumulate just inside the sarcolemma Because md1v1dua1 ‘myocytes are Jomed together by lowresistance gap Junctlons located at the intercalated dlsks (see Chapter 3) ionic currents can flow between two adjoining cells. When these i 1onlc currents are sufﬁClent to rapidly depolarlze the adjoining cell to its threshold potentlal an actlon potential is elicited in the second cell. ThlS is repeated in every cell thereby causing actlon potentlals to be propagated throughout
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into the ventricles prior to ventricular depolarization and contraction (see Chapter 4). Second, the low conduction velocity helps to limit the frequency of impulses Atrial Muscle (~0.5 m/sec) SA Node AV Node (~0.05 m/sec) LA Bundle of His (~2 m/sec) RA RV Purkmje Flbers (~4 m/sec) LV Left & Right Bundle Branches (~2 m/sec) Ventricular Muscle ( ~0. 5 m/sec) ¢AA FIGURE 2.10 Conduction system within the heart. Conduction velocities of different reglons are noted in parentheses. Note that Purkinje "A~AAbers have the hlghest conduction velocity and the
atrioventricular (AV) node has the lowest conduction velocity. SA, sinoatrial; RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle. Klabunde Chap02.indd 22 6/11/2011 10:28:39 AM CHAPTER 2 ¢AA¢A ELECTRICAL ACTIVITY OF THE HEART traveling through the AV node and activating the ventricle. This is important in atrial flutter and fibrillation, in which excessively high atrial rates, if transmitted to the ventricles, can lead to a very high ventricular rate. This can reduce cardiac output because of inadequate time for ventricular filling (see
Chapter 4). Action potentials leaving the AV node enter the base of the ventricle at the bundle of His and then follow the left and right bundle branches along the interventricular septum that separates the two ventricles. These specialized bundle branch fibers conduct action potentials at a high velocity (about 2 m/s). The bundle branches divide into an extensive system of Purkinje fibers that conduct the impulses at high velocity (about 4 m/s) throughout the ventricles. The Purkinje fiber cells connect with ventricular myocytes, which become the final for the
conducive cup of the ventric. The conduct system within the heart is important because it allows depolarization and target, organized and almost synchronous of ventricular myocytes, which is essential to generate pressure efficiently during the ventricular contracting. If the conduct system is damaged or dysfunctional, as can occur during ischical conditions or myocardial infarction, this can lead to altered life of conduct and decreased conduction speed inside the heart. The functional consequence is that the capacity of the ventrals to generate pressure
decreases. In addition, the damage to the conductive system can precipitate arrhythmias as described later. Regulation of the conduction speed The speed of conducive cup length is determined by several intrudic and extrudal factors. Intrudic factors include electrical resistance between the cells and the nature of the action potential, particularly in the initial depolarization rate (phase 0). As discussed earlier in this chapter, the rigid sodium channels are responsible for the rose speed of rising potentials not pacemakers. The increase in the number of bolt
chains of activated sodium- KLABUNDE_CHAPO02.indd 23 23 nales increases the depolarization rate. How much a ribly depolarizes a cup, more and more unreasonable an adjoining river is depolarized. Therefore, the conditions that decrease the availability of rigid sodium channels (for example, depolarization caused by cell hypoxia), decrease the speed and magnitude of phase 0, decreasing as the conduction speed within the heart. In the Nodal AV tissue in which slow calcium inward mainly determines phase 0 of the action potential, the alterations in
calcium conductance alter the speed of depolarlzatlon and, therefore, the of conduction between 3 AV nodal cells. Extra-unique factors can influence the speed of 3, including autonA 3 mico nerves, circulating hormones (particularly catecholamines), and various medications (Table 2-3). AutA 3 nomo AutA 3 nomo The activity significantly influences the conduct of eligric impulses throughout the heart, particularly in the specialized conduct system. An increase in sympathetic activation (or an increase in circulating catecholamines) increases the speed of
conduction through the norepinephrine union to adrenoceceptors a®421. The activation of the parasymphastic nerves (vagal) decreases the speed of conducting through the action of acetylcholine in the M2 receptors. This is more prominent in the AV node, which has a high degree of vagal innervation. The mechanisms of transduct seals together with the adrenoceptors a®4a?1 and the M2 receptors (GS and GI protece) are the same as the same as described in capitulum 3 (see Fig. 3.6) for the regulation of the cardboard. Several fibmaches can table 2-3
