CV Notes
Lecture 1:  CV Framework

· CV disease is the leading cause of death in the US, and its incidence is increasing.  

· The CV system is regulated by the CNS, hormones, and by intrinsic regulation from interactions between the heart and the systemic circulation.  

· Flow = (velocity) x (total cross sectional area).  The vessels with the greatest total x-sectional area are the capillaries, so the flow is slowest there.  That’s good for exchange, especially since the capillaries are pretty short.  
· Hydrostatic fluid pressure = (density of fluid) x (g) x (height of fluid).  In flow through any tubes, a change in pressure is driving the flow.  

· Resistance = (vessel length) x (fluid viscosity) / (radius4).  Fluids have friction that opposes motion.  The fluid nearest the tube walls is basically stationary and slows down layers closer to the walls, so the fluid nearest the middle of the tube is moving the fastest.  

· ∆P = R x Blood Flow.  Or, rearranged:  Resistance = ∆P / Blood Flow.

· In a rigid tube, resistance (the slope of the ∆P vs. Blood Flow graph) wouldn’t change at different pressures/flows.  But, real vessels are elastic and the resistance decreases at higher pressure and flow.
· Pressures at different points in the circulation:  RA (avg 5), RV (max 25, min 4), Pulm Art (15), Pulm Capillaries (8-10), Pulm Vein (6), LA (max 10, min 3), LV (max 120, min 5), Aorta (max 120, min 80), Systemic Capillaries (17), Large Veins (4).

· The biggest change in pressure occurs at the arterioles, because they have the highest resistance.  

· The total flow of blood to an organ is inversely proportional to the resistance of the vessels leading there.  So lower resistance leads to more blood flow.  This resistance is controlled by the CNS and local metabolic demands.
· Compliance (how stretchy) = ∆V / ∆P.    

· Elastance (how stiff) = ∆P / ∆V
· Capacitance = how much blood is within vessels at a given pressure.  

· Vascular smooth muscle can change vessel diameter to influence resistance and capacitance.

· Composition, size and structure of vessels largely determine their properties.  In general, big vessels have lower resistance and higher capacitance.  

· All vessels have endothelium.  Arteries have more elastic tissue than veins, and larger arteries/veins have more elastic tissue than smaller ones.  Medium and small arteries have the most smooth muscle, with large veins having less, large arteries less still, and medium veins even less.  Bigger vessels have more fibrous tissue, with comparable levels in arteries and veins.

· There is a much higher percentage of the blood volume within the venous circulation than the arterial side.  

· You can model the systemic CV circulation in 3 components:  The arterial and venous capacitance, the storage components of the circulation and the resistance of the circulatory system.  

· The cardiac cycle is divided into diastole (relaxation, in which the chamber fills with blood) and systole (contraction, in which blood is ejected).  As the left ventricular pressure rises, the mitral valve quickly closes (PLV > PLA), but only when LV pressure gets above ~80 mmHg (PLV > Paorta) does the aortic valve open.  Then as it falls, the aortic valve closes at about 80 mmHg, and the mitral valve doesn’t open until the pressure is much lower.

· Cardiac Output = (Stroke Volume) x (Heart Rate).  A normal value for CO is 5 L/min. 
· Stroke Volume = (End diastolic volume) – (End systolic volume).  It is an indicator of LV strength, and a major determinant of aortic pressure.  
· Ejection Fraction = (Stroke Volume) / (End Diastolic Volume).  Normally it is between 50-60%, but in severe heart failure may be as low as 10-30%.  

· The muscular walls of the heart can change its compliance.  When relaxed in diastole, the heart is very compliant.  In systole, the heart is much less compliant.  This leads to changes in heart capacitance over time.  

Lecture 2:  Cellular Physiology of the Heart

· Voltage signals trigger a Ca transient that activates the contractile machinery and coordinates the beating of the heart.  
· Cell membranes and their ion channels can be modeled as a circuit with a capacitor (membrane), battery for each ion (electrochemical gradient), and an adjustable resistor for each ion (channels).  

· Ix = NchanPog(V-Vx).  I = current of ion x for a cell.  N = # channels for ion x.  P = open probability of a channel.  g = conductance of a single channel.  V = transmembrane voltage.  Vx = Nernst potential for ion x.  

