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Cardiac Resting Membrane and Action Potential 
 
 
Reference: Physiology (7th Ed.); Berne, Levy, Koeppen & Stanton, Chap. 16. Pg. 304-312 
 
Learning Objectives 
 The electrical activity of the heart is responsible for initiating cardiac contraction and the 
ejection of blood volume, i.e., cardiac output.  The electrical activity is initially generated within 
the primary pacemaker cells and then conducts to activate the myocardium.  Disturbances in 
either pacemaker activity or conduction or both in combination result in cardiac arrhythmias.  
Cardiac arrhythmias can compromise cardiac output and therefore may be life-threatening. 
 
You should be able to: 
 

1. Define the sequence of electrical activation (conduction) within the heart. 
2. Define the relationship between extracellular [K+] and the cardiac resting membrane 

potential. 
3. Explain the relationship between Na/K-ATPase function and SR calcium load. 
4. Define inward (anomalous) rectification of K+ conductance. Describe how inward 

rectifier K channels function during the cardiac action potential and in conditions of 
hypo/hyperkalemia.  

5. Identify the action potential configuration of SA node, atrial, AV node, His-Purkinje and 
ventricular muscle cells in the heart.  

6. Explain the role of gap junctions in normal and abnormal cardiac function. 
7. Compare and contrast the structure-function relationships of SA node, atrial, AV node, 

His-Purkinje, and ventricular muscle cells.  
8. Define the ionic current (channel) mechanisms responsible for fast and slow response 

action potentials. 
9. Explain how a fast response action potential can become a slow response action potential 

and how this change affects conduction characteristics of the action potential.  
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Histology of Cardiac Muscle 

 
Fig. 13.1 A, Photomicrograph of 
cardiac muscle cells (magnification, 
×210). Intercalated disks at either end 
of a muscle cell are identified in the 
lower left portion of the micrograph. 
The intercalated disk physically 
connects adjacent myocytes and, 
because of the presence of gap 
junctions, electrically couples the cells 
as well so that the muscle functions as 
an electrical and mechanical 
syncytium.  
 

 
A. Anatomy and Conduction Pathways of the Heart 
 1) working myocardium:  atrial and ventricular muscle 
 2) specialized conduction system:  SA node, internodal pathways, 
  AV node, bundle of His, bundle branches, Purkinje fibers 
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B. Components of the Electrocardiogram. 

Atrial Activation 

Ventricular Activation  

Ventricular recovery  
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C. Resting Membrane, Extracellular K+ and Action Potential 
 1. Resting membrane potential* (K+ diffusion potential) 
  a) Nernst equation - theoretical equilibrium potential. 
  b) Goldman-Katz equation - actual resting membrane potential. 
   - considers Na, K, Cl, etc. and their relative permeabilities. 
  c) Na-K pump* - 
   1)  maintains Na/K gradients across membrane. 
   2)  electrogenic - net outward current 
   3)  requires metabolic energy in the form of ATP. 
   4)  specifically inhibited by digitalis. 
  d) Na-Ca exchange* - 
   1)  exchanges 3 Na+ for 1 Ca2+ ion. - electrogenic net inward current. 
   2)  forward direction: extrudes intracellular Ca2+ to maintain low intracellular [Ca]. 
   3)  driven by the Na+ gradient across the membrane. Therefore, indirectly affected 

by alterations in Na/K pump activity. 
 
 2. Extracellular [K+] and the Cardiac Resting Membrane Potential 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Relationship between the measured resting membrane potential (Vm) and the 
extracellular [K+].  The Nernst equation predicts a linear relationship between the K+ 
equilibrium potential (EK) and the extracellular [K+].  However, the actual resting 
membrane potential (Vm) deviates from that predicted by the Nernst equation, 
especially at extracellular K+ concentrations within the normal range and lower. 
There are two reasons for the deviation: 1) small Na+ influx, 2) decrease in K+ 
permeability, i.e. anomalous rectification. 
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3. Inward (anomalous) Rectification - a decrease in K+ permeability (IK1) that occurs 

when either the electrical or chemical driving force on K+ is increased. 
  1)  decrease in extracellular [K+] (as shown in the figure above) or 
  2)  depolarization of membrane (as shown in the figure below) 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
This figure (above) shows how current flows through an inwardly rectifying K+ channel in 
response to changes in voltage.  EK represents the voltage at which the electrical and chemical 
driving forces on K+ are in equilibrium, i.e. K+ current flow is zero.  At voltages negative to EK, 
this channel allows significant inward K+ current to flow.  At voltages positive to EK (as during 
the action potential plateau) this channel does NOT allow significant outward K+ current to flow 
(note that only voltages positive to EK are within the physiological range).  Therefore, during 
the action potential plateau, K+ permeability decreases, thereby delaying repolarization. 
 
Hyperkalemia - abnormally high (>5 meq/L) extracellular (plasma) [K+]. 
   a) increases membrane K+ permeability. 
  b) decreases K+ concentration gradient across membrane. 
  c) net effect = more positive membrane potential. This does NOT mean that the 
membrane is closer to threshold (an incorrect rationale sometimes given in online forums). The 
consequence of depolarization is fewer Na channels are available, altering AP properties as 
discussed later. This can lead to arrhythmias. 
 
