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Normal Conduction System XE  "Conduction System"  of the Heart

James R. Bowers

Knowledge of the excitability characteristics of cardiac cells is essential in understanding artificial pacemakers. The purpose of this chapter is to realize the origin of cardiac cell electrical activity and how it corresponds to heartbeat rhythm. This involves examining impulse formation and conduction of activity to various parts of the heart. The chapter concludes with a discussion on the origin of the electrocardiogram. A survey of pertinent physiologic and anatomical material is presented, however, textbooks covering anatomy, physiology, electrophysiology, and cardiology are suggested for further study. 

1.1  Ionic basis of the resting potential XE  "resting potential" 
The electrical potential difference between the inside and outside of a cardiac cell membrane depends on the ionic concentration gradients across the cell membrane and the relative permeability of the membrane to the ions present. This steady electrical potential across the membrane (resting potential) can be explained using simple concepts from physical chemistry.


Figure 1.1 shows a simple model cell. The only permeable ion in this cell is potassium. The ion concentration difference is similar to that of an ordinary cardiac cell. Other ions such as sodium and calcium are present in real cardiac cells but will be ignored for the moment. Since the concentration inside the cell is much higher than outside the cell, what prevents the potassium ions from leaving the cell?
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Figure 1.1  The model cell membrane is only permeable to potassium ions. The concentration gradient tends to drive potassium out of the cell (shaded arrow) and the potential difference drives potassium into the cell. At equilibrium the two forces are balanced and no net potassium flows. The potassium concentration is expressed in millimoles (mM).


The answer is that the ions are not capable of leaving the cell due to the development of a charge separation across the membrane. The charge separation creates a membrane potential, which hinders further diffusion. As the ions leave the cell, positive charges accumulate on the outer surface of the membrane and an excess of negative charge remains on the inner surface. When the membrane potential becomes sufficiently large, further net movement out of the cell is stopped. The concentration gradient equals the electrical gradient at this point and electrochemical equilibrium has been established. Ions still pass back and forth across the membrane, however, there is no net movement of potassium.


The question then arises as to how large the potential must be to cancel the chemical gradient. The potential necessary to achieve electrochemical equilibrium XE  "electrochemical equilibrium"  is defined as the potassium equilibrium potential. The potential depends on the difference between the logarithms of the extracellular concentration [Ko+] and intracellular concentration [Ki+]:
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(1.1)

This is the Nernst equation XE  "Nernst equation"  for potassium where R is the thermodynamic gas constant, T the absolute temperature, z the valence of the ion (in this case +1), and F the Faraday constant. At mammalian body temperature (37˚C) the expression RT/zF is approximately 27 mV. Figure 1.2 shows typical ion equilibrium potentials for cardiac muscle cells. The resting potential of cardiac muscle cells is about –90 mV. 


Note that the electrostatic and electrochemical forces tend to pull sodium ions into the cell. The actual inward flux is small, however, since the sodium permeability is very small at the resting potential. This is also true for calcium. Given normal potassium concentrations found in cardiac cells, Eq. (1.1) gives a good approximation of the resting potential. This indicates that the resting cardiac cell is mostly permeable to potassium. The resting potential can be measured experimentally by using a glass microelectrode with a tip diameter of 0.1 m to puncture the membrane of the cell without greatly damaging it. The membrane then seals around the glass electrode and a voltage measurement can be made relative to the external medium.

	Ion
	Extracellular concentration

(mM)
	Intracellular concentration

(mM)
	Equilibrium potential 

(mV)

	Na+
	145
	10
	72

	K+
	4
	135
	–95

	Ca++
	2
	10–4
	134


Figure 1.2  Table indicating typical ion concentrations XE  "ion concentrations"  and resting potential for typical cardiac muscle cells. The intracellular concentrations are estimates of the free concentrations in the cytoplasm. (Modified from Ten Eick, R. E., Baumgarten, C. M., and Singer, D. H.: Prog. Cardiovasc. Dis. 24: 157, 1981).


