
10/11/2016

1

Matthias Majetschak
Departments of Surgery and 

Molecular Pharmacology & Therapeutics

Pharmacology & Therapeutics
Anti-Arrhythmic Agents I & II

Outline:

- Review of cardiac conduction system/action potential
- Review of pathophysiology of cardiac arrhythmias

- Basic pharmacology of anti-arrhythmic agents
- Classification of anti-arrhythmic agents
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Cardiac conduction system
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Cardiac conduction system and action potential

Action potential phases
0: Upstroke
1: Early-fast repolarization
2: Plateau
3: Repolarization
4: Diastole

Action potential phases
0: Upstroke
1: Early-fast repolarization
2: Plateau
3: Repolarization
4: Diastole

Ionic basis of cardiac action potential
atrial/ventricular cardiomyocyte

Phase 0

1
2

3

4

Membrane potential 
in resting state (phase 4) : 

ion channels permeable 
for K+, but relative 
impermeable for other ions

K+ in equals K+ out

Ionic basis of cardiac action potential
atrial/ventricular cardiomyocyte
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Membrane potential in resting state (phase 4) : 
Ion channels permeable for K+, but relative impermeable 
for other ions

Na+ 15 mM 145 mM 70 mV 

Ca2+ 10 M 3 mM 132 mV

K+                  145 mM 5 mM - 94 mV 

intracellular               extracellular                   Em 

Ionic basis of cardiac action potential
atrial/ventricular cardiomyocytes

Initiation of action potential depends on 
Na+ current in atrial/ventricular cardiomyocytes
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Voltage dependent recovery of h gates
(channels close between -55 mV - -75 mV)

Time dependent recovery from inactivation
- rapid recovery 

Na+ channels 
inactivated 

refractory period

0 mV

-85 mV

Normally, the action potential 
duration (voltage-dependent) 
is the primary determinant of 
the refractory period
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Action potential in pacemaker cells 
(SA /AV node)

Phase 0 3

4

Action potential phases
0: Depolarization
1: % 
2: %
3: Repolarization
4: Diastole = Phase 4 depolarization, pacemaker activity 

-40 mV

-60 mV

Lack of fast Na+ channels
Refractory period determined by time

Pacemaker current (If/Ih):
mixed Na+ /K+ current; slow inward 
Na+ current 

(HCN channels: hyperpolarization-
activated cyclic nucleotide-gated 
channels)

inward Ca++ current
(T-/L-type channels)

outward K+ current

Cardiac arrhythmias 

Incidence:

5% of the population
25% of patients treated with digitalis
50% of patients under general anesthesia
80 % of patients with acute myocardial infarction

Types:

Too slow (bradycardia/bradyarrhythmia)
Too fast (tachycardia/tachyarrhythmia)
asynchronous

Symptoms
wide range from asymptomatic arrhythmia 
to severe hemodynamic consequences with 
reduced cardiac output and death  

Normal sinus rhythm

Sinus bradycardia

Sinus tachycardia

Asystole
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Heart block / III° AV block 

Premature atrial complex (PAC)

Premature ventricular complex (PVC)

Supraventricular tachycardia (SVT)

Ventricular tachycardia (VT)

Atrial fibrillation

Ventricular fibrillation

Cardiac arrhythmias 
Etiology:

Multi-factorial -
Ischemia, hypoxia, acidosis or alkalosis, electrolyte 
abnormalities, excessive catecholamine exposure, autonomic 
influences, drug toxicity, overstretching of cardiac fibers (too 
much fluid), electricity, intoxication, scare formation, anatomic 
abnormalities (accessory pathways).

Pathophysiology:

All arrhythmias result from

1. disturbed impulse formation 
2. disturbed impulse conduction 
3. combination of 1 and 2
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Cardiac arrhythmias 

– disturbed impulse formation 

1. SA node

Phase 4 depolarization =
pacemaker activity

-blockade 
vagal stimulation

normal
hypokalemia
-stimulation
acidosis

2. all cardiac cells may show pacemaker activity 

afterdepolarizations

Cardiac arrhythmias 

– disturbed impulse formation 

Early afterdepolarization (EAD)                 Delayed afterdepolarization (DAD)

from plateau from resting 
potential

Usually at slow heart rates Usually at fast heart rates

Cardiac arrhythmias 

– disturbed impulse conduction 

1. Block, such as sino-atrial exit block (SA block), AV-block

2. Reentry

normal                                                       blockunidirectional 

slow conduction
(> refractory period)
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Basic Pharmacology of Anti-Arrhythmic Agents

Anti-arrhythmic therapy:

Aimed to 
reduce ectopic pacemaker activity and/or  
modify conduction characteristics to disable re-entry circuits

Possible pharmacological mechanisms:

1. Na+ channel blockade

2. Blockade of sympathetic autonomic effects (-receptors)

3. Prolongation of the effective refractory period

4. Ca++ channel blockade 

Basic Pharmacology of Anti-Arrhythmic Agents

Four ways to reduce rate of abnormal 
pacemaker activity

1. Reduction of phase 4 slope

2. Increase of max. Em

3. Increase of threshold potential

4. Increase of action potential 
duration  

Phase 4 depolarization =
pacemaker activity

Tachy-arrhythmias and premature beats (short cycle lengths) depend on the 
ability of Na+ channels to activate, inactivate and recover from inactivation 
RAPIDLY. 