· g(V-Vx) represent permeation of a channel, or how well ions get through a channel when it’s open.  Vx = (RT/F) ln [Xout]/[Xin]

· Channel gating causes changes in Po with stimuli like voltage.  Na, Ca, and delayed-rectifier K channels open more at more positive voltages.  There is also a delay associated with the response to a change in voltage.  Na channels respond quickly, whereas K and Ca channels are a little slower.

· If you substitute G = NchanPog into the equation, then Ix = G(V-Vx).  This is just like V = IR.

· In our model of the membrane as a circuit, the capacitor slows down the response to a channel’s influence on membrane voltage.  At steady state, the sum of ion channel currents must be zero.  INa + IK + ICa = 0.  Substituting G(V-Vx) for I and rearranging, you get:
V = [GNa/(GNa + GK + GCa)]VNa + [GK/(GNa + GK + GCa)]VK + [GCa/(GNa + GK + GCa)]VCa
Or rather, the voltage is the weighted average (weighted by conductance) of the Nernst potentials for the ions to which the membrane is permeable.  

· Controlling these channels allows you to control cell voltage.

· VK (-90 mV) and VCa (+130 mV) represent the upper and lower bounds of the membrane potential.  

· The fast cardiac action potential:  

· Phase 4:  The cell is hyperpolarized, due to GK dominating (inward-rectifier K channels – IK1 – open near resting potential).  

· Phase 0:  There is a rapid depolarization as fast activating Na channels open and GNa (+60 mV) dominates.  GK decreases as IK1 channels close (long, narrow channels get clogged by other + ions like Spermidine as the cell gets depolarized and + ions try to move out) and voltage gated K channels have yet to open.

· Phase 1:  There is a small repolarization as Na channels inactivate and Ito K channels open transiently and very quickly inactivate.
· Phase 2:  Both delayed rectifier Ca and K (IKr and IKs) channels are open.  You stay at a plateau between VCa and VK. 
· Phase 3:  Ca channels inactivate first, allowing K channels to dominate and depolarize the cell.  As you get back to phase 4, IK1 begin to open again.
· Slow cardiac action potential (SA and AV node cells):  It’s basically the same, except for the depolarization phase (0-1).  A low density of Na channels causes the phase 0-1 depolarization to be mainly mediated by Ca channels.  The few Na channels can’t depolarize as rapidly as in the fast AP.  The steepness of the 0-1 phase determines how fast an AP can travel between cells. 

· Atrial fib or atrial tachycardia can be treated with Ca channel blockers, because it slows the rate of depolarization.

· The SA node has self-initiating APs, independent of neural initiation.  It spreads through the atria via gap junctions.  It reaches the beginning of the conduction system (the AV node) which delays the spread and allows ventricles to fill before they contract.  The signals then spreads rapidly through the Bundle of His, and on to Purkinje fibers with very high Na channel density and conduction velocity.  From these fibers, they spread via gap junctions to ventricular cells.  This provides synchronized electrical conduction and ventricular contraction.  

· Activation spreads from endocardium to epicardium in the ventricles, with the right ventricle finishing a little earlier than the left due to reduced thickness.

· The SA node is at the junction of the SVC and the right atrium.  Cells there are slow AP cells, except they have If channels that let in an inward current.
· APs become shorter as the heart rate increases.  This may be due to the fact that IKs, the slow delay-rectifier K channels, take a long time to deactivate.  So at faster heart rates, these may not close completely before the next AP and lead to shorter phase 2 (plateau) and a shorter duration between APs.  
· Vagal stimulation slows the heart rate:  ACh → GPCR (muscarinic) → activate inward rectifying (GIRK) K channels → hyperpolarize and slow SA node pacemaker.  These channels also slow the upstroke of the AV node AP by increasing K’s hyperpolarization relative to Ca’s depolarization.  This slows conduction velocity and nodal delay.  Strong enough GIRK have make the AV node refractory and lead to complete heart block.

· Sympathetic stimulation leads to stronger contractility and faster heart rate.  β adrenergic receptors → cAMP → PKA → phosphorylate L-type Ca channels (more Ca and more contractility) and If channels in the SA node for faster depolarization and pacemaker rate.
Lecture 3:  Cardiac Muscle and Cellular Physiology

· The outer membrane is the sarcolemma, and T-tubules are invaginations that help transmit extracellular signals throughout the cell.  Cardiac muscle cells also have myofibrils, which are linear arrays of sarcomeres.  The SR stores and releases calcium.  Myocytes have many mitochondria to fuel contraction.  
· Z-bands mark the ends of each sarcomere.  They contain α-actinin to help link the z-disk to thin filaments.  Titin is also present here; it is one of the largest known molecules and provides a restoring force that regulates sarcomere length.  Integrins link it to the sarcomlemma and transducer mechanical forces.  

· The A band is the region where thick filaments (myosin) are present in the middle of the sarcomere.  Here, myosin binding protein links the thick filaments to actin and titin.  The H zone is at the center of the A band, and it is where there are no myosin heads on the thick filament.  The M band is a central line of myosin binding proteins.  

· Actin filaments are surrounded by α-tropomyosin and a regulatory complex of Troponin I, C and T.  Tropomyosin binds actin and blocks myosin binding sites.  Ca binds troponin C that then causes troponin I to change conformation and induce tropomyosin to unmask the myosin binding sites. 
· Myosin molecules have 2 heads with ATP and actin binding domains.  The neck region contains myosin light chains, which regulate crossbridge formation.  Proteins like RhoKinase regulate MLCK to alter contractile responses.  The heavy chain makes up the rest of the myosin.

· Titin goes from z-disk to z-disk, linking actin and myosin along the way.  It acts like a molecular spring.  As you stretch a muscle, it gets harder and harder to stretch.  Titin contributes significantly to this, in addition to the ECM.  The N2B isoform of titin provides the springy function, whereas the N2BA form does not.  Changes in titin can contribute to myocardial stiffness in disease states.  
· Crossbridge cycle:  ATP binds myosin, and the actin and myosin subsequently detach.  The myosin ATPase hydrolyzes the ATP (rate-limiting step of the non-activating states), and a weak actin-myosin interaction forms.  Tropomyosin prevents strong interaction.  With calcium, the two filaments can bind strongly.  Release of Pi occurs with the power stroke (ADP is still bound though).  Calcium levels decline, and ADP is eventually released (the rate limiting step).  The filaments remain bound until ATP binds again.  

· Depleting ATP or building up ADP will delay relaxation and sustain contraction.  Preventing calcium re-uptake will lead to longer force generation.  

· Force-Ca dependence describes how muscle contraction strength depends upon the Ca available to interact with troponin C.  In a force vs. [Ca] graph, the relationship is sigmoidal because crossbridge formation is thought to favor further crossbridge formation (cooperativity).  

· Frank-Starling relationship:  as the muscle is stretched, there is an increase in the force generated upon contraction.  This is an important mechanism of heart reserve regulation.  It seems that stretching sensitizes the muscle to calcium by altering the calcium-troponin C interaction.  

· Excitation contraction coupling:  Depolarization opens an L-type VG Ca channel, and the inward Ca flux activates the RyR (Ryanodine receptor) on the SR that triggers release of intracellular Ca stores.  At rest, SERCA pumps sequester Ca back into the SR.  Non-phosphorylated phospholamban (PLB) inhibits SERCA, so when Ca needs to be pumped into the SR, PKA phosphorylates PLB and allows SERCA to pump.  Additionally, a 3Na/Ca exchanger (NCX) pumps Ca across the cell membrane.  Mitochondria also represent another pool of Ca in the cell, which contributes to regulating energy metabolism and oxidative stress.  

· In cardiac muscle, Ca release from the SR depends on the calcium levels from the L-type Ca channel that initiate the response (it is calcium induced).  Because of this, it is basically all or none.  In skeletal muscle, the release of Ca from the SR is voltage dependent.  So skeletal muscle can produce a more graded response to varying intensities of voltage stimulation.
· The heart needs a lot of reserve function to increase blood flow when needed.  With adrenergic (catecholamine) stimulation, heart rate and contractility increase, as well as recovery from contraction.  
· β adrenergic receptors are GPCR stimulated by epi or norepi.  They stimulate adenylyl cyclase, generate cAMP and activate PKA.  AKAP anchors PKA to various parts of the cell and facilitates its phosphorylation of L-type Ca channels (increases Ca current into cell), phospholamban on the SR surface (which, when phosphorylated, permits greater Ca uptake into the SR), RyR (enhances calcium release when phosphorylated), troponin I (desensitizes muscles to Ca so it can relax more quickly and be ready to contract again).  Caffeine causes the SR to release its Ca stores, and doing this showed the β adrenergic agonist isoproterenol to increase SR stores.

· Changes in pH, kinases, and other mechanisms can also increase heart contractility, independent of the Ca transient, by sensitizing the myofilaments to calcium.  This may be good for treating heart disease, because you don’t get a bigger Ca influx (which would require more ATP to pump it back out), but you still get more contractility.  

Lecture 4:  Development of Blood and Vasculature
· Blood and vasculature both arise from common precursor cells called hemangioblasts in the splanchnic mesoderm.  Hemangioblasts may differentiate into vessels or hematopoietic cells that later produce blood cells.  

· The earliest site of hematopoiesis and vascular development is the extra-embryonic mesoderm of the yolk sac.  They establish an early connection with the maternal environment to supply the embryo.  In the extra-embryonic mesoderm, hemangioblasts differentiate into clusters of blood cells called blood islands that are closely associated with small vessels.  

· Angioblasts (endothelial precursor cells) begin to coalesce into endothelial cords and eventually form blood vessels and the heart tube within the embryo.  Heart, vessels and hematopoietic cells all form in close proximity in the splanchnic mesoderm of the embryo.  

· Vasculogenesis is the early, de novo patterning and formation of vessels in embryogenesis.  Angiogenesis is the maturation and remodeling of early vessels, as well as the sprouting of new vessels from existing vasculature.  This occurs normally in development, but may also take place with injury or disease.  
· Notch signaling leads to arterial specification and negative regulation of vessel branching.

· Endothelial cells (angioblasts) that form veins, arteries and lymphatics have distinct identities before fluid ever begins to flow through them.  The default pathway is venous, but Notch signaling is important for arterial specification.  This was discovered in gridlock (grl) mutant zebrafish.  They lack the equivalent of Hey2, a transcription factor downstream of Notch, and these fish do not form a normal dorsal aorta.  

· Without Notch signaling, you get too much branching of vessels.  With too much, branching is suppressed.  This pathway is involved in the development of solid tumors.

· Notch is also required for definitive hematopoiesis, upstream of Runx1.  

· Blood vessels are formed first as simple endothelial tubes, and they subsequently recruit mesenchymal cells that form smooth muscle and pericytes.  This is accomplished through reciprocal signaling events.  
· Angiopoietin-1:  secreted from mesenchymal cells is required for vessel stabilization.  Its receptor is TIE-2.  TIE-2 loss-of-function mutants have defects in small vessel sprouting and brain capillary formation.  TIE-2 gain-of-function mutants get venous malformation due to endothelial overproliferation producing enlarged veins. 

· TGF-β:  secreted from endothelial cells in a latent form.  Upon reaching mesenchymal and endothelial cells, it is activated and signals mesenchymal differentiation and blood vessel stabilization.  

· PDGF:  secreted from tip cells (endothelial cells at the end of new blood vessels).  PDGF signals back to pericyte cells to proliferate and migrate along with the growing vessel.

· VEGF is vital in the formation of the vasculature.  

· It is required for the initial formation of endothelial and hematopoietic precursors.  Mutation of even 1 copy of VEGF or its receptor Flk-1 is lethal.   
· It acts upstream of Notch in the pathway required to establish arterial fate.  

· It is required for neovascularization that supports solid tumor growth.  A recombinant antibody against VEGF (Avastin) is approved for cancer treatment and is being explored for proliferative diabetic retinopathy (abnormal small vessel sprouting leading to vision loss).  

· Disorders of vascular formation and maturation:

· VEGF heterozygous loss-of-function:  lethal vascular abnormalities

· Flk-1 (VEGF receptor) loss-of-function:  lethal lack of hematopoiesis and vasculogenesis

· TIE-2 (angiopoietin-1 receptor) gain-of-function:  venous malformation (hyper-proliferation)

· TIE-2 loss-of-function:  defective capillary sprouting and formation, and reduced recruitment of associated mesenchymal cells. 

· Angiopoietin-1 loss-of-function:  same as above.

· Endoglin, Alk1 (TGF-β receptors) loss-of-function:  hereditary hemorrhagic telangiectasia

· Notch3 loss of function:  CADASIL (hereditary stroke and dementia syndrome)

· Solid tumors require neovascularization for tumor growth and maintenance.  Diabetic retinopathy involves proliferation of small vessels in the retina, leading to vision loss.