In a real cell it is necessary to consider the contributions of other permanent ions. By assuming steady state conditions, that is, the sum of ionic fluxes are zero, the following constant field equation is derived:




 EMBED Word.Picture.8  


(1.2)


Equation (1.2) differs from the Nernst equation in that it includes the ionic permeabilities in addition to concentrations. It is known as the constant field equation because it is derived assuming that the electric field within the membrane is fixed. Equation 1.2 is also known as the Goldman–Hodgkin–Katz (GHK) equation XE  "Goldman–Hodgkin–Katz (GHK) equation"  after its developers. Em represents the membrane potential and Px is the permeability coefficient for ion x. The larger the permeability, the greater its contribution toward the membrane potential. In cardiac cells, changes in membrane potential are mainly due to potassium, sodium and calcium. Chloride ions have little effect on the resting potential or action potential and will no longer be considered.


We can also use an electrical model to represent multiple ionic contributions to the membrane potential. Figure 1.3 shows the electrical equivalent for potassium, sodium and calcium where the battery potential is calculated from the Nernst equation and the conductance represents membrane permeability. Cm represents the membrane capacitance that stores the transmembrane potential difference. Simple circuit analysis reveals that for a given ion the ionic current is:
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(1.3)
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Figure 1.3  Electrical equivalent of a cardiac cell membrane. The equilibrium voltages predicted by the Nernst equation are shown as batteries. The conductances gNa, gK and gCa model the membrane permeability XE  "membrane permeability"  for the respective ions. The membrane capacitance is Cm. An increase in an ions conductance (lower resistance) will drive Vm toward that ion's equilibrium potential.


If the transmembrane conductance to a particular ion is increased, the total transmembrane electrical potential difference will move toward the battery potential of that ion. For example, if gNa were suddenly increased, the membrane potential Vm would move toward ENa (+70 mV). This is what occurs during an action potential when gNa transiently increases. The ionic mechanism of the action potential is discussed in section 1.3.


The relative concentrations inside and outside the cell are maintained by active transport of ions across the membrane. The active transport process transports three sodium ions out of the cell and two potassium ions in for each molecule of ATP (adenosine triphosphate) hydrolyzed. The active transport mechanism of ions to create the chemical gradient is known as the sodium–potassium pump and restores the sodium gradient at the expense of the sodium–potassium ATPase enzyme.

1.2  Membrane channels XE  "Membrane channels"  and cardiac cells

Ionic currents across cell membranes move through hydrophilic pores called channels. Such channels may have relatively little ion selectivity or may be selective for a single ion such as sodium. Ion channels fluctuate between open and closed states. The channels are usually closed during the resting state except for the channels responsible for the resting potential. The channels in cardiac tissue are mainly controlled by the membrane potential but can be affected by other stimuli. The cardiac tissue consists of a network of fibers, which are connected to each other by intercalated disks. The brief transient flow of ions through membrane channels is responsible for the electrical signals generated in the heart.


Cell membranes consist of a lipid bilayer and embedded proteins. Figure 1.4 shows the lipid molecules are arranged in a bilayer approximately 6 nm thick, with the hydrophilic heads facing outward and their hydrophobic tails extending to the middle of the layer. Embedded in this lipid bilayer are protein molecules. Some of these proteins span the bilayer and make contact with both the extracellular fluid and the cell's interior.
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Figure 1.4  Cell membrane composed of fatty bilayer embedded with proteins. Some proteins that exist through the membrane form ion channels XE  "ion channels" .


Figure 1.5 shows the basic structure of a channel protein. The protein forms a pore through which ions can move. A region of the pore acts as a selectivity filter, regulating ion permeation according to size and molecular structure. The channel gate allows or prevents ions from crossing the membrane. The open or closed state of the gate depends on the magnitude of the voltage across the membrane. This control mechanism is known as voltage-activation.
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Figure 1.5  Ion channels allow particular ions to pass through the cell membrane. The model consists of a selectivity filter (S) and a gate (G). The filter restricts ions according to size and charge. The gate allows ions to pass through the membrane and can be regulated by membrane voltage.


Efficient operation of the heart depends on the ability of fibers to work synchronously. Figure 1.6 shows the connection of individual uninucleate cells to form a branched network of muscle fibers. The connection is formed at the cell ends by intercalated disks XE  "intercalated disks" . These disks consist of accumulations of dense material on the insides of the two cell membranes to fix the cells together and allow the filaments of the contractile apparatus in one cell to pull on those of the next cell in the line. The flow of electrical signal from one cell to another is facilitated by the presence of gap junctions between the cells. The junctions allow a low-resistance path for the current to flow and resemble the membrane pores discussed earlier. More gap junctions XE  "gap junctions"  are present where the fibers are in contact longitudinally than side to side. Electrical conduction therefore proceeds faster parallel to the long axes of the fibers than in the direction perpendicular to the fibers. The fiber is striated in appearance due to bands of thick myosin and thin actin filaments aligned transverse to the long direction.
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Figure 1.6  Structure of vertebrate heart cells. The intercalated disks connect cardiac cells. Gap junctions are present between the cells and provide a low resistance connection so that excitation can spread easily from cell to cell.

1.3  Cardiac action potentials XE  "action potentials" 
Cardiac cells are capable of altering their membrane potential to develop a brief, regenerative, all-or-nothing electrical potential that propagates along the muscle fiber when adequately stimulated. This is known as an action potential. An adequate stimulus is one that brings the membrane voltage to its threshold value. The size and shape of the action potential remain the same as it propagates down a muscle fiber. A stimulus either fails to elicit an action potential or it produces a full size action potential. That is why the action potential is termed an all-or-nothing response. Discussion of the ionic basis of action potentials demands use of the terms polarization, depolarization, and hyperpolarization. At rest, because of the resting potential, the cell is said to be polarized. A change in the membrane voltage from –90 mV to –70 mV is a depolarization since it is a decrease in the potential difference. A change in membrane potential from –90 mV to –100 mV is hyperpolarization.


Two different types of responses are found in cardiac cells. One type, the fast response, occurs in the normal myocardial fibers in the atria and ventricles and in the specialized conducting fibers in these chambers. The left side of Figure 1.7 shows a typical fast response. The other type of action potential is known as the slow response. This type is found in the sinoatrial (SA) node, the atrioventricular (AV) node, and the specialized tissue that conducts impulses from the atria to ventricles. Fast responses can be converted to slow responses in regions of the heart that have been damaged.
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Figure 1.7  Two different types of action potentials are found in cardiac muscle fibers. The fast action potential has a more negative membrane potential and much sharper upstroke than the slow action potential.


Figure 1.7 shows that the resting potential is more negative in the fast response cells and the upstroke is significantly steeper. Also, the amplitude and the overshoot is greater in the fast response. Furthermore, the amplitude of the action potential and the slope of the upstroke are important factors determining conduction velocity down a muscle fiber. Therefore, the conduction velocity in tissue characterized by the slow response is slower than in tissue exhibiting fast response action potentials. This is important since slow velocity often leads to conduction block.


Similar to the ionic basis of the resting potential, there is an ionic basis to the action potential. Figure 1.8 shows a typical fast response action potential. The rapid upstroke of the action potential is designated phase 0. Immediately after the upstroke, there is a brief period of partial repolarization (phase I), followed by a plateau region (phase II). The potential then becomes more negative (phase III) until the resting state is attained. The interval from the completion of repolarization until the beginning of the next action potential is phase IV.
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Figure 1.8  The shape of the fast action potential can be explained in terms of sodium, calcium and potassium conductance changes. The conductance axis shows relative magnitude and direction of the individual ion flow. The sharp upstroke of the action potential is due to the steep influx of sodium, the plateau is due to steady calcium influx and the repolarization is due to the outflow of potassium.


The upstroke  results from the rapid flow of sodium ions inward. This is due to both the electrical and chemical gradients tending to force sodium ions into the cell. The sodium channels are voltage activated and allow more sodium ions to flow in as the membrane potential becomes less negative. Therefore, the effect on sodium conductance is regenerative. A small depolarization XE  "depolarization"  increases the number of open sodium channels, resulting in more depolarization, which again increases the number of open sodium channels. An electrical analogy to this type of behavior is positive feedback and explains the sharp upstroke. This process is responsible for the large and abrupt increase in sodium conductance XE  "sodium conductance"  shown in Figure 1.8. Once the influx of sodium comes to an abrupt halt, the outward diffusion of potassium and inward diffusion of calcium becomes predominant. During phase II the calcium and potassium currents approximately cancel each other. Slowly, the calcium current diminishes and the repolarizing potassium current dominates. This brings the membrane voltage back to its resting value. The slow response involves slow calcium or sodium/calcium channels so that the slope of the upstroke is greatly diminished.


Once the fast response has been initiated, the cell is no longer excitable until some time in the middle of the final repolarization stage. This period is known as the absolute refractory period. The interval between the beginning of the action potential and when another action potential can be fired is known as the effective refractory period. During the relative refractory period action potentials can be evoked but are smaller in magnitude. Also, during the relative refractory period it takes a stronger stimulus than normal to evoke the action potential. Figure 1.9 shows the refractory periods and change in amplitude for action potentials initiated during the effective and relative refractory period XE  "refractory period" .
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Figure 1.9  The absolute refractory period (ARP) lasts throughout the plateau phase of the action potential. A strong stimulus in the relative refractory period (RRP) causes a reduced action potential and no action potential is possible during the effective refractory period (ERP).


The effective refractory period of the slow response frequently extends beyond the final repolarization (phase III). Even after the membrane voltage has returned to the resting level it may not be possible to evoke an action potential. During the relative refractory period the excitability progressively improves despite the constant membrane voltage. The full recovery is much slower and may involve a few seconds compared to tenths of a second for recovery of the fast response. Impulses arriving at a slow response fiber early in its relative refractory period are conducted much more slowly than those arriving late in that period. The lengthy refractory period in slow fibers accounts for the increased susceptibility to conduction blocks.


Figure 1.10 shows the propagation of an action potential XE  "propagation of an action potential"  down a muscle fiber. As each region of the membrane generates an all-or-nothing action potential, it depolarizes and excites the adjacent nonactive region and gives rise to a propagated regenerative impulse. It is the spread of electrical current that depolarizes adjacent regions of membrane. Once initiated, the action potential in a cell cannot double-back on itself and reverse the direction of propagation. This is because the region behind the wavefront is in a refractory period. The sodium conductance is still inactivated and the potassium conductance is high so that backward conducting regenerative response cannot occur.
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Figure 1.10  The conduction of an action potential down a cardiac fiber is shown as a section of depolarization (sodium in) followed by repolarization (potassium out). The local current flow discharges the resting membrane while the previous section of membrane charges back to the resting potential. The velocity of the action potential then depends on how fast the membrane is discharged and recharged through the membrane capacitance.


The conduction velocity XE  "conduction velocity"  depends on the rate at which the membrane capacitance ahead of the wavefront can discharge by the spread of positive charge. The rate of discharge depends on the amount of positive charge flowing and the properties of the fiber, that is, the membrane capacitance and the internal resistance of the fiber. If the resistance is low, larger currents flow and the membrane discharges faster. The low internal resistance of large diameter fibers causes them to conduct action potentials faster than small fibers. Fast type action potentials propagate faster because the amplitude is much greater than the slow type. The larger voltage amplitude causes more local current to flow and the membrane discharges more quickly.

1.4  Electrical excitation and muscle contraction XE  "muscle contraction" 
The connection between cardiac action potentials and muscle contraction depends on internal calcium concentrations activating filaments within the cell. During the plateau region of the action potential calcium is flowing into the cell. This causes internal stores of calcium to be released into the cell cytoplasm. The concentration of internal calcium increases fifty times its normal resting level. This increase in calcium concentration results in myosin heads attaching to the thin actin filaments at a particular angle. This cross-bridge undergoes a structural change where the heads tilt from 90˚ to 45˚, drawing the thin filament along with them. This produces an overall shortening of the muscle fiber. Active ion pumps then move the calcium out of the intracellular space and the muscle relaxes. Both contraction and relaxation phases require ATP hydrolysis. Figure 1.11 shows this actin and myosin contraction mechanism.
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Figure 1.11  Myosin heads XE  "Myosin heads"  bond to the actin filament XE  "actin filament"  and the heads tilt from 90˚ to 45˚, drawing the thin actin filament along. This results in a muscular contraction.