If a drug prolongs the recovery time of the Na+ channel (or Ca++ channel), 
then it may prevent re-entry, block tachycardias and prevent premature 
beats from occurring.
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Basic Pharmacology of Anti-Arrhythmic Agents

Use-dependent or state-dependent drug action
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Intracellular
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Basic Pharmacology of Anti-Arrhythmic Agents

Use-dependent or state-dependent drug action

channels that are used frequently or inactivated are more susceptible, 
e.g. during fast tachycardia (many channel activations/inactivations) 
or in ischemic or infarcted tissues (more positive resting potential)

whereas 

channels in normal cells rapidly loose the drug during resting phase 

Selective blockade of depolarized cells

However, anti-arrhythmic drugs 
DO NOT ACT SPECIFICALLY

and can also depress 
conduction in normal cells, leading to 

drug-induced arrhythmia !!!! 

depending on dosage or physiological conditions, 
such as faster heart rate, acidosis, electrolytes or 
presence of ischemia 

Basic Pharmacology of Anti-Arrhythmic Agents
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Treatment of 
asymptomatic or minimally symptomatic arrhythmias 

should be avoided !

Classification of anti-arrhythmic drugs

Anti-arrhythmic drugs are classified by their 

PREDOMINANT effect on the action potential and/or  

PREDOMINANT cellular mechanism of action. 

Many drugs have multiple effects that are related to different 
classes of drug action.  

Metabolites of drugs also may be biological active via different 
mechanisms of action.

Classification of anti-arrhythmic drugs

Vaughan Williams Classification of Anti-Arrhythmic Drug Actions:

Class I : Na+ channel blockers

Class II: -adrenoceptor blockers

Class III: Prolongation of action potential duration

Class IV: Ca++ channel blockers

Other



10/11/2016

10

Class I : Na+ channel blockers, local anesthetic action

Block fast Na+ channels (Phase 0 in non-nodal cells, fast 
response action potential) 

Actions (therapeutic actions and side-effects) depend on heart 
rate, membrane potential and drug specific blocking kinetics 

Resting channels
= low affinity
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Na+ channel blocker

slow 
dissociation rate

Tachycardia: 
increased 
Na+ channel block

Na+ channel blocker

Class I : Na+ channel blockers

Influence depolarization: Reduction of conduction velocity by reducing rate 
and magnitude of depolarization

May influence repolarization through effects on K+ channels: 
Prolongation of action potential duration (APD)

Subclasses based on kinetics of Na+ channel blockade
and effects on action potential duration (APD) 

Class I A: intermediate kinetics, APD 
Drugs: Procainamide, Quinidine, Disopyramide

Class I B: fast kinetics, APD 
Drugs: Lidocaine, Mexiletine

Class IC:  slow kinetics, APD ~
Drugs: Flecainide, Propafenone

IA

IB

IC

Class I : Na+ channel blockers

Class I A: intermediate kinetics, APD 

Procainamide

IA

Slows upstroke of AP, conduction, prolongs QRS complex
Direct depressant actions on SA and AV nodes
More effective in depolarized cells (use/state-dependent action)

Indications:

Atrial and ventricular arrhythmias

Drug of second or third choice (after lidocaine and amiodarone) 
for ventricular arrhythmias after acute myocardial infarction 
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Pharmacokinetics and dosage:

- Administered i.v., i.m., p.o.
- Metabolite N-acetylprocainamide (NAPA) has class 3 activity 
- Elimination via liver and kidney (NAPA), 
dose reduction with renal failure

- half-life: 3-4 hrs.

Adverse effects/toxicity:

Ganglion blocking properties, 
risk of hypotension
Anti-cholinergic effects
Induction of torsade de pointes arrhytmia (NAPA) !!
Long term: Lupus erythematosus syndrome (arthritis, pleuritis…)
in 30% of all patients

Procainamide

Class I : Na+ channel blockers

Class I A: intermediate kinetics, APD 

Quinidine

IA

Actions similar to procainamide

Indications: Same as procainamide

Rarely used because of cardiac and extra-cardiac 
adverse effects: 

Ganglion blocking properties, risk of hypotension 
(>> procainamide)

Anti-cholinergic effects, increases sinus rate and AV conduction, 
may require co-administration of drugs that slow AV conduction 

Induction of ventricular fibrillation and torsade de pointes !!