extride factors that increase or decrease the speed of conduction within the heart that increases sympathic stimulation. B-blockers B-cathocholamines catecholamines Ischemia/hypxia hyperthioidism/11/2011 10:28:39 am reentry Normal partial driving block 2 1 3 Klabunde chap02.indd 24 2 1 3 6/11/2011 10:28:39 am node Av node the local Ra Recentry site bypass tract (for example, for example, Bundle of Kent) RV LV Recentry Global Av Klabunde Chap02.indd 25 6/11/2011 10:28:28:2 am 26 concepts of physiologa a cardiovascar is especially The ostile to
diagnose rhythm disorders, changes in elomic conduction and myocardial ischemia and infarction. The remaining sections of this chapter describe how ECG is generated and how can be used to examine the changes in cardaaca eligric activity. As cardovan cells are depolarized and repolarized, the electrical currents extend throughout the body because the tissues surrounding the heart can the currents generated by the heart®> n. When these currents are by a series of electrodes placed at specific locations on the body surface, the recorded trace is called ECG
RTPQSPROSTQTO0.2 0.4 0.6 0.8 Time (sec) A¢ A FIGURE 2.13 Trace ECG components. The enlargement of one of the repeated waveform units in the thermal band shows the P wave, the QRS complex and the T wave, which represent the atrial depolarization® n ventricular depolarization® and ventricular repolarization® respectively. The PR interval represents the time required for the transverse depolarization wave 3 the aura and the AV node; the QT interval represents the period of 3 depolarization and ventricular repolarization® and the ST segment is
the isoeloctric period in which the entire venturous is depolarized. Each small square is 1 mm. Klabunde Chap02.indd 26 6/11/2011 10:28:41 AM CAPA TULO 2 A¢ A A¢ HEART ACTIVITY (Fig. 2.13). The repeated waves of the ECG represent the sequence of depolarization 2 repolarization  the aurus and ventucles. The ECG does not measure absolute voltages, but the voltage®n changes from a basal (isoelectric3ctric) voltage. ECGs are generally recorded on paper at a rate of 25 mm/s and with a vertical calibration * 1 mV/cm. For convenciA 3 n, the first ECG
wave is the P wave (Fig. 2.13). It represents the wave of depolarization ® extends from the SA node throughout the aura; is usually 0.08 to 0.1 seconds in length 3 (table 2-4). No clearly visible wave represents atrial repolarization 3 the ECG because it is masked by ventricular depolarization? and is relatively small in amplitude. The short isoelA© period (* n zero) after the P wave represents the time when the headphones depolarize and the pulse travels within the AV node, where the driving speed 2 n is greatly reduced. The time period from the beginning of the
P wave to the beginning of the QRS complex, the PR interval, It ranges between 0.12 and 0.20 seconds. This interval represents the time between the appearance of the atrial atrial lenses and the onset of ventricular * depolarization. If the PR interval is >0.2 seconds, there is a conduction defect ® n (usually within the AV node) (e.qg., first degree AV block). The QRS complex represents ventricular * depolarization. The ? of the QRS complex is usually 0.06 to 0.1 seconds, indicating that ventricular 3 depolarization occurs quickly. If the QRS complex is prolonged
(>0.1 seconds), the conduction 3 not affected within the ventrAculos. Deterioration may occur with defects (e.g., bundle branch blocks) or 27 aberrant ducts, or may occur when a ventricular pacemaker 3 the peak drives ventricular 3 depolarization. Such foci ® peaks almost always cause impulses to be driven on slower vAas within the heart? thus increasing the time for depolarization * and the duration 3 the QRS complex. The post-QRS isoeloctric (ST segment) period is the period in which the entire ventricle depolarizes and corresponds approximately to the
plateau phase of the ventricular acciA 2 potential. The ST segment is important in the diagnosis 2 ventricular ischemia, in which the ST segment can become depressed or elevated, indicating non-uniform membrane potentials in ventricular cells. The T wave represents the ventricular repolarization 3 (phase 3 of the action potential 3 n) and lasts longer than the 3 depolarization. During the QT interval, both ventricular depolarization® and 3 repolarization occur. This interval estimates approximately the duration 2 the ventricular action ®. The QT interval can range
from 0.2 to 0.4 seconds depending on the cardAaca frequency. At high heart rates, the potentials of ventricular 3 are shorter, decreasing the QT interval. Since prolonged QT intervals can be diagnoses ® susceptibility to certain types of arrhythmias, it is important to determine whether a given QT interval is excessively long. In the the QT interval is expressed as a corrected QT interval (QTc) by taking the QT interval and dividing it by the square root of the RR interval (the interval interval ventricular depolarizations). This calculation allows the QT interval to be
evaluated independently of the cardAaca frequency. Normal corrected QTC intervals are
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