Hypokalemia - abnormally low (<3 meq/L) extracellular (plasma) [K+]. 
  a) decreases membrane K+ permeability (inward rectification). 
  b) increases [K+] gradient across membrane. 
  c) net effect = little to no change in membrane potential. However, hypokalemia is 
also arrhythmogenic. Decreased  K+ permeability results in a poorly controlled membrane 
potential, therefore small spurious depolarizations that would ordinarily be benign are now able 
to bring the membrane all the way up to the threshold of the AP. 
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Study Questions/Exercises 
Q: Why does the actual resting membrane potential deviate from that predicted by the 

Nernst equation? 
 
Q: Can the resting membrane potential or changes in resting potential be determined 

directly from the EKG?  (Be able to explain your answer) 
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D. Cellular Mechanisms Responsible for Cardiac Action Potentials 

1) Cardiac action potential characteristics - different cardiac tissues exhibit different 
electrical characteristics (action potentials) that determine their function and 
response to ions and drugs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2)   Ionic mechanisms of ventricular and atrial muscle action potentials (fast responses)  
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Phase 0 - Na+ channels activate (open).  Membrane potential approaches ENa. 
Phase 1 - Na+ channels inactivate (close) and K+ channels (ITO) transiently open. 
Phase 2 - Ca2+ channels activate (open) and background K+ conductance (IK1) decreases 
(inward rectification). 
Phase 3 - delayed activation of K+ channels (IK) and background IK1 conductance 
increases again (reversal of inward rectification). 
Phase 4 - background K+ conductance (IK1) high, delayed IK channels closed 
(deactivated), Ca2+ channels closed and Na+ channels recover from inactivation but 
remain closed. 
 

Study Questions/Exercises 
Q:  What is the relationship between each phase of the atrial and ventricular muscle 

action potentials and the EKG waveforms? 
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3) All Fast Responses contain Slow Responses. 
  

 

 
 

Effect of tetrodotoxin (TTX) on Purkinje fiber action potential. 
1) fast Na+ channel (phase 0) blocked by TTX. 
2) slow Ca2+ channel unaffected and now responsible for phase 0 upstroke. 
3) plateau (phase 2) unchanged. 
4) repolarization (phase 3) unchanged. 

 
TTX specifically blocks fast Na+ channels and has no effect on other channels.  Blocking fast 
Na+ channels completely blocks the fast action potential upstroke.  However, because slow Ca2+ 
channels are unaffected by TTX, Ca2+ influx via Ca2+ channels can still depolarize the 
membrane, resulting in a slow response action potential.   

 
This experiment illustrates the following points: 

1) fast response action potentials (ventricular muscle, His-Purkinje fibers) activate both 
fast Na+ and slow Ca2+ channels during the initial upstroke depolarization. 

2) If certain abnormal conditions occur, fast responses can become slow responses. 
3) Because of this dramatic change in action potential configuration, CONDUCTION IS 

SLOWED DRAMATICALLY. 
 
NOTE:  If all the fast response cells in the heart were changed to slow response action 
potentials, the heart could not conduct or contract normally, resulting in cardiac arrest.  However, 
if a small portion of the heart muscle changed from fast to slow responses because of local 
damage (infarct), conduction WITHIN THE DAMAGED REGION can slow dramatically.  This 
SLOW CONDUCTION can result in arrhythmias caused by re-entry of excitation.  
 

 
Study Questions/Exercises 

Q:  When are slow response action potentials normally activated in relation to the EKG 
waveforms? 

 
Q:   Does the EKG record the electrical activity of tissues that generate slow response 

action potentials?  (be able to explain your answer) 
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E. Summary of Slow Response and Fast Response Characteristics  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     SLOW RESPONSE   FAST RESPONSE 
 
 Tissue   SA node, AV node   atrial, His-Purkinje, 

ventricular 
 Phases   0,3,4     0,1,2,3,4 
 
 Membrane potential low (-40 to -60 mV)   high (-80 to -90mV) 
 
 Threshold  low (-40 mV)    high (-65 mV) 
 
 Upstroke  slow (5-10 V/sec)   fast (200-800 V/sec) 
 
 Duration  short (100-200 msec)   long (200-400 msec) 
 
 Conduction  slow (0.1-0.05 m/s)   fast (1-3 m/s) velocity* 
 
(These values are for reference, do not memorize quantitative values, instead understand 
qualitative differences between fast and slow response tissues) 
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Reference list of key channels 
 
Na channels: 
Fast Na channel- upstroke phase 0 in myocytes and purkinjie fibers 
IF=funny current, pacemaker current 
 
K Channels: 
ITO= transient outward 
IK=delayed rectifier 
IK1=inward rectifier 
 
Ca channels: 
T-type= pacemaker current 
L-type= voltage gated Ca channel that causes the plateau phase in myocytes and other fast 
response tissues. It causes the upstroke in phase 0 for SA node and AV node. This is also the 
“trigger Ca” that activates the RyR. Sometimes abbreviated LTCC. Sometimes we call it “the 
voltage gated Ca channel”, it sets the threshold for node cells. Also known as the “slow inward 
Ca current.” In skeletal muscle we call it the DHPR. 
 
Other channels: 
nAChR = nicotinic acetylcholine receptor, non-selective cation channel (mostly Na) at 
neuromuscular junction 
RyR = Ca channel in the sarcoplasmic reticulum membrane 
 
 