· During the mesoblastic period, the first hematopoiesis occurs in the yolk sac.  This is termed primitive hematopoiesis and produces nucleated RBCs.  Erythrocytes contain embryonic εζ Hb.
· Definitive hematopoiesis:  During the hepatic or visceral stage, the major site of hematopoiesis is the fetal liver.  Erythrocytes at this point are anucleate, and contain fetal αγ Hb.  Shortly before birth, hematopoiesis shifts to the bone marrow (myeloid stage).  Blood cells express adult αβ Hb.  Embryonic and fetal Hb have higher oxygen affinity than adult Hb.

· The source of hematopoietic stem cells (HSCs) is debated.  Except for what occurs in the yolk sac, they appear to arise in a different location from that in which hematopoiesis occurs.  The aorta-gonad-mesonephros (AGM) region and placenta may be two such sources of HSCs, and signaling through “steel factor” and its receptor c-Kit are required for migration to bone marrow.  Mutating these produces anemic mice.

· VEGF is also required for early hematopoiesis and vasculogenesis.  If cells lack the VEGF receptor Flk-1, they don’t contribute to the vasculature or blood islands of the yolk sac.  

· Leukemias result from unregulated proliferation at some stage in blood cell formation.  The genes involved play important roles in regulating hematopoiesis.  The SCL gene is required for hematopoiesis and is mutated in T-cell leukemias.  AML-1 (aka Runx1) is required for definitive hematopoiesis, but not primitive; it is mutated in acute myelogenous leukemia.  Runx1 cooperates with the Notch pathway to regulate the number of HSCs in the embryo and adult.  

Lecture 5:  Heart Contractility and Ventricular PV Loops
· As the LV contracts, the mitral valve closes and you get isovolumic contraction of the ventricle until the aortic valve opens and ejection begins.  Once the LV begins to realx, the aortic valve closes.  Just as you enter isovolumic relaxation, a reflective wave travels back through the aorta and increases aortic pressure momentarily, producing the dicrotic notch on the trace of aortic pressure.  The LV relaxes until its pressure is less than the left atrium.  Passive filling gets most atrial blood into the ventricle, followed by a period of diastasis in which nothing is happening.  The duration of diastasis is decreased as you increase the heart rate.  Finally, LA contracts contributing a little more blood to the LV before the LV begins to contract again.
· Atrial contraction shows up as a P wave on an EKG, whereas ventricular contraction shows up as a QRS wave.  

· The first sound (S1) is the mitral and tricuspid valves closing.  The second sound (S2) is the aortic and pulmonary valves closing.  S3 sound can result from the sound of passive rapid filling in a stiff adult heart.  S4 sound can result from the sound of active (atrial contraction) rapid filling when a heart can’t relax enough to let early passive movement fill the ventricles. 

· The cardiac cycle can also be depicted as a counter-clockwise rotation around a pressure vs. volume loop.  The distance between isovolumic relaxation and contraction represents the stroke volume.  The area within the loop represents the amount of the work the heart does.  The lower boundary of the curve (the diastolic pressure-volume relation) is a measure of the heart’s passive properties.  

· Elastance is ∆P/∆V, and represents the stiffness of an elastic chamber.  The heart has time-varying elastance.  During systole, the stiffness/elastance is much greater than during diastole.  By changing the LV volume (by changing venous return) of a heart and comparing the same points on the resulting pressure-volume loops, you can generate curves whose slopes represent elastance/stiffness.  The upper left corner (end-systole) is much higher elastance and has a much greater slope than the lower right corner (end-diastole).  
· Elastance and stiffness of a heart are good ways to index its contractile strength.  The slope of the end-systolic pressure-volume relationship (ESPVR) reflects contractility.  

· Myosin binding protein C can also influence elastance.  It tethers myosin and actin filaments together.  MyBP-C -/- mice have reduced elastance, reduced stroke volume, reduced stroke work, and increased heart volume (dilated, weak ventricles).  In these KOs, elastance rises quickly as the heart contracts, but stops very early.  This limits how much cardiac ejection can occur.  MyBP-C is thought to regulate the pattern of attachment and detachment of the filaments to facilitate efficient contraction.

· Pre-load refers to how much a muscle is stretched before contraction starts (ex: venous return).  As you increase pre-load (stretch), you increase the force of isometric contractility.  
· After-load is the force against which something must pump (ex: vascular impedance of arteries, a function of resistance, compliance and reflections).  You contract isometrically until the muscle reaches the predetermined force.  Upon reaching this after-load, the muscle shortens.  The bigger the after-load, the less shortening occurs.  