Cinchonism: headache, dizziness, tinnitus

Use/state-dependent drug action 
rapid kinetics at normal resting potential: No effect on conduction,
recovery from block between action potential 

selective depression of conduction in depolarized (ischemic) cells

Indications:
High degree if effectiveness in arrhythmias 
after myocardial infarction

Drug of 1st choice for treatment of ventricular tachycardia and 
fibrillation after cardioversion in the setting of  ischemia/infarction

But: prophylactic treatment not recommended (may increase mortality)

Class I : Na+ channel blockers

Class I B: fast kinetics, APD 

Lidocaine
IB
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Pharmacokinetics and dosage:

- I.v. only, extensive first-pass hepatic metabolism
- half-life 1-2 hrs, > 3-6 hrs with liver diseases

Adverse effects/toxicity:

Least cardiotoxic among Class I drugs

Large doses may induce hypotension probably through effects 
on myocardial contractility

Mostly neurologic side effects due to local anesthetic properties:
paresthesia, tremors, nausea, lightheadedness,hearing disturbances, 
slurred speech, convulsions

Lidocaine

Orally active lidocaine analogue

Actions/adverse effects similar to lidocaine

Half-life: 8-20 hrs. 

Off-label use: chronic pain (diabetic neuropathy, nerve injury)

Class I : Na+ channel blockers

Class I B: fast kinetics, APD 

Mexiletine
IB

Class I : Na+ channel blockers

Class I C: slow kinetics, APD ~

Flecainide
IC

Potent blocker of Na+ and K+ channels with slow kinetics
No anti-cholinergic effects

Indications:
Supraventricular arrhythmias in patients with otherwise normal hearts

Pharmacokinetics and dosage:
Well absorbed, half-life 20 hrs, elimination: liver and kidney

Adverse effects/toxicity:
Increases mortality in patients with ventricular tachyarrhythmias, 
myocardial infarction and ventricular ectopy 
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Class I : Na+ channel blockers

Class I C: slow kinetics, APD ~

Propafenone
IC

Potent blocker of Na+ channels with slow kinetics, may also block K+ channels
Structural similarity to propranolol with weak -blocking activity 

Indications:
Supraventricular arrhythmias in patients with otherwise normal hearts

Pharmacokinetics and dosage:
po, half-life 5-7 hrs, elimination: liver

Adverse effects/toxicity:
Probably same as flecainide (arrhythmogenic)
Sinus bradycardia/bronchospasm (-blockade)
Metallic taste and constipation

Class II : -adrenoceptor blockers

- inhibit normal sympathetic effects that act through 
-adrenoceptors

1. non-selective blockers: block β1and β2 receptors
Typical drug: Propranolol (other: Sotalol, Timolol)

2. relatively selective β1 blockers ("cardioselective“) blockers 
Typical drug: Esmolol (other: Acebutolol)

Some beta-blockers have additional mechanisms besides beta-

blockade (Sotalol, class 3 action)

Class II : -adrenoceptor blockers

Anti-arrhythmic effects are not fully understood (-blockade vs. direct 
membrane effects)

inhibit sympathetic influences on cardiac electrical activity
reduce heart rate
decrease intracellular Ca++ overload
decrease pacemaker currents (SA node automaticity)
reduce conduction velocity
decrease catecholamine induced DAD and EAD mediated arrhythmias 

Indications:

Prevention of recurrent infarction and sudden death 
after myocardial infarction 
Also used for atrial fibrillation, atrial flutter and AV nodal reentry
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Class II : -adrenoceptor blockers

Adverse effects/toxicity:

Bradycardia, reduced exercise capacity, heart failure, hypotension, AV block -
contraindicated in patients with sinus bradycardia and partial AV block

Bronchospasm, contraindicated in patients with asthma or chronic obstructive 
pulmonary disease. 

Blocking β2-adrenoceptors lowers plasma glucose and 1-blockers lower heart 
rate - thus tachycardia associated with hypoglycemia in diabetic patients may 
be masked

Class III drugs typically block K+ currents (Ikr) 
responsible for Phase 3 repolarization
Typical drugs: 
Amiodarone, Dronedarone, Sotalol

ECG: QT-prolongation

May also enhance inward current 
(Na+ channels) 

Delayed repolarization leads to
prolongation of action potential duration and prolongation of refractory period

Some drugs show “reverse” use/state-dependence: 
Least effects at fast heart rates (although desirable), 
strong effects at low heart rates (risk of Torsades des pointes)

Class III : Prolongation of action potential duration

III

Q T T

Class III : Prolongation of action potential duration

IIIAmiodarone

- Structural analogue of thyroid hormone

- Classified as Class III, but exerts multiple electro-physiological effects that  
are associated with other classes of drug actions

- Dominant effect is prolongation of action potential duration

- Blocks K+ and Na+ channels, weakly blocks Ca++ channels and inhibits -
receptors

- Prolongs refractoriness and slows conduction, suppresses abnormal 
automaticity and can slow normal sinus automaticity

- Prolongs QT interval and QRS complex 

Amiodarone                                     Thyroxine
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Indications:

Oral: 
Recurrent ventricular tachycardia or fibrillation resistant to other drugs, 
also used for atrial fibrillation (maintains sinus rhythm) 

I.v.: 1st choice drug for out-of-hospital cardiac arrest, termination of ventricular tachycