
FHB 2023 – Cardiac Physiology  
Seth L. Robia, Ph.D. (CTRE 526) 
 

Regulation of Myocardial Excitation - Contraction Coupling 
 
 
Reference: Physiology (7th Ed.); Berne, Levy, Koeppen & Stanton, Chap. 16. 
 
Learning Objectives: 

As in skeletal muscle, an electrical impulse triggers muscle contraction, i.e. excitation-
contraction (e-c) coupling.  However, the cellular mechanisms responsible for e-c coupling in 
cardiac muscle differ significantly from those in skeletal muscle.  These mechanisms determine 
how cardiac muscle contraction is regulated by intrinsic and extrinsic factors. 
 
You should be able to: 
 

1. Define the function of different cellular structures (structure-function relationship) 
involved in cardiac excitation-contraction (E-C) coupling. 

 
2. Explain the cellular mechanisms responsible for cardiac e-c coupling. 

 
3. Define the structural and functional differences between cardiac and skeletal muscles. 

 
4. Explain the cellular mechanisms underlying the inotropic effects of catecholamines, 

cardiac glycosides and Ca2+ channel blocking agents. 
 

5. Define how heart rate and rhythm affects the force of cardiac contraction, i.e. force-
frequency relationship. Explain how this mechanism applies to the radial pulse during 
atrial fibrillation. 

 
6. Define the cellular mechanisms underlying the contractile response to an increase in heart 

rate, decrease in heart rate, a premature beat and the beat following a premature beat. 
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A.  Regulation of Cardiac Excitation-Contraction Coupling (E-C coupling)  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 Structure     Function 
 

1) Sarcolemma (plasma membrane) Propagation of action potentials; 
controls Ca2+ influx into the cell via 
activation of slow inward Ca2+ 
current. 

 
2) Transverse tubules (T- tubules) Transmits electrical activity to the 

cell interior. Located at Z-lines. 
 

3) Sarcoplasmic reticulum   Intracellular Ca2+ storage site. 
 

 a.  terminal cisternae  Site where Ca2+ influx triggers 
opening of Ca2+ release channels to 
initiate contraction. 

 
 b.  longitudinal cisternae  Site of Ca2+ re-uptake to initiate 

relaxation. 
 

4) Troponin C    Ca2+ receptor on contractile (actin) 
protein. 

 
NOTE:  The contractile mechanism (actin and myosin crossbridge formation) is the same in 
cardiac and skeletal muscle contraction. 
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B.  Mechanism of E-C coupling in Cardiac Muscle. 
 
1. Action potential conducts along surface membrane and down into T-tubules. 
2. Depolarization of T-tubules activates Ca2+ influx via slow inward Ca2+ current. 
3. Influx of Ca2+ binds to and opens SR Ca2+ release channels (ryanodine receptors). 
4. Ca2+ release from SR binds to troponin C to initiate cell contraction. 
5. This process is known as “Ca2+-induced Ca2+ release” (CICR). 
6. Contraction is maintained as long as cytosolic Ca2+ remains elevated. 
7. Relaxation is initiated when cytosolic Ca2+ is removed by: 
 a)  SR Ca2+ uptake (-80%) 
 b)  Ca2+ efflux out of cell via Na/Ca exchange (-18%) 
 c)  Ca2+ efflux out of cell via sarcolemmal Ca2+ pump (-2%). 
 
C.  Differences Between Cardiac and Skeletal Muscles. 
 
CARDIAC      SKELETAL 
 
1) small cells (50-100 um)    fibers can run full length of muscle. 
 
2) syncytium - electrically coupled via gap  individual muscle cells 
 junction connections 
 
3) activated by cell to cell conduction  activated by neurochemical 
 (no neuromuscular junctions) transmission (ACh) at neuro-muscular 

junctions. 
 
4) contraction dependent on Ca2+ influx   contraction NOT dependent on Ca2+ 

 (Ca2+ induced Ca2+ release) influx (voltage-sensor of Ca2+ channel) 
 
5) contraction amplitude regulated by Ca2+influx contraction amplitude regulated by 
 via slow Ca2+ current and SR Ca2+ content frequency of action potentials and central 

recruitment of muscle fibers. 
 