· With increases in pre-load, you increase end diastolic volume.  This increases the pressure developed by contraction, increases the net ejection (stroke volume – end diastolic volume increases more than end systolic volume), and produces a higher systolic pressure.  Overall on the graph, the curve increases in height and width as it shifts up and to the right.  

· Consider contractility of muscle to be its ability to develop force that is not a result of stretch.  

· If we increase arterial resistance (a big influence on vascular impedence), the end diastolic volume stays the same (lower right curve doesn’t move), but you develop a higher pressure and eject a smaller stroke volume.  The result is a taller, narrower curve with the same end diastolic volume.  

· The idea of contractility is that a more contractile heart will achieve end-systolic volume-pressure (ESVPR) values that a weaker heart cannot, regardless of the weaker heart’s pre-load, resistance, or even heart rate.  At the same pre-load, the more contractile heart will eject more and contract to a higher pressure.  

· Stiffness (elastance) can come from sources other than contractility.  One example is hypertrophic heart disease, which results in a thick, stiff ventricle.  It is thought that the responsible mutation makes crossbridges stay associated longer and with greater strength.  If pre-load is reduced much in these patients (ex: Valsalva maneuver), then there’s a drastic decrease in blood pressure.  
· The area of the PV loop is the stroke work that the heart does.  The ESPVR creates a triangle just to the left of the PV loop that represents the work that the heart has left over when the aortic valve closes (potential energy – PE).  Adding these together gives you the pressure-volume area (PVA), which is linearly related to the oxygen consumption by the heart.  Even if no external work is being done (stroke work) or potential energy (PE), oxygen is still consumed by the heart because it’s using ATP for excitation contraction coupling and for basal metabolism.  
Lecture 6:  System Integration

Lecture 7:  Vascular Smooth Muscle

· The contractile function of vascular smooth muscle regulates vascular tone.  It can contribute to things like atherosclerosis with increased proliferation, and plays a variety of other roles.  

· Case study:  30 y.o. female presents with Raynaud’s phenomenon (cold-induced low blood flow to the extremities due to vasoconstriction).  Treatment with an α2 adrenergic receptor blocker improves her situation.  How?  Alpha2 adrenergic receptors mediate the cold-induced cutaneous constriction, so blocking these would block the symptoms.
· Case study:  A 50 y.o. diabetic male is prescribed Viagra, and subsequently has an MI.  Why?  If he took nitroglycerine, this would increase NO and increase cGMP levels.  Viagra inhibits the phosphodiesterase that normally breaks down cGMP.  You get tons of cGMP by producing more and breaking down less, and you get hypotension that decreases coronary blood flow and leads to MI.
· Case study:  A 75 y.o. female has urosepsis and was admitted with septic shock with profound hypotension.  She was only responsive to high doses of norepi, and needed a low dose of vasopressin to undo the vasoconstriction from norepi.  What’s the mechanism?  Sepsis causes hypotension by releasing NO and EDHF (hyperpolarizing factor).  The EDHF hyperpolarizes VSM so that Ca channels stay closed and you get vasodilation regardless of adrenergic stimulation.  Vasopressin blocks K channels, depolarizing VSM cells and vasoconstricting them.  
· Vascular smooth muscle cells are arranged circularly or helically/longitudinally around larger vessels.  They are electrically coupled by gap junctions into a functional syncytium.  Gap junctions allow spread of NTs or mediators to couple smooth muscle cells to one another.  VSM cells have a rudimentary SR, but no transverse tubules.

· The contractile machinery is aligned along the long axis of the muscle, but they lack organized sarcomeres.  Thin filaments are organized into bundles and inserted into dense bodies, which function like z-lines and are pulled toward each other with myofilament contraction.

· Excitation-contraction coupling shows slow cross-bridge cycling.  There is slow onset and slow relaxation.  The myosin heads have reduced ATPase activity.  This allows for reduced energy requirements to sustain a smooth muscle contraction.  These muscles can maintain tone indefinitely.  VSM cells show very high force generation with prolonged attachment time of actin and myosin filaments.  And, they can shorten more than skeletal muscle (over 67%).  

· VSM contractions are slow onset, and slow off (sustained for a long period).  
· The primary event that leads to induction of the crossbridge cycle in VSM is myosin light chain phosphorylation.  Adrenergic receptors are GPCRs, which are coupled to PLC.  This produces IP3, releases intracellular Ca, and Ca-Calmodulin activates MLCK, which phosphorylates myosin and facilitates its interaction with actin.  Excitation occurs by NT, as opposed to the electrical excitation more typical of skeletal muscle.

· The stimuli for VSM may be electrical, but the primary stimuli are hormones or NTs (pharmacological molecules).

· Vascular tone results from the summation of cellular responses to several stimuli:  myogenic response, NTs, hormones, and factors released from the endothelium.  

· Sympathetic nerves synapse on VSM.  The VSM is also lined with endothelium, that sees shear stress and flow, that releases factors that modulate vascular tone.  Sympathetic nerves primarily mediate vasoconstriction by norepi.  Endothelium releases several different vasoconstrictors. 
· Parasympathetic nerves synapse on VSM, and release ACh and VIP for vasodilation.  Endothelium releases NO, among other molecules, which also contributes to vasodilation.  

· The myogenic response is the vasoconstriction of a blood vessel in response to increased pressure.  This is an important mechanism of regulating flow through vessels.  This pressure-flow autoregulation allows you to keep a relatively constant blood flow over a range of arterial pressures.  In response to increases in pressure, you vasoconstrict to keep flow constant.

· A passive vessel should dilate with increased pressure, but as long as Ca is present increased pressure and flow lead to vasoconstriction.  If you eliminate Ca or muscle contraction, it acts passively.  
· Normally between bp of 50-150, you can keep a relatively constant flow rate.  Below the autoregulatory threshold, you can no longer compensate and you get very little flow.  Likewise, above this range is the autoregulatory breakthrough zone in which flow begins to increase with increased pressure.  

· Two mechanisms underlie myogenic tone:  The primary mechanism is release of intracellular Ca as vessels are pressurized, but contributions also come from the release of reactive oxygen species and their effects on actin polymerization as vessels are pressurized.  There is a calcium/calmodulin dependent pathway that causes vasoconstriction, and a release of reactive oxygen species alters actin polymerization to induce vasoconstriction as well.  

· Sympathetic nervous system mediates vasoconstriction:  α1 (junctional or extra-junctional) and α2 adrenergic receptor subtypes (thermosensitive for cold-induced trafficking and vasocontriction) modulate vascular tone.  α1B adrenergic receptors at the synaptic junctions with the nervous system respond to epi/norepi released from neurons.  α1A adrenergic receptors are extra-junctinoal and respond to circulating epi/norepi. 

· α1 adrenergic receptor:  agonist binds the GPCR → PLC → IP3, DAG/PKC → Calcium release and vasoconstriction.
· Cold modulation of α2 vasoconstriction:  smooth muscle cells express α2C adrenergic receptors when exposed to cold.  These receptors are thought to mediate the cold-induced vasoconstriction of Raynaud’s phenomenon.  People w/ that condition have a more pronounced α2C response to cold stimuli.  

· Ca important for inducing vasoconstriction.  But other mechanisms must be involved, because you can inhibit vasoconstriction by blocking other Ca-independent pathways.  Ca sensitivity of a blood vessel is mediated by Rho-kinase.  Rho-kinase phosphorylates and inhibits myosin light chain phosphatase.  Inactivating the phosphatase allows for greater MLCK activity and further phosphorylation of myosin and greater interactions between actin and myosin.  (Rho-kinase inhibits the inhibitor – or activates – myosin phosphorylation).  So,  without changing [Ca], you can change the contractility by altering the Ca sensitivity (via Rho-kinase).
· The endothelium is important for releasing factors that act on the underlying VSM.  NO and endothelial derived hyperpolarizing factors (EDHF) are two of the most important.  

· In response to ACh, NO is produced from Arginine in the endothelium, and gets released to diffuse to VSM.  There, it activates guanylyl cyclase and increases cGMP to relax the smooth muscle.  cGMP activates cGMP dependent protein kinase, which increases??? Ca release from the SR, increases K channel permeability, etc. to induce vasorelaxation.
· Electrical stimuli can be important for modulating vascular tone as well.  The Ca channels in the vascular smooth muscle membrane are voltage gated.  A hyperpolarization will close the Ca channels and lead to vasodilation.  A depolarization will open Ca channels and lead to vasoconstriction.  Vasopressin closes K channels to depolarize and contract smooth muscles and vasoconstrict.  

