
ANP1105 - 4.0 Blood and the Heart

4.1 Blood


Blood transports nearly everything that must be carried from one place to another within the body. 


4.1.1 The Composition of Blood 



Blood is the only fluid tissue in the the body. Microscopically, blood has cellular 

(blood cells and platelets) and liquid (nonliving fluid matrix called plasma) 

components.



Formed elements: 

· Erythrocytes (RBCs)
· Leucocytes (WBCs)
· Platelets 


Physical Characteristic of Blood: 

· colour is scarlet to dark red (depending on O2 concentration) 
· more dense and viscous than H2O 
· pH is 7.35-7.45 
· temperature is about 38oC 
· consists of about 8% of body weight 


Functions:
· Distribution 
· delivering oxygen from the lungs and nutrients from the digestive tract to all body cells
· transporting metabolic waste products from cells to elimination sites (lungs to eliminate CO2, kidneys to eliminate nitrogenous wastes in urine) 
· transporting hormones from endocrine organs to their target organs 
· Regulation 
· maintaining appropriate body temperature be absorbing and distributing heat throughout the body and to the skin surface to encourage heat loss
· maintaining normal pH in tissues (blood acts as an ‘alkaline reserve’ of bicarbonate ions
· maintaining adequate fluid volume in the circulatory system, by way of blood proteins which prevent excessive fluid loss from the bloodstream into tissue spaces 
· Protection
· preventing blood loss - when a blood vessel is damaged, platelets and plasma proteins initiate clot formation, halting blood loss
· preventing infection - within the blood are antibodies, complement proteins, and white blood cells, all of which help defend the body against foreign invaders such as bacteria and viruses 


Blood Plasma: 




Blood plasma is a straw coloured, sticky fluid, made up of mostly water 

(about 90%) and over 100 different dissolved solutes. Electrolytes (Na+, Cl-, etc) 

are the most abundant solutes by number. Most plasma proteins are produced by 

the liver, those excluded are gamma globulins and hormones. 



[Albumin] accounts for 60% of plasma proteins. It acts as a carrier of various 

molecules, and is an important blood buffer, and the major blood protein 

contributing to the plasma osmotic pressure



*blood is constantly adjusted to keep its composition and pH within normal 

range*



Formed Elements: 




Of the three elements in the blood plasma, only leukocytes are complete 

cells, as platelets are cell fragments, and erythrocytes have no nuclei or 

organelles. In addition, mot of the formed elements survive in the bloodstream for 

only a few days, and do not undergo mitosis. Instead, stem cells divide 

continuously in red bone marrow to replace them. 


4.1.2 Erythrocytes



[Erythrocytes] - Structure & Function
· small cells (about 7.5 um diameter) 
· biconcave discs
· provides a huge surface area relative to volume, no point within the cytoplasm is far from the surface 
· no nucleus 
· reason for the cell’s biconcave shape
· essentially no organelles
· No mitochondria means the cells must generate energy anaerobically
· Therefore, RBCs do not need to consume any of the O2 they carry 
· full of hemoglobin (Hb)
· Hemoglobin binds to and transports respiratory gases 
· binds to O2 and CO2 
· CO, Carbon monoxide has a higher affinity than oxygen to the heme group, causing body tissues to be starved of oxygen
· protein globin bound to red heme pigment 
· globin consists of four polypeptide chains (2 alpha and 2 beta) each binding a ringlike heme group
· each heme group bears a central atom of Fe, which can bind to one O2 molecule
· one RBC contains about 250 000 000 Hb molecules, each capable of binding to 4 O2 molecules
· about 20% of the carbon dioxide transported in the blood combines with Hb, but it binds to the globin’s amino acids, rather then the heme group
· The formation of CO2 rich hemoglobin, carbaminohemoglobin, occurs more readily from the deoxyhemoglobin 
· Hb contained in erythrocytes (1) keeps it from being lost & (2) keeps it from contributing directly to osmotic pressure and blood viscosity 
· When O2 binds to Fe, the hemoglobin, now called oxyhemoglobin assumes a new shape and colour (ruby red) than its reduced, O2-free, hemoglobin, deoxyhemoglobin (dark red). 
· aside from water, the erythrocyte is over 97% hemoglobin 
· Other proteins maintain the plasma membrane and regulate the cell shape 
· Spectrin - attached to the cytoplasmic face of RBC plasma membranes maintains the biconcave shape of the cell
· Major component contributing to blood viscosity
· Women RBC count (4.3-5.2 x 106 cells/mL) < Men RBC count (5.1-5.8 x 106 cell/mL)
· Rate of blood flow inversely affected by RBC count 



[Erythrocytes] - Production

· Hematopoiesis - production of blood cells
· occurs in the bone marrow
· production of erythrocytes, leukocytes, & platelets all require the same stem cell 
· once the stem cell is committed to a certain ‘maturation pathway’ it cannot change
· the commitment of the stem cell is signaled by the appearance of membrane surface receptors that respond to specific hormones or growth factors, which “push” the cell toward further specialization
· The hematopoietic stem cell, or hemocytoblast, is the uncommitted stem cell required to produce RBCs, WBCs, and platelets, & resides in the red bone marrow. 
· Erythropoiesis - specifically the production of red blood cells
· occurs when a myeloid stem cells transforms into a proerythroblast, which, in turn, give rise to basophilic erythroblasts, which produce huge numbers of ribosomes
· Next, hemoglobin is synthesized and iron accumulates as the basophilic erythroblast transforms into a polychromatic erythroblast and then to an orthochromatic erythroblast. 
· During colour of the cell cytoplasm changes as the blue-staining ribosomes become masked by the pink colour of hemoglobin
· When the orthochromatic erythroblast has accumulated almost all of its hemoglobin, it ejects most of its organelles, and eventually its nucleus is pinched off and the cell eventually assumes its biconcave shape
· The result is the reticulocyte (essentially a young erythrocyte), named such due to the remnants of protein synthetic machinery, as it degrades, it becomes a mature erythrocyte 


In Summary:

1. Ribosomes synthesize a bunch of hemoglobin 
2. Once cell is full of hemoglobin, nucleus is eject 
3. Reticulocyte is formed, essentially a complete erythrocyte but still containing protein synthesizing machinery 
· The Lifespan of a RBC is about 120 days 
· due to lack of nucleus



[Erythropoiesis] - Regulation

· Balance between red blood cell production and destruction 
· Too few red blood cells results in anemia 
· condition in which the blood’s oxygen-carrying capacity is too low to support normal metabolism 
· Anemic individuals are fatigued, often pale, short of breath, and chilled
· Causes of Anemia include:
· Insufficient numbers of RBCs
· Decreases in Hb content 
· Abnormal Hb - sickle cell anemia 
· due to the change of 1 of 146 amino acids 
· causes the beta chains to link together under low-oxygen conditions
· forming stiff rods causing the blood cell to become spiky and sharp 
· Too many red blood cells results in polycythemia 
· abnormal excess of erythrocytes that increase blood viscosity 
· Polycythemia vera: bone marrow cancer characterized by dizziness and an exceptionally high RBC count 
· blood volume may double causing the vascular system to become engorged with blood and severely impairing circulation 
· Severe polycythemia is treated by diluting the blood - removing some of it and replacing it with saline 
· Secondary Polycythemia results when less oxygen is available or EPO production increases
· occurs for individuals living at high altitudes and is a normal physiological response to the reduced atmospheric pressure and low O2 content of their air 
· RBC counts between 6-8 million are common in these people 
· Artificial polycythemia is practiced by some athletes competing in aerobic events 
· Athletes red blood cells are drawn off and stored and the body replaces these cells 
· The stored blood is then reinfused resulting in temporary polycythemia
· The extra oxygen carrying capacity in these individuals give them extra endurance and speed 
· The process of red blood cell production is controlled hormonally and depends on adequate supplies of iron, amino acids, and certain B-vitamins. 
· The rate of production of new erythrocytes can be 2 000 000+/sec in healthy people
· Hormonal Controls:
· Erythropoietin (EPO), is a glycoprotein hormone that stimulates the production of erythrocytes 
· EPO is produced in the kidney and liver, however, kidneys are the primary mechanism in the stimulation of RBC production 
· When the kidney’s sense hypoxia (insufficient oxygen in the body), it releases EPO into the bloodstream 
· Situations that lead to hypoxia include: 
· respiratory diseases, such as pneumonia
· high altitudes 
· insufficient hemoglobin per RBC (Iron deficiency) 
· reduced number of RBCs due to hemorrhage (bleeding)
· excessive RBC destruction 
· Note: it is not the number of erythrocytes in the blood that controls the rate of RBC production, but the ability to transport enough oxygen to meet tissue demands 
· In summary: 
· hypoxia triggers EPO production and secretion from the kidneys
· EPO enters the bloodstream and activates the cells in the red  bone marrow to mature more quickly 
· 1-2 days off EPO release, the rate of reticulocyte release and the reticulocyte count rise markedly 


Renal Failure Patients: 

· kidneys failed to produce sufficient EPO to support normal erythropoiesis 
· result is RBC counts less than half of those of healthy individuals
· treatment is genetically engineered (recombinant) EPO, which has helped these patients immeasurably 


Athletes and EPO abuse: 

· some athletes use recombinant EPO seeking increase stamina and performance 
· result is increasing normal hematocrit from 45% to 65% 
· when dehydration occurs, the blood concentrates further becoming a ‘honey-like’ consistency
· their blood viscosity can cause clotting, stroke, & heart failure 


EPO and Testosterone: 

· testosterone also increases the kidney’s production of EPO
· female sex hormones do not have the same effect
· this may explain the higher RBC count in males 
· Dietary Requirements: 
· Approximately 65% of the body’s iron supply is in Hb 
· The rest is stored in the liver, spleen, bone marrow
· Free iron ions (Fe2+, Fe3+) are toxic to the body, and therefore are stored as protein-iron complexes such as ferritin & hemosiderin 
· When being transported in the blood, iron is loosely bound to a transport protein called transferrin 
· Iron is lost in feces, urine, & sweat
· When RBCs are broken down, Fe is taken and reused, therefore, we do not need all new Fe
· A small amount of Fe is required in a healthy diet to compensate for the slight loss
· Other raw materials required for erythropoiesis include:
· amino acids
· lipids
· carbohydrates

Fate and Destruction of Erythrocytes: 
· Mature erythrocytes become rigid an fragile with time, and their Hb begins to degenerate
· The spleen is seen as the ‘RBC Graveyard’ because it has small capillaries which trap old RBCs and fragment them
· Macrophages engulf and destroy dying erythrocytes
· Iron can be stored and reused
· Heme portion of the erythrocyte cannot be reused and is degraded into bilirubin 
· The bilirubin molecule is released into the blood and binds to albumin for transport 
· The liver picks these molecules up and secrete it (in bile) to the intestine, where it is metabolized to urobilinogen or stercobilin which is the pigment responsible for feces dark brown colour 

4.1.3 Platelets



[Platelets] - Structure & Function 

· Cytoplasmic fragments of large cells 
· The are made of an outer and inner area containing granules that stain purple
· The granules contain an array of chemicals that act in the clotting clotting process
· serotonin
· Ca2+
· enzymes
· ADP
· platelet derived growth factor (PDGF) 
· Platelets are essential in clotting by sticking to the damaged site
· platelets form a temporary plug that seals the damaged site 
· Age quickly and degenerate in about 10 days if they are not involved in clotting
· Platelets are kept mobile but inactive by molecules secreted by endothelial cells lining the blood vessels 
· 250 000 - 500 000 platelets/mL blood



[Platelets] - Production 
· Platelet formation is regulated by the hormone thrombopoietin produced in the kidneys and liver
· The hematopoietic stem cell gives rise to a megakaryoblast cell: cells that undergo several mitotic divisions unaccompanied by cytoplasmic division to produce megakaryocytes
· after its formation, the megakaryocyte presses against a sinusoid (type of capillary in the red bone marrow) causing the plasma membrane of the megakaryocyte to fragment, liberating the platelets into the bloodstream



[Platelets] - Hemostasis
· The process of blood clotting is called Hemostasis (not to be confused with homeostasis) 
· Without this defensive reaction, individuals would bleed out their entire volume of blood from the smallest cut
· Hemostasis response is fast, localized, and carefully controlled 
· It involves many clotting factors that are normally present in the blood stream as well as several substances that are released from the platelets and injured tissue cells 
· There are 3 phases:
· Vascular Spasm
· vasoconstriction of blood vessel in response to damage
· this causes the rate of blood flow and the volume of blood to decrease allowing a plug to form
· vasoconstriction can be triggered by:
· damage
· chemicals from endothelial cells and platelets
· pain reflexes 
· Platelet Plug Formation
· Under normal circumstances, platelets do not stick each other or to the endothelial linings 
· Nitrous Oxide (NO) and Prostacyclin (PGI2) are anticoagulants and are important in reducing the chance of a blood clot when it is not needed 
· Exposure to collagen (indicator of blood vessel damage) stimulates platelets to swell (becoming sticky) and adhere to the exposed collagen 
· A large plasma protein called von Willebrand factor stabilizes bound platelets be forming a bridge between collagen and platelets 
· When platelets swell they release chemical messengers including:
· Adenosine diphosphate (ADP) - a potent aggregating agent that causes more platelets to stick to the area and release their contents 
· Serotonin - messengers that enhance vascular spasm and platelet aggregation 
· Thromboxane A2 - messengers that enhance vascular spasm and platelet aggregation 
· As more platelets aggregate, they release more chemicals aggregating more platelets in a positive feedback mechanism 
· Coagulation
· Reinforces the platelet plug with fibrin threads that act as a ‘molecular glue’ for the aggregated platelets
· The resulting blood clot (fibrin mesh) is quite effective in sealing larger breaks in a blood vessel 
· The blood is transformed into a gel-like substance in a multistep process that involves a series of substances called clotting factors, or procoagulants 
· Most clotting factors are produced in the liver
· Clotting factors are numbered according to their discovery, hence the numerical order does not reflecting their reaction sequence 
· All clotting factors (except tissue factor) normally circulate in the blood 
· Coagulation occurs in 3 phases:
· Phase 1: Two pathways to Prothrombin Activator 
· Coagulation may be initiated by either the intrinsic or extrinsic pathway 
· Extrinsic pathway is faster, happens when you cut yourself
· damaged tissue cells release tissue factor that fast tracts the coagulation down to factor 10 
· Intrinsic Pathway is slower
· activated because platelets are just sitting there and no longer in contact with inhibitors which are present in the body 
· the intrinsic pathway can be stopped and the clot will dissolve 
· when blood is drawn from the body, it will eventually form a blood clot, due to stasis, via the intrinsic pathway 
· Via either pathway, once Factor 10 has been activated it complexes with calcium ions PF3, and factor 5 to form prothrombin activator
· Extrinsic pathway will stimulate the intrinsic pathway
· Phase 2: Common Pathway to Thrombin 
· Prothrombin activator catalyzes the conversion of a plasma protein called prothrombin into the active enzyme thrombin 
· Phase 3: Common Pathway to the Fibrin Mesh
· Thrombin converts fibrinogen to make insoluble threads, fibrin, to create clot

4.1.4 Clot Retraction & Repair
· Although hemostasis is complete when fibrin mesh is formed, there are still things that need to occur to stabilize the clot and remove it when the injury has healed.
· The yellowish liquid found under a scab is serum, plasma that is missing clotting proteins, as they’ve been used up
· Serum is squeezed from the clot and ruptured edges of blood vessels are pulled closer together
· PDGF released during degranulation stimulates smooth muscle cells and fibroblasts to divide and rebuild wall
· Vascular endothelial growth factor stimulates endothelial cells to multiply to fill the gap in lining of the blood vessel  
· Removal of clot when no longer needed is called Fibrinolysis 
· Without fibrinolysis, blood vessels would gradually become completely blocked 
· Plasmin is created by activated plasminogen
· Plasminogen activated by tissue plasminogen activator (tPA) which is released by endothelial cells  (this transformation does not occur very quickly) 
· This process begins within 2 days of clot formation, and continues until the clot is completely dissolved 


Factors Limiting Clot Growth and Formation
· Two homeostatic mechanisms: 
· Swift removal of coagulation factors
· inhibition of activated clotting factors
· Good blood flow, washes away procoagulants 
· Combination of anticoagulation factors outweighing coagulation factors 
· If a clot is needed, positive feedback mechanisms will stop anti-coagulation 
· As thrombin is formed it is absorbed into fibrin threads
· keeps clot formation localized 
· Antithrombin III (in plasma) inactivates any escaping Thrombin 
· Antithrombin III and protein C (produced in the liver) inactivated many intrinsic pathway procoagulants
· Heparin (natural anticoagulant contained in basophil and mast cell granules) is found on the surface of endothelial cells, and enhances the activity of antithrombin III 


Thromboembolytic Conditions 

· Thrombus: clot that develops & persists in an unbroken blood vessel 
· can block critical blood circulation to those tissues 
· Embolus: a thrombus which has broken free
· can get stuck in a vessel of small diameter and lead to stroke, heart attack, depending where the fragment gets stuck 
· The 2 biggest causes of thrombi and emboli are: 
· hypertension (high blood pressure) pushing more forcefully at inner walls, which may cause endothelial cells to break free, exposing collagen and stimulating the clotting process
· stasis (blood flowing very slowly) is a factor particularly in bedridden patients, as the clotting factors are not washed away as usual and accumulate, allowing clots to form 
· Embolisms can be treated with genetically engineered plasma activator, streptokinase to dissolve clots 
· Anticoagulant drugs:
· Aspirin: blood thinner, effectively blocking platelet aggregation and platelet plug formation 


Bleeding Disorders

· Anything that interferes with the clotting mechanisms can result in abnormal bleeding 
· Most common causes are 
· platelet deficiency 
· deficits of some clotting factors
· can be due to impaired liver function or genetic conditions such as hemophilia 


Thrombocytopenia: 

· condition in which the number of circulating platelets is deficient
· causes spontaneous bleeding from small blood vessels 
· can arise from any condition that suppresses or destroys the red bone marrow
· platelet count of less than 50 000/ul of blood is usually diagnostic of this condition 
· whole blood transfusions provide temporary relief 
· temporary due to  short lifespan of platelets 


Impaired Liver Function:

· liver is unable to supply usual supply of clotting factors 
· abnormal and sometimes severe bleeding occurs 
· causes can range from vitamin K deficiency to nearly total impairment of liver function 
· liver cell require vitamin K to produce clotting factors 
· vitamin K absorption can occur if fat absorption is impaired (V-K is fat soluble) 
· liver disease, nonfunctional liver cells fail to produce clotting factors and bile which is required to absorb fat 


Hemophilias:

· Hemophilia A & B: genetically do not produce factors required 
· hereditary bleeding disorders
· sex-linked disorders
· females will be healthy carriers
· loss of 30% of blood volume results in inadequate blood pressure 
· require transfusions and injections of purified clotting factors 
· expensive and inconvenient
 
4.1.5 Transfusion & Blood Replacement



The body can compensate for some blood loss by constricting blood vessels to 
decrease blood volume within the vessel and increasing the rate of erythropoiesis.

· blood of of 15%-30% causes pallor and weakness
· losing more than 30% of blood volume can induce shock (can be fatal)

Transfusing Red Blood Cells
· Whole Blood Transfusion routine when blood loss is rapid and substantial
· in the case of thrombocytopenia
· Infusions of packed red cells (whole blood from which most of the plasma and leukocytes have been removed) are preferred for restoring oxygen-carrying capacity
· for anemic patients 
· Donor blood is mixed with heparin (C2+ chelator, anticoagulant) - can be stored for 35 days if kept at 4oC 

Human Blood Groups:

· Transfusions of incompatible blood can be fatal 
· RBCs contain antigens on their cell surface, which promote agglutination
· only ABO and Rh antigens cause serious agglutination problems during transfusions 



[ABO blood groups]

· ABO blood groups are based on the presence or absence of two agglutinogens (antigens specific to blood cell surface), type A and type B
· Performed antibodies called agglutinins act against RBCs carrying ABO antigens that are foreign (not present on a person’s own RBCs)
· newborns lack these antibodies, but they appear within 2 month and reach adult levels between 8-10 years of age
· Possible ABO blood groups are:
· A
· contains only A type agglutinogen
· contain B type agglutinins
· B
· contains only B type agglutinogen
· contain A type agglutinin
· AB
· both antigens
· least prevalent
· do not have agglutinins 
· universal acceptor 
· O 
· has neither agglutinogen 
· universal donor
· most common ABO group 
· have both A and B type agglutinins



[Rh blood groups] 

· There are 52 named Rh agglutinogens, each of which is called an Rh factor
· Only C, D, E are fairly common 
· Rh D was the first discovered Rh antigen and was originally identified in rhesus monkeys 
· 85% of Americans are Rh+, meaning that their RBCs carry the D antigen 
· As a rule, an individual’s ABO and Rh blood groups are reported together
· ex. O+ or A - 
· Unlike ABO, Rh antibodies are not spontaneously formed in blood of Rh- people
· If an Rh- person receives Rh+ blood, the immune system becomes sensitized and begins producing anti-Rh antibodies against the foreign antigen 
· Hemolysis does not occur after the first transfusion (antibody production takes time)
· Second (or further exposure) results in the recipients antibodies attacking and rupturing donor RBCs  

- Rh- mothers carrying Rh+ babies can cause a problem with the second child

· first child causes mother to be sensitized
· Treatment of RhoGAM before or shortly after she has given birth to prevent the mother from sensitization
· if the mother is not treated she will produce Rh+ antibodies
· this becomes a problem if she becomes pregnant with another Rh+ baby as her antibodies will cross the placenta and destroy the baby’s RBCs causing erythroblastosis fetalis (blood clotting that can kill baby) 



[Transfusion Reactions] - Agglutination & Hemolysis 

· When mismatched blood is infused, a transfusion reaction occurs
· recipient’s plasma agglutinins attack donor’s RBCs 
· agglutination: clogs small blood vessels
· clumped RBCs rupture or are destroyed by phagocytes & Hb is released
· donor’s antibodies do not usually present a problem because they are so diluted 
· Overall result of the reaction causes (1) blocked flow to the tissues, (2) reduced O2 carrying ability of blood, (3) Hb precipitates and clogs kidney tubules, leading to possible kidney failure 
· Can also cause fever, chills, low blood pressure, rapid heartbeat, nausea, vomiting, and general toxicity
· Treatment focuses on preventing kidney damage by administering alkaline fluids to dilute & dissolve Hb, and diuretics to increase urine output to expel Hb
· These reactions have increased the public’s interest in autologous transfusions, where the patient predonates their own blood and it is stored and immediately available if needed during an operation 



[Blood Typing] 
· use serum containing anti-A or anti-B agglutinins 
· AB forms clots with both serums 
· O does not clot with either serum
· similar procedure used for Rh factor typing 
4.2 The Heart



Cells can make exchanges only with their immediate environment, meaning some means of changing and renewing that environment is necessary to supply enough nutrients and eliminate wastes. The cardiovascular system provides the transport system that keeps blood continuously circulating to fulfill this critical homeostatic need. 

4.2.1 Heart Anatomy


Coverings and Layers of the Heart Wall 

The heart is a pump that adjusts to the level of need of blood depending on an 
individuals level of activity 

· Enclosed within the mediastinum, the medial cavity of the thorax
· Extends on an angle about 12-14cm from the second rib to the fifth intercostal space
· Approximately 2/3 of the heart’s mass lies to the left, resting on the superior surface of the diaphragm 
· The base of the heart is pointing toward the right shoulder, while the apex points toward the left hip 
· The heart is enclosed in a double-walled sac called the pericardium
· The loosely fitting superficial part of this sac is the fibrous pericardium 
· tough, dense connective tissue layer
· protects the heart 
· anchors it to surrounding structures 
· prevents overfilling of the heart with blood 
· Deep to this layer is the serous pericardium 
· thin, slippery, two-layer membrane 
· parietal & visceral layers
· parietal layer lines the internal surface of the fibrous pericardium
· visceral layer continues over the external heart surface 
· also called the epicardium 
· integral part of the heart wall 
· between layers is a slitlike pericardial cavity
· contains a film of serous fluid 
· forms a closed sac around the heart
· The middle layer is the myocardium 
· mainly composed of cardiac muscle 
· contracting layer of the heart
· branching cardiac muscle cells arranged into bundles 
· the fibrous cardiac skeleton is a dense network of connective tissue fibers that: 
· reinforces myocardium internally 
· anchors cardiac muscle fibers
· additional support for great vessels & valves 
· directs spread of action potentials across across heart to specific pathways 
· The endocardium is a layer of endothelium that rests on a thin connective tissue layer 
· located on the inner myocardial surface 
· continuous with the endothelial linings of the blood vessels leaving and entering the heart 

Chambers and Associated Great Vessels 

The heart has four chambers, two superior atria and two inferior ventricles. The internal 
partition that divides the heart longitudinally is called the interatrial septum, as it 
separates the atria. The interventricular septum separates the ventricles. 


*Septums stop mixing of O2 rich and O2 poor blood*


Two grooves 
visible on the heart surface indicate the boundaries of the four chambers 
and carry the blood vessels supplying the myocardium. The coronary sulcus (also known 
as the atrioventricular groove) encircles the junction of the atria and ventricles. The 
anterior interventricular sulcus, cradling the anterior interventricular artery, marks the 
position of the interventricular septum. 


* Right side of the heart always carries O2 poor blood, Left side always carries O2 rich 
blood *


[Atria]
· Functionally, are receiving areas for blood returning to the heart from circulation 
· Small, thin walled chambers lined with pectinate muscles (bundles of bumpy appearance muscles)
· only need to contract minimally to push blood into the ventricles 
· contribute little to the propulsive pumping of activity of the heart 
· Deoxygenated systemic blood (blood to head, limbs & skin) enters the right atrium via:
· Superior vena cava 
· returns blood from the body areas above the diaphragm 
· Inferior vena cava 
· returns blood from the body areas below the diaphragm 
· Coronary sinus
· collects blood draining from the myocardium 
· Oxygenated blood enters the left atrium via four pulmonary veins 
· visible on the posterior surface of the heart 

Babies: no role of fetal lungs, therefore there is a hole called the foramen ovale which 
allows mixing between the atria. Once the baby is born, the opening closes leaving a 
small crater on the interior of the atria called the fossa ovalis 


[Ventricles]
· Discharging chambers
· the actual pumps of the heart
· Make up most of the volume of the heart 
· walls are much larger than arterial walls, reflecting the difference in function
· Right ventricle forms most of the heart’s anterior surface 
· pumps blood into the pulmonary trunk which sends it to the lungs for gas exchange
· weaker pump (blood doesn’t need to travel as far) 
· flattened into a crescent that partially encloses the left ventricle 
· Left ventricle dominates its posteroinferior surface
· pumps blood into the aorta 
· walls of the ventricle are 3x thicker than those enclosing the right ventricle
· can generate much more pressure than the right ventricle 
· powerful pump
· Internal walls of the ventricles are lined with trabeculae carneae (Irregular ridges of muscle)
· Papillary muscles protect the ventricular cavity and play a role in valve function 
· papillary muscles are attached to chordae tendineae (attach to AV valves)

Heart Valves 


Blood flow in the heart is unidirectional. Direction of blood flow is enforced by four 
valves, which open and close in response to differences in blood pressure on their two 
sides. 



[Atrioventricular (AV) Valves] 

· Two atrioventricular valves located at each atrial-ventricular junction
· prevent backflow into the atria when the ventricles contract 
· Right AV valve also called the tricuspid valve 
· Left AV valve is a bicuspid valve and is also known as the mitral valve 
· Attached to both AV valves are chordae tendineae 
· tiny collagen cords
· prevent valves from being forced the wrong way
· papillary muscles contract with the other ventricular musculature to pull the cords and effectively tighten them
· When the ventricles contract, the intraventricular pressure rises, forcing the flap edges to meet, closing the valves
· When the ventricles are relaxed, the chordae tendineae hang from the cusps of the open valves limply 


[Semilunar (SL) Valves] 

· The aortic and pulmonary SL valves guard the bases of the large arteries  (to either pulmonary or systemic circuits) issuing from the ventricles 
· prevent back flow into associated ventricles 
· fashioned from three pocketlike cusps
· shaped roughly like a crescent moon (semilunar = half moon)
· Like the AV valves, SL valves open and close in response to difference in pressure 
· When the ventricles contract, the intraventricular pressure rises above the pressure in the aorta and pulmonary trunk, the SL valves are forced open 
· When the ventricles relax, the blood (no longer propelled forward by ventricular contraction) begins to flow backward into the ventricles, filling the cusps and closing the valves 

There are no valves guarding the entrances of the venae cavae and pulmonary veins. 
Small amounts of blood do spurt back into these vessels during atrial contraction, but the 
backflow is minimal. 

Valvular insufficiency - blood moves backwards because it is not closing all the way, 
which adds an extra work load on the heart


Stenosis - doesn’t open completely due to build up of scar tissue, or too much 
connective tissue, this means the blood needs to be pushed harder. 


4.2.2 Pathway of Blood Through the Heart 

Equal volumes of blood are pumped to the pulmonary and systemic circuits any 
moment, but the two ventricles have very different workloads. 


Pulmonary Circuit: 

· short, low pressure circulation 
· O2 poor blood returns from the body tissues back to the heart via the superior vena cava and the inferior vena cave 
· travels into the right atrium, through the tricuspid valve, and into the right ventricle
· as the ventricle contracts, it pushes the blood through the pulmonary semilunar valve and into the pulmonary trunk and out the pulmonary arteries 
· the O2 poor blood then continues in the pulmonary arteries to the lungs for oxygenation in the pulmonary capillaries 

Systemic Circulation:

· long pathway, about 5x the resistance of pulmonary circuit 
· O2 rich blood returns to the left atrium of the heart via the four pulmonary veins
· next goes through the mitral valve into the left ventricle 
· when the ventricle contracts the blood is pushed through the aortic semilunar valve and into the aorta for systemic circulation 

4.2.3 Coronary Circulation 


The blood contained in the heart provides little nourishment to the heart tissues. 
Coronary circulation, the functional blood supply of the heart, is the shortest but one of 
the most important circulations in the body. 


Coronary circulation occurs to actively deliver blood when the heart is relaxed. During 
muscle contraction the coronary arteries are compressed by the contracting 
myocardium. 

· Coronary Arteries:
· Run from the base of the aorta and encircle the heart in the coronary sulcus (atrioventricular groove)
· Provide the arterial supply of the coronary circulation 
· Left coronary artery 
· runs toward the left side of the heart and divides into two branches: the anterior interventricular artery (left anterior descending artery, follows the interventricular sulcus) & the circumflex artery (goes around the heart) 
· Right coronary artery 
· runs toward the right side of the heart and divides into two branches: the right marginal artery & the posterior interventricular artery (runs toward the heart apex where it merges with the anterior interventricular artery) 
· There are many anastomoses (junctions that allow multiple pathways of blood flow) for nourishment if a given artery begins to be occluded
· Complete occlusion (blocked) arteries lead to tissue death and heart attack 
· Although the heart accounts of about 1/200 of the body it requires 1/20 of blood supply as it is only capable of aerobic respiration to do its job
· Coronary Venous Supply:
· After passing through the cardiac capillaries, blood flows into the cardiac veins (roughly follow coronary arteries)
· Veins join to form an enlarged vessel called the coronary sinus, which empties blood into the right atrium 
· Veins leading to the coronary sinus include: the great cardiac vein (follows the anterior interventricular sulcus), the middle cardiac vein (follows the posterior interventricular sulcus), and the small cardiac vein. 
· Several anterior cardiac veins empty directly into the right atrium anteriorly 

Angina Pectoris: thoracic pain caused by fleeting deficiency in blood delivery to the 
myocardium, warning sign, chest pain before a heart attack 


Myocardial Infraction: results from prolonged coronary blockage, commonly named a 
heart attack, cells die, survival depends on extent and location of damage, left ventricle 
damage is most serious 


4.2.4 Cardiac Muscle Fibers


Comparing Cardiac and Skeletal Muscle 


	Cardiac
	Skeletal

	· shorter, fatter
· single or double nuclei
· intercalated discs (desmosomes and gap junctions) = interdependence
· functional syncytium: myocardium behaves as a single coordinated unit 
· 20-40% of volume is mitochondria
· myofibril diameters vary 
· indistinct striations 
· fewer T-tubules: less elaborate C2+ delivery
· less developed sarcoplasmic reticulum 
· almost exclusively aerobic metabolism 
· long absolute refractory period to prevent complete tetanus (250 msec)
· automaticity: self-excitable cells 
· more adaptable and readily switches metabolic pathways to use available nutrients (glucose, fatty acids, lactic acid) 
	· longer, cylindrical 
· multinucleate
· structural independence with motor unit grouping 
· functional independence 
· 2-5% of volume is mitochondria
· uniform myofibrils
· distinct striations 
· many T-tubules: complex C2+ delivery
· complex sarcoplasmic reticulum 
· readily uses anaerobic metabolism 
· short absolute refractory period, complete tetanus is possible (1-2 msec)
· must me stimulated by a nerve ending 
· not as adaptable to nutrient sources 



Events leading to contraction of the heart are similar to the events leading to contraction 
of skeletal muscle. 


Cardiac muscle uses desmosomes for strong structural cell-cell adhesion during 
contraction. Gap junctions provide the means of electrical coupling. 


4.2.5 Contractile Muscle cells and Autorhythmic Cardiac Muscle cells

· Heart contraction is stimulated by action potentials
· All-or-none law: entire organ will contract or no cells will contract 
· 1% of cardiac muscle cells are capable of automaticity, which stimulates the contraction of all cardiac muscle cells 
· The long absolute refractory period of cardiac muscle allows the heart to fill again 
· Cardiac muscle does not depend on the nervous system for stimulation (if all nerve fibers are severed, the heart continues to beat) but healthy heart is amply supplied with autonomic nerve fibers which can alter its rhythm 
· Action Potentials Initiated by Pacemaker Cells 
· unstimulated contractile cells of the heart maintain a stable resting membrane potential
· cardiac pacemaker cells (autorhythmic cells) have an unstable resting membrane potential that continuously depolarizes, drifting slowly toward threshold 
· the spontaneous changes in membrane resting potentials are called pacemaker potentials and initiate action potentials that spread through the heart to trigger rhythmic contractions 
· Pacemaker potential is slow depolarization due to opening of Na+ channels and closing of K+ channels (more positive charge staying inside). The membrane potential is never a flat line. 
· Depolarization, when the pacemaker potential reaches threshold. Depolarization occurs because of calcium influx through calcium channels. 
· Repolarization is due to Ca2+ channels inactivating and K+ channels opening, which allows K+ efflux, which brings the membrane potential back to its most negative voltage 

4.2.6 Intrinsic Conduction System

Sinoatrial Node: 


The Sinoatrial (SA) node is a crescent-shaped node that is located in the right atrial wall, 
just inferior to the entrance of the superior vena. 

· pacemaker 
· minute cell mass
· typically generates impulses 75 times per minute 
· sets the pace for the heart as a whole because no other region of the conduction system of the myocardium has a faster depolarization rate 
· its characteristic rhythm, called the sinus rhythm, determines heart rate

Atrioventricular (AV) Node:


From the SA node, the depolarization wave spreads (gap junctions) throughout the atria 
and via the internodal pathway to the atrioventricular node. 

· located in the inferior portion of the interatrial septum immediately above the tricuspid valve
· impulse is delayed for about 0.1 sec (allows atria to respond and complete their contraction contraction prior to ventricle contraction) 

Atrioventricular (AV) Bundle:

From the AV node, the impulse sweeps to the atrioventricular bundle in the superior part 
of the interventricular septum. 

· atria and ventricles are not connected by gap junctions 
· only electrical connection between them is the AV bundle 
· the fibrous cardiac skeleton is nonconducting and insulates the rest of the AV junction 

Right and Left Bundle Branches:


The right and left bundle branches extend from the AV bundle and course along the 
interventricular space.


Subendocardial Conducting Network: 

Also called the Purkinje fibers, completes the pathway through the interventricular 
septum and penetrates the heart apex. From this point, they turn superiorly into the 
ventricular walls. 

· bundle branches excite the septal cells
· the bulk of ventricular depolarization depends on the large fibers in the conducting of the subendocardial conducting network & cell-to-cell transmission via gap junctions

Sequence of Excitation:
1. Sinoatrial node generates an impulse
2. Impulse pauses at the AV node
3. AV bundle connects the atria tot he ventricles
4. Bundle branches conduct the impulses through the interventricular septum
5. Subendocardial conducting network depolarizes the contractile cells of both ventricles

Ventricular Contraction almost immediately follows the ventricular depolarization wave. 
The wringing motion of contraction begins with the heart apex and moves towards the 
atria, following the direction of the excitation wave through the ventricle walls. 

· The SA node normally drives the heart rate at 75 bpm
· Without SA node input, the AV node would only depolarize about 50 times per minute
· Without the AV node, the AV bundle & subendocardial conducting network would only depolarize about 30 times per minute
· The amount of time between the initiation at the SA node to the depolarization of the last ventricular cells is 0.22 sec

The rate of SA node depolarization is regulated by the autonomic nervous system:

1. Parasympathetic nervous system decreases diastolic depolarization rate
2. Sympathetic nervous system increases depolarization and repolarization rates

Bradycardia: Heart rate below 60 bmp. 


Tachycardia: Heart rate above 100 bmp. 


4.2.7 Electrocardiography

An electrocardiogram (ECG) records electrical changes during heart activity. The 
electrical currents generated in and transmitted through the heart spread throughout the 
body and can be detected with a device called an electrocardiograph. 


*Shows electrical events, but from these, contractile events can be determined*

ECG deflections:

A typical ECG has three distinguishable waves:

· P-wave
· results from movement of the depolarization through the atria 
· ~ 0.1 sec after the P-wave, the atria contract
· QRS complex
· ventricular depolarization
· precedes ventricular contraction
· T wave
· ventricular repolarization 
· slower than depolarization

ECG Intervals:
· P-R interval 
· beginning of atrial excitation to beginning of ventricular excitation
· If the Q wave is visible, it marks the beginning of ventricular excitation, and therefore this interval is also known as the P-Q interval 
· S-T segment 
· entire ventricular myocardium is depolarized 
· Q-T interval 
· period from the beginning of ventricular depolarization until ventricular repolarization 

Abnormal Activation of the Heart


Junctional rhythm - The SA node is dysfunctional, P-waves are absent, AV node 

paces the heart at 40-60 bpm. 



Second-degree Heart Block - Some P-waves are not conducted, more P-waves 

than QRS waves are seen. 



Ventricular Fibrillation - grossly irregular ECG, occurs in acute heart attack & 

electrical shock. 


4.2.8 The Cardiac Cycle 


The term systole refers to the periods of contraction (pumping out), while the term 
diastole refers to the periods of relaxation (filling). 


The cardiac cycle includes all events associated with the blood flow through the heart 
during one complete heartbeat (atrial systole and diastole followed by ventricular systole 
and diastole). Each cardiac cycle lasts about 0.8 sec. 


Choosing an arbitrary starting point - mid-to-late diastole

1. Period of ventricle filling 

· Pressure low
· Patria > P ventricle 
· AV valves open 
· SL valves closed
· at 70% full, AV valves begin to close
· P-wave and atrial systole
· atrial pressure increases & final 30% of blood enters ventricles
· full amount of volume held in ventricles before contraction called end diastolic volume (EDV) 

2. Ventricle systole
· atria diastole (relaxes) 
· comprises QRS complex and T-waves
· ventricles begin to contract 
· increase in pressure forces the AV valves shut
· period of isovolumetric contraction (volume is constant due to the closed system)
· increase in pressure forces opening of SL valves
· ventricular ejection phase 

3. Isovolumetric Relaxation

· early diastole 
· follows T-wave
· ventricles relax
· ventricle pressure drops, resulting in closing of the SL valves
· ventricles are completely closed chambers(dicrotic notch) 

Back to step 1


Quiescent period: total heart relaxation


Two features driving the cardiac cycle are: blood flow through the heart entirely 
controlled by pressure changes and blood following the pressure gradient. No pressure 
gradient means no movement. 


Heart Sounds
· The lub-dup sounds heard when listening to the thorax with a stethoscope are associated with the heart valves closing 
· the first heart sound (lub) is the closure of the AV valves, which occurs at the beginning of ventricular systole 
· the second sound (dup) occurs as the SL valves snap shut, at the beginning of ventricular diastole 
· Heart murmurs are abnormal heart sounds caused by the blood striking obstructions and becoming turbulent 
· This can also occur due to valvular insufficiency, as the leakage of blood back causes sounds when there should be silence 

4.2.9 Cardiac Output (CO)

Cardiac output is the amount of blood pumped out by the left ventricle in 1 minute. The 
average CO for resting, healthy males is 5L/min. 

· CO is a product of Heart rate (HR) and Stroke volume (SV) 
· Stroke volume is the amount of blood pumped out of one ventricle with each beat 
· Mathematically, SV is the difference between end diastolic volume (volume of blood collected during ventricle diastole) and end systolic volume (volume remaining in ventricle after contracting)
· One RBC makes the complete circuit in about 1 min
· Cardiac reserve is the difference between resting and maximal CO 
· in a fit person, the cardiac reserve can be 4-5 times that of resting conditions 
· in a trained athlete, cardiac reserve can be up to 7 times that of resting conditions

4.2.10 Mechanisms of Regulation

Regulation of Heart Rate:
· Factors that increase heart rate are called positive chronotropic factors
· Factors that decrease heart rate are called negative chronotropic factors 
· The ANS exerts the most important extrinsic controls affecting heart rate
· Heart rate is determined by the rate of spontaneous depolarization of the SA node
· autonomic fibers innervating SA node 
· Sympathetic nervous fibers release norepinephrine (NE), which increases rate of spontaneous depolarization of the SA node, an increases HR 
· Parasympathetic nervous fibers release acetylcholine (ACh), which hyperpolarizes the membranes of effector cells by opening K+ channels, and decreases the rate of spontaneous depolarization of the SA node, and in turn decreases HR (during resting conditions)
· circulating hormones 
· epinephrine, liberated by the adrenal medulla during sympathetic nervous system activation enhances heart rate and contractility (released when stressed or excited) 
· plasma electrolyte concentration (Ca2+, Na+, K+, H+) 
· heart function depends on certain levels of intracellular and extracellular ions
· imbalances pose real dangers to the heart 
· body temperature 
· cold decreases heart rate, warmth increases heart rate (fever) 

Without innervation of vagal nerves in the heart (in the SA node), HR would increase to 
100 bmp. This does not happen because the dominant influence in the SA node is 
inhibitory. For this reason, we say the heart exhibits vagal tone. 


Tachycardia: abnormally fast heart rate leading to reduced CO 


Regulation of Stroke Volume:

Each ventricle pumps out about 70mL of blood each beat, which is about 60% of the 
blood in its chambers. 

· Preload
· degree to which cardiac muscle cells are stretched before contraction 
· Frank Starling Law of the Heart: within defined limits, the heart will pump whatever volume of blood it receives 
· Resting cardiac muscle is shorter than optimal length, meaning the more stretching of cardiac cells, the more force is exerted with each contraction 
· Frank Starling mechanism ensures that each ventricle pumped the same volume over a period of time
· Contractility
· contractile strength achieved at a given muscle length 
· independent of muscle stretch and EDV
· increases when more Ca2+ enters the cytoplasm from the ECF and SR 
· Enhanced contractility means more blood is ejected from the heart (greater SV) hence lower ESV
· sympathetic stimulation: increases rate of contraction & relaxation (by increasing Ca2+ concentration inside the cell 
· drugs such as digoxin: increase heart contractility 
· parasympathetic nervous system: antagonizes sympathetic stimulation 
· Afterload
· pressure that the ventricles must overcome to eject blood
· essentially back pressure of atrial blood on the PV (requires 10mmHg) and AV (requires 80mmHg) 
· relatively constant, therefore not a major determinant of SV 
· Hypertension patients: afterload reduces ability to eject blood from the ventricles 
· more blood remains in the heart after systole
· causes reduced SV 


In short, Frank Sterling Law increases EDV (volume of blood filling the heart) and 

epinephrine increases contractility, both of which increase stroke volume. 

4.3 Blood Vessels & Hemodynamics 


Blood vessels are dynamic structures that pulsate, constrict, relax, and even proliferate (reproduce rapidly). There are three major types if blood vessels: arteries, capillaries, and veins.  Of all of the blood vessels, only the capillaries have intimate contact with tissue cells and directly serve cellular needs. Exchanges between the blood and tissue cells occur primarily through the gossamer-thin capillary walls. 


4.3.1 Structure of Blood Vessel Walls

The walls of all blood vessels (except the very smallest) have three distinct layers, 
called tunics, which surround the vessel lumen:

· The tunica intima - inner most layer of blood vessel walls, composed of a single layer of (simple squamous) endothelial cells. The endothelium’s flat cells fit closely together, forming a slick surface that minimizes friction as blood moves through the lumen. In larger vessels, a subendothelial layer, consisting of basement membrane and loose connective tissue, supports the endothelium. 
· The tunica media - middle layer of the blood vessel walls, composed of mostly circularly arranged smooth muscle cells and sheets of elastin. The movement of this smooth muscle is innervated by the sympathetic vasomotor nerve fibers of the autonomic nervous system, allowing blood shunting by way of dilation and constriction on the vessels. 
· Tunica adventitia - also called tunica externa, composed largely of loosely woven collagen fibers that protect and reinforce the vessel, and anchor it to surrounding structures. 

4.3.2 The Arterial System

Arteries can be divided into three groups: 

· Elastic Arteries
· Conducting Arteries 
· Thick-walled, large diameter arteries near the heart
· Contain more elastin than any other vessel type, which smooth out pressure fluctuations
· Recoil helps maintain pressure and flow of blood 
· Muscular Arteries 
· Distributing or Branching arteries
· Have the thickest tunica media of all other blood vessel types  
· Deliver blood to specific organs 
· More smooth muscle present which allows more vasoconstriction activity  to control the of location of blood flow
· Arterioles
· Smallest of the arteries 
· Composed of primarily smooth muscle
· Lead into capillary beds 
· Control which capillary beds will be flushed, minute to minute

4.3.3 Capillaries

The walls of capillaries are composed only of a thin tunica intima, their function being 
solely gas exchange in the tissues. 



Continuous Capillaries: 

· abundant in the skin and muscles, are most common
· their endothelial linings are joined together by tight junctions
· intercellular clefts allow limited passage of fluids and small solutes
· least leaky




Fenestrated Capillaries: 

· similar to continuous capillaries but endothelial cells riddled with pores (called fenestrations = window). 
· more permeable to fluids and small solutes than continuous capillaries 
· found wherever active capillary absorption or filtrate formation occurs 
· fenestrated capillaries with perpetually open pores occur in the kidneys, where rapid filtration of blood plasma is essential
· also present in endocrine organs, and small intestines


Sinusoid Capillaries (Sinusoids) 

· highly modified and leaky 
· present in the bone marrow, lymphoid tissues, and endocrine organs
· large, irregular lumens & usually fenestrated
· fewer tight junctions and large intercellular clefts for passage of proteins, RBCs 


*microcirculation: flow of blood from an arteriole to a venule through a capillary bed.*



Capillary Beds:

· the flow of blood from an arteriole to a venule is by way of a capillary bed
· capillary beds consist two types of vessels: vascular shunt (short vessel that connects directly from arteriole and venule at opposite ends of the bed) & true capillaries (exchange vessels, 10-100/bed)
· the terminal arteriole is that which feeds into the capillary beds
· a cuff of smooth muscle fibers, called a precapillary sphincter, surrounds the root of each true capillary 

4.3.4 The Venous System 


Veins carry blood from the capillary beds toward the heart. Along the route, the diameter 
of successive venous vessels increases, and their walls gradually thicken as they 
progress from venules to larger and larger veins. 



Venules
· Capillaries unite to form venules 
· 8-100 um in diameter 
· Post-capillary venules = just endothelium and a few fibroblasts 
· Larger venules have sparse tunica media and thin tunica adventitia 


Veins

· Venules join to form veins
· Usually have three distinct tunics, however their walls are thinner and they have larger lumens 
· Relatively little elastin/smooth muscle in tunica media; tunica adventitia is heaviest layer
· Can hold up to 65% of blood in veins at any one time, and are thus referred to as capacitance vessels or blood reservoirs
· Usually the veins are only partially filled
· To ensure blood returns to the heart at the same rate that it is being pumped out:
· Veins have relatively large lumens to decrease blood flow resistance
· Venous valves (formed from folds in the tunica intima) prevent blood from flowing backward - valves are abundant in veins in the limbs but usually absent in veins of the thoracic and abdominal cavities 
· Varicose veins are veins that are dilated because of incompetent valves. Several factors contribute including heredity, pregnancy, and obesity. * 

4.3.5 Physiology of Circulation

Blood Flow is the volume of blood flowing through a vessel, an organ, or entire 
circulation in a given period (mL/min). 

· if the entire vascular system, blood flow is equivalent to cardiac output
· blood flow through individual organs may vary widely according to their immediate needs

Blood Pressure is the force per unit area exerted on the wall of a blood vessel by its 
contained blood (mmHg). 

· Unless specifically stated, the term blood pressure usually refers to the systemic arterial blood pressure in the largest arteries near the heart
· Blood flow occurs in response to the pure gradient, Blood pressure is almost 0 when it gets back to the heart
· Blood travels from an area of high pressure towards an area of lower pressure, through the body. 

4.3.6 Systemic Blood Pressure 


The steepest drop in blood pressure occurs in the arterioles, which offer the greatest 
resistance to blood flow. Blood pressure is highest in the aorta and declines until it 
reaches the right ventricle.


4.3.7 Resistance

Resistance is the opposition to flow and is a measure of the amount of friction blood 
encounters as it passes through vessels. There are three important sources of 
resistance: blood viscosity, vessel length, & vessel diameter. 

· Blood viscosity is the internal resistance to flow, this is usually quite constant, however under certain conditions
· Polycythemia (excess of RBCs) during which resistance is increased
· Anemia (low RBC count) during which peripheral resistance in decreased
· Total Blood vessel length has an impact on the blood resistance, as the longer the vessel the greater the resistance. This typically does not vary in the body, however, when an individual puts on weight, they add extra adipose tissue which requires blood supply and therefore blood vessel length in the body increases
· Blood vessels diameter changes frequently and significantly alters peripheral resistance, as fluid close to the tube wall is slowed by resistance, which fluid in the center of the tube flows more freely and faster. The larger the vessel, the more space there is in the ‘center’ of the tube. A change in blood vessel radius increases resistance to the 4th power.

Blood flow is the difference in blood pressure, from one point to another in the body, over 
the peripheral resistance in that area:






F = P1 - P2





              R


Velocity of Blood flow: 


Velocity is inversely related to cross-sectional area. The speed of blood flow changes as 
blood travels through the systemic circulation. It is fastest in the aorta and other large 
arteries, slowest in the capillaries, and then picks up speed again in the veins. 



Aorta: 2.5cm2
- 40-50cm/sec 



Capillaries: 4500 cm2
- 0.03 cm/sec 



Vena cava: 8cm2 - 10-30 cm/sec 


4.3.8 Arterial Blood Pressure 


Arterial blood pressure reflects two factors: how much the arteries close to the heart can 
stretch and the volume of blood forced into them at any time. 

· as the left ventricle contracts and expels blood into the aorta, it imparts kinetic energy into the blood, which stretches the elastic aorta. The pressure peak generated by ventricular contraction is called systolic pressure. 
· during diastole, the aortic valve closes, preventing blood from flowing back into the heart and the aortic pressure drops to its lowest level called diastolic pressure. 
· The difference between systolic and diastolic pressures is called pulse pressure. This indicates the vigor of contraction of the ventricle and provides information on elasticity of the aorta and major arteries. 
· If the diastolic pressure is high, this means the vessels are less elastic. 
· Because the aortic pressure fluctuates up and down with each heartbeat, te important pressure to consider is the mean arterial pressure (MAP) - the pressure that propels blood to the tissues. Diastole lasts longer than systole, so this measurement is not simply the halfway point between the two, it is roughly equal to the diastolic pressure plus 1/3 of the pulse pressure. 




MAP = diastolic pressure + pulse pressure 
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· MAP and pulse pressure both decline with increasing distance from the heart. At the end of the arterial tree, blood flow is steady and the pulse pressure has disappeared. 

4.3.9 Capillary and Venous Blood Pressure

Capillaries: 

· In the capillaries, low pressure is important, as the vessel walls are not very thick, and therefore would burst under high pressure conditions. 
· Blood enters with a pressure of 35mmHg and exits the capillary beds with a pressure of 15mmHg. 

Veins: 

· Venous blood pressure if very steady and changes very little during the cardiac cycle
· The difference between artery and vein pressure differences are clear when the vessels are ruptured: a lacerated artery will spurt blood, while a damaged vein will lose blood at a constant rate. 
· Functional adaptations which are important to venous return are: 
· Muscular Pump consists of skeletal muscle activity. As the skeletal muscle contracts and relaxes, it squeezes the vessels and pushes blood towards the heart. 
· Respiratory Pump, which aids blood toward the heart as pressure changes in the ventral body cavity during breathing. As the lungs inflate and deflate, pressure helps to pull blood up through the venous system and into the heart. 

4.3.10 Maintaining Blood Pressure


There are homeostatic mechanisms in place to maintain adequate flow to tissues under 
a variety of conditions. The main factors that influence blood pressure are: Cardiac 
Output, Peripheral Resistance, and Blood Volume. 




Blood pressure = Cardiac Output x peripheral resistance


Cardiac output is determined by heart rate (neural & hormonal factors) and stroke 
volume (venous return, neural & hormonal factors), recall: 




Cardiac Output = Stroke Volume x Heart Rate 




P1 - P2 = Cardiac Output x Peripheral Resistance



Clinical Monitoring of Circulatory Efficiency:

· An individual’s circulation efficiency can be assessed by measuring pulse and blood pressure. Collectively, the pulse, blood pressure, body temperature, and respiratory rate are referred to as the body’s vital signs. 


Taking a Pulse:

· The altering expansion and recoil of elastic arteries allow us to feel a pressure wave called the pulse
· A pulse can be felt in any artery that lies close to the body surface by compressing the artery against firm tissue. 
· Pulse points are also called pressure points because they are compressed to stop blood flow into distal tissues during hemorrhage


Blood Pressure: 



Most often, systemic arterial blood pressure is measured indirectly in the brachial 

artery of the arm by the auscultatory method: 

· Using a sphygmomanometer wrap it snugly around the person’s arm just superior to the elbow
· Inflate the cuff until the cuff pressure exceeds systolic pressure. At this point, blood flow into the arm stops and a brachial pulse cannot be felt or heard
· Once the cuff pressure is lowered to below peak systolic pressure (momentary high velocity spurt, as the cuff pressure continues to decrease, these sounds become louder and more distinct - sounds called sounds of Korotkoff), record cuff pressure as systolic blood pressure
· Once the cuff pressure has lowered to just under the diastolic pressure, and continuous flow is regained (sounds disappear), record the cuff pressure as diastolic pressure 
· Normal adult at rest: SP 110-140, DP 75-80
· These pressures are influenced by age, gender, weight, race, stress, nutrition, mood, posture, fitness... etc.

4.3.11 Short-Term Regulation



[Neural Controls]


Neural controls alter both cardiac output and peripheral resistance. Neural 

controls of peripheral resistance are directed at two main goals:

· Maintaining adequate MAP by altering blood vessel diameter. Under conditions of low blood volume, all vessels excepts those supplying the heart and brain are constricted to allow as much blood as possible to flow to those two vital organs
· Altering blood distribution to respond to specific demands. During exercise, less blood is pumped to the digestive organs, to compensate for the increased need in the skeletal muscles. 


Most neural controls operate via reflex arcs involving baroreceptors (receptors 

sensitive to changes in pressure)  and associated afferent fibers. The reflexes 

are integrated in the cardiovascular center of the medulla and their output travels 

via autonomic nerve fibers to the heart and vascular smooth muscle.  



Usually reflex arcs involving baroreceptors, vasomotor center of the medulla, and 

vascular smooth muscle.


*An increase in Cardiac output will lead to an increase in mean arterial pressure.* 



Vasomotor tone & the Vasomotor Centre:



In the medulla oblongata is the cardiovascular center, which consists of clusters 

of nerve fibers called cardiac centers and the vasomotor center, which controls 

the diameter of blood vessels.

· Any increase in sympathetic nervous system activity creates generalized vasoconstriction and a rise in blood pressure
· Any decrease in sympathetic activity has the reverse effect


The vasomotor center activity is modified by inputs from baroreceptors, 

which respond to changes in arterial pressure and stretch, chemoreceptors, 

which respond to changes in blood levels of carbon dioxide, hydrogen ions, and 

oxygen, and higher brain centers.



Baroreceptor-initiated Reflexes:
· When arterial blood pressure rises, it activates the baroreceptors by stretching them 
· These receptors are located in the carotid sinuses, aortic arch, and other large arteries of the neck and thorax
· Once activated, baroreceptors send impulses to the cardiovascular center
· The result is a decrease in blood pressure by way of:
· Arteriolar vasodilatation the decreased output from the vasomotor centers allows arterioles to dilate - as peripheral resistance falls, so does mean arterial pressure
· Venodilation to shift blood to venous reservoirs, which in turn, decreases venous return and CO
· Decreased Cardiac Output as a result of the inhibition of the sympathetic nervous system and the stimulation of the parasympathetic nervous system, which reduces the heart rate and the contractile force
· In the opposite situation, a decline in mean arterial pressure initiates reflex vasoconstriction and increases cardiac output, which, in turn, increases blood pressure 
· The goal of baroreceptors is to protect against short-term changes in blood pressure, but are relatively ineffective in correcting sustained pressure situations. In such cases, the body adapts. 


Chemoreceptor-Initiated Reflexes:

· Rising carbon dioxide levels or decreasing pH levels, or if the oxygen content of the blood drops sharply, chemoreceptors transmit impulses to the cardioacceleratory center. 
· These chemoreceptors are located in the aortic arch and the large arteries of the neck
· The resulting response of the impulses causes reflex vasoconstriction 
· The increased blood pressure speeds the return of blood to the heart and lungs


Influence of Higher Brain Centres:
· Reflexes that regulate blood pressure are integrated in the medulla oblongata of the brain stem. Although the cerebral cortex and the hypothalamus are not involved in routine controls of blood pressure, they can modify arterial pressure via relays tot he medullary centers. 
· The occurs during “fight-or-flight” activation of the sympathetic nervous system, stress, or exercise. 


[Hormonal Controls]


Help regulate blood pressure both in short term via changes in peripheral 

resistance, and long term via blood volume. 


Adrenal medulla hormones: 

· During stressful circumstances, the adrenal gland releases epinephrine (E) and norepinephrine (NE) to the blood
· NE and E enhance sympathetic response by increasing cardiac output and promoting generalized vasoconstriction 
· Nicotine mimics the effects of catecholamines (group neurotransmitters including dopamine and epinephrine)


Atrial natriuretic peptide (ANP)

· Produced by the heart
· Leads to a reduction in blood volume and blood pressure, which results in generalized vasodilation 


Antidiuretic Hormone (ADH) 

· Produced by the hypothalamus 
· Stimulates the kidneys to conserve water - which is not usually important for short-term blood pressure regulation
· If the levels of ADH are high enough, it can cause intense vasoconstriction 


Angiotensin II

· When blood pressure or blood volume is low, the kidneys respond by releasing renin, which generates angiotensin II
· Angiotensin II stimulates intense vasoconstriction and stimulates the release of ADH


Endothelium-derived factors: 

· Endothelin and platelet-derived growth factor are vasoconstrictors
· Nitric oxide (NO) induces brief vasodilation 


Inflammatory chemicals:  

· Hormones released during inflammatory response are potent vasodilators
· These hormones include: histamine, prostacyclin


Alcohol
· Inhibits ADH release
· depresses vasomotor centre
· promotes vasodilation (especially in the skin) 

4.3.12 Long-term Regulation of Blood Pressure: The Kidneys



Unlike short term controls of blood pressure, which alter peripheral resistance 
and cardiac output, long-term controls alter blood volume. Renal mechanisms mediate 
long-term regulation. 

· baroreceptors respond to short-term changes in blood pressure but will adapt to prolonged high or low pressure
· kidneys restore and maintain blood pressure homeostasis by blood volume, renal mechanisms usually keep blood volume around 5L. 
· changes in blood volume will change blood pressure
· Increases in blood volume which raises blood pressure, causes the kidneys to eliminate water
· Decreases in blood volume which lowers blood pressure, causes the kidneys to increase blood volume and pressure

The kidneys can act both directly and indirectly to regulate arterial pressure and provide 
the major long-term mechanisms of blood pressure control. 


Direct action: 

· Increased blood volume and pressure results in increased rate of filtrate formation without enough time to reclaim water, and more fluid is lost as urine.
· Result = Blood pressure and Volume decrease

Indirect Action: 

· Renin-angiotensin-aldosterone mechanism: 
· when arterial blood pressure declines, certain cells in the kidneys release the enzyme: renin
· Renin cleaves angiotensinogen (from the liver) to create angiotensin I, which is further metabolized to angiotensin II (potent vasoconstrictor)
· Angiotensin II stimulates the release of aldosterone, which enhances renal reabsorption of sodium and water
· Stimulates the release of ADH, which promotes more water absorption by the kidneys 
· Triggers the sensation of thirst and encourages water consumption 

4.3.13 Blood Flow Through Body Tissues: Tissue Perfusion



Blood flow to each organ is regulated to meet specific needs:

·  Resting Vascular tone: during rest, smooth muscle in the walls of arterioles are somewhat contracted (start in the middle so they can either dilate or constrict) by the sympathetic nervous system
·  Organs regulate individual blood flow by varying resistance of arterioles 

Metabolic Controls: respond locally

· When blood flow is too low to meet a tissue or organ’s needs, oxygen levels decline and metabolic products accumulate
· The net result is vasodilation of the arterioles serving the capillary beds of these tissues, and the dilation of their precapillary sphincters, which allows blood to surge into the true capillaries and become available to the tissue cells
· Hyperemia is caused by the altering of blood flow to different parts of the body 
· Active hyperemia is ‘natural’ during more activity of specific organs or tissues, such as skeletal muscle during exercise, or digestive system during rest after a meal. 
· Reactive hyperemia occurs in response to an external change, such as constriction when blood pressure is being taken, or when an individual sits and blood begins to pool in lower limbs. 

Myogenic Controls: respond locally

·  Vascular smooth muscle responds to increased stretch with increased tone, which resists the stretch and causes vasoconstriction 
·  decreases stretch results in vasodilation 

Result: tissue perfusion homeostasis so cells not deprived/capillaries not damaged 


4.3.14 Blood Flow Through Capillaries and Capillary Dynamics 


Capillaries - major point of communication between interstitial fluid & blood. 

· most cells in the body are within 0.02mm of a capillary, to allow diffusion to occur
· capillary walls are composed of a single layer, with influences in fluid from diffusional, osmotic, and hydrostatic forces

Precapillary sphincter is composed of a cuff of smooth muscle at beginning of capillary; 
capillary walls themselves have no smooth muscle influence. 


Vasomotion is contraction and relaxation of precapillary sphincter causes sporadic flow 
through each capillary. 


Capillary exchange mechanisms: 

1. Vesicle Transport - used for relatively large, lipid-insoluble molecules (eg. insulin) 



Shuttling via endocytosis, then exocytosis




Also antibody molecules from maternal to fetal circulation

2. Diffusion - primary mechanism for dissolve solutes & gases (eg. O2)



Follows gradients




Heat moves via convection down a thermal gradient

3. Bulk Flow - important for relative fluid volumes in the blood stream and interstitial space. 



Hydrostatic Pressure (HP) = force exerted by fluid pressing against a wall




Colloid Osmotic Pressure (OP) = the force opposing hydrostatic pressure




Net Filtration Pressure (NFP) = HP - OP


Overall deficit of 1-2mmHg results in some fluid loss to tissues, which is returned to the 
lymphatic system. 


Increased arteriole pressure means increased filtration pressure and more fluid loss to 
tissues, which results in edema (swelling). 


Hemorrhage favours reabsorption. 