1.5  Anatomy and function of the heart

The heart consists of two pumps in series, one to propel blood through the lungs for exchange of oxygen and carbon dioxide (pulmonary circulation) and the other to propel blood to all other tissues of the body (systemic circulation). Figure 1.12 shows the basic structure of the heart and the direction of blood flow. The ventricles provide the pumping of the blood and the contractile phase is called systole. The resting phase of the heart is called diastole. The atria function as filling and holding chambers while the ventricles contract and also prime the ventricles.


The pericardium XE  "pericardium"  is a sac that encloses the entire heart and the cardiac portion of the blood vessels. This sac contains a small amount of fluid which provides lubrication for continuous movement of the heart. The material of the pericardium is mechanically stiff so that it prevents large and rapid increases in cardiac size. This helps to prevent overdistension of the chambers.


The cardiac valves consist of thin flaps of flexible, tough fibrous tissue. Movement of the valve flaps is essentially passive, and the orientation of the valves is responsible for the unidirectional flow of blood in the heart. The tricuspid valve is composed of three cusps and lies between the right atrium and right ventricle. The mitral valve has two cusps and separates the left atrium and left ventricle. Strong filaments (chordae tendineae XE  "chordae tendineae" ) are attached to the free ends of the valves and prevent the valves from opening when the ventricles contract. The pulmonary valve and aortic valve are semilunar valves and consist of three cup-like cusps attached to the valve rings. These valves provide unidirectional flow out of the ventricles. Reversal of blood flow toward the ventricles causes the cusps to snap together, preventing flow into the ventricles.


The cardiac musculature consists of two types of muscle cells: (1) cells that initiate and conduct impulses, and (2) cells that besides conducting, respond to stimuli by contracting. The latter constitute the working musculature of the heart or the myocardium. The myocardium of the ventricles is a functional syncytium, that is, the cells are not electrically insulated or mechanically separated from one another. A stimulus arising at any point in the ventricle spreads to cause complete contraction of both ventricular chambers. The same applies to the atria. The atria and ventricles are not connected except for the AV node.
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Figure 1.12  Schematic showing the direction of blood flow XE  "blood flow"  through the heart.


The electrical basis of the heart provides rhythmicity to cause the mechanical functioning of the heart. Figure 1.13 shows this electrical part of the heart, which is known as the specialized conducting system. The conduction system makes up only a small part of the total mass. Therefore, the myocardial cells of the atria and ventricles provide a larger electrical signal than the whole of the specialized conduction tissue. Each specialized conducting tissue is examined in the following section.

1.6  Sequence of excitation

Excitation of the heart normally proceeds from the sinoatrial (SA) node XE  "sinoatrial (SA) node"  which is the physiological pacemaker of the heart. From the SA node, excitation spreads through both atria to the atrioventricular (AV) node XE  "atrioventricular (AV) node" , whence, via the bundle of His and its two branches, it reaches the Purkinje network XE  "Purkinje network" , which carries the impulse to the ventricular muscle. Activation of the ventricular muscle takes place from endocardium (inside of heart) to epicardium (outside of the heart) and from the apex of the ventricles to the base.
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Figure 1.13  Specialized conduction system and representative electric activity from various regions of the heart. A typical ECG signal is shown at the bottom. (© Copyright 1969 CIBA Pharmaceutical Company, Division of CIBA–GEIGY Corp. Reproduced, with permission, from The Ciba Collection of Medical Illustrations, by Frank H. Netter, M.D. All rights reserved.)


The properties of automaticity XE  "automaticity"  (ability to initiate its own beat) and rhythmicity (regularity of beats) are intrinsic to the heart. If the heart is removed from the body and artificially perfused, the rhythmic contraction will continue for a considerable period of time. The SA node has the fastest rate of spontaneous depolarization of about 70 beats per minute at rest. The AV node has the next highest order of rhythmicity at a frequency of 40–60 beats per minute. Finally, the Purkinje fibers of the ventricle can operate as the physiologic pacemaker at a frequency of only 25–40 beats per minute.


The SA node is typically 15 mm long, 5 mm wide, and 2 mm thick. Figure 1.13 shows the anatomical position and Figure 1.14 shows a typical action potential. The automaticity is due to the slow depolarization during phase IV until the threshold potential is reached. The depolarization arises from a slow inward leak of sodium and calcium. This causes another action potential to fire. The heart rate is inversely proportional to the period between SA node action potentials. Figure 1.14 shows the SA pacemaker potential and indicates the three following potential sites of influence on the heart rate:

1. 
If the threshold potential is made less negative, heart rate decreases because it takes more time to reach the threshold potential.

2. 
If the slope of the diastolic depolarization decreases, the heart rate decreases.

3. 
If the maximal diastolic potential (MDP) is made more negative, the heart rate decreases.


The cardiac action potential proceeds along the internodal pathways in the atrium and ultimately reaches the AV node. This node is 22 mm long, 10 mm wide and 3 mm thick. The response of AV nodal tissue is of the slow type. This allows atrial contraction to complete and permits optimal filling of the ventricles. Also, the refractory period of the AV node extends well beyond the period of complete repolarization. Conduction then continues through the bundle of His and passes down the septum approximately 12 mm and then divides into the right and left bundle branches. The action potentials are of the fast type and serve to pass signal from the atria to the ventricles. These branches ultimately split into the Purkinje system. The conduction velocity XE  "conduction velocity"  of the action potential over the Purkinje fiber system is the fastest of any tissue within the heart at approximately 1–4 m/s. This permits rapid activation of the endocardial surface of the ventricles. The wave of excitation then spreads from endocardium to epicardium (outside of heart).
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Figure 1.14  Changes in pacemaker potential influence heart rate.

1.7  Production of the electrocardiogram XE  "electrocardiogram" 
Electrical activity of the heart is due to autorhythmicity of the SA node which leads to contraction of the entire cardiac muscle. The action potentials of all of the heart cells can then be measured externally. This is referred to as an electrocardiogram or ECG.


The bottom of Figure 1.13 shows a typical scalar electrocardiogram. The important features of the waveform are labeled PQRS and T. Figure 1.13 shows the action potentials of specific cardiac cells and where in time they are initiated. The P wave results from a summation of atrial muscle action potentials. The delay from the SA node to the AV node is represented by the P–R interval and is known as the atrioventricular conduction time. Conduction then occurs through the bundle of His to the myocardial fibers of the ventricles. Ventricular depolarization appears as the QRS complex XE  "QRS complex" . Repolarization of the ventricles is seen as the T wave. Some ECG waveforms show an additional wave after the T wave. This is called the U wave and its origin is attributed to slow repolarization of ventricular papillary muscles.
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1.9  Instructional objectives

1.1
Determine the extracellular concentration of sodium in a cell given a cell potential of +70 mV, intracellular sodium concentration of 10 mM and all other ionic permeabilities are zero.

1.2
Describe the function of the filter and the gate in an ion channel.

1.3
Explain how the action potential is able to propagate down a muscle fiber unattenuated.

1.4
Describe the characteristics of fast and slow myocardial fibers.

1.5
Describe why normal conduction velocity varies in myocardial fibers.

1.6
Sketch the anatomy of the heart and indicate direction of blood flow through all valves.

1.7
Sketch and label the cardiac conduction system and indicate the spontaneous frequency of each structure.

1.8
Explain how changes in the sinus node pacemaker potentials can change the heart rate.

1.9
Give the sequence of electrical excitation through the conduction system.

1.10
Draw a typical ECG waveform and label all waves (P, QRS, T) and intervals. Explain what is happening electrically within the heart during each wave or interval.
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