6) no summation or tetanus  summation & tetanus generates 

maximal tension 
 
7) primarily aerobic metabolism  significant anaerobic metabolism 
 (density of mitochondia -35%)   (density of mitochondria -2%) 
 



FHB 2023 – Cardiac Physiology  
Seth L. Robia, Ph.D. (CTRE 526) 
 
D.  Some Factors That Can Change Cardiac Muscle Contraction Through a Change in 
Cardiac Contractility, i.e. intracellular Ca2+. 
 
1) Catecholamines (norepinephrine & epinephrine). 
 a) positive inotropic agents 
 MECHANISM: 
 1) binds to beta-adrenergic receptors (primarily β1 subtype) on surface membrane 
 2) acts via Gs to activate adenylate cyclase to increase cAMP 
 3) cAMP activates cAMP-dependent protein kinase A (PKA) 
 4) PKA phosphorylates 
  a)  Ca2+ channels to increase Ca2+ influx. 
  b)  phospholamban to increase SR Ca2+ uptake (enhances relaxation). 
  c)  both mechanisms increase Ca2+-induced Ca2+ release (increase strength 

of contraction). 
 d) decreases time course of relaxation (see b).  
 
2) Cardiac glycosides (e.g. digitalis) 
 a) positive inotropic agent used in congestive heart failure. 
 MECHANISM: 
 1) inhibits Na-K pump. 
 2) increases intracellular [Na] and thereby decreases [Na] gradient. 
 3) decreases Ca2+ extrusion via Na-Ca exchanger and increases intracellular [Ca]. 
 4) increase in SR Ca2+ content leads to greater SR Ca2+ release and contraction. 
 
3) Ca2+ channel blockers (e.g. verapamil, diltiazem, nifedipine)   
 a) Clinically used as vasodilators (smooth muscle) and anti-arrhythmic agents (cardiac). 
 MECHANISM: 
 1) blocks Ca2+ influx via Ca2+ channels. 
 2) decreases in SR Ca2+ release and SR Ca2+ content which leads to less 

contraction in vascular smooth muscle (vasodilator). 
3) cardiac anti-arrhythmic effects due to inhibition of slow inward Ca2+ current which 

inhibits conduction of AV node action potential (blocks SVT). 
 4) unwanted side effect: negative inotropic effects on heart. 
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4) Force-Frequency Relationship - The beating rate and rhythm of the heart (cycle length) 

influences cardiac contraction amplitude by altering contractility.  Changes in cycle length 
alter the TIME available for intracellular Ca2+ handling, which alters contractility. 

      Clinical Example: variability of radial pulse amplitude during atrial fibrillation. 
 
 
 
Positive & Negative 
Staircase 
 
 
 
 
 
 
 
 
 
 
 
 
a)  positive staircase (also called treppe, or the Bowditch effect) - as heart rate increases the 
strength of contraction increases. 
 MECHANISM: 
 1) greater Ca2+ influx per unit time and less time for Ca2+ efflux via Na/Ca exchange. 
 2) increased SR Ca2+ content and SR Ca2+ release; larger contraction strength. 
 
b)  negative staircase - decrease in heart rate results in decrease in contraction strength. 
 MECHANISM: 
 1) less Ca2+ influx per unit time and more time for Ca2+ efflux. 
 2) less SR Ca2+ content, smaller Ca2+-induced Ca2+ release; smaller contraction strength. 
 
c)  premature beat - smaller than normal contraction. 
 MECHANISM:  
 1) less time for recovery of slow inward Ca2+ current. 
 2) less time for recovery of SR Ca2+ release channels. 
 3) less time for re-distribution of Ca2+ stores in terminal cisternae of SR. 
 4) therefore smaller Ca2+-induced Ca2+ release; smaller contraction strength. 
 
d)  post-extrasystolic potentiation (PESP) - stronger than normal contraction of the beat 

following a premature beat. 
 MECHANISM:  
 1) more time for recovery of Ca2+ current. 
 2) more time for recovery of SR Ca2+ release channels. 
 3) more time for re-distribution of Ca2+ stores into terminal cisternae of SR. 
 4) therefore larger Ca2+-induced Ca2+ release; larger contraction strength 

SLL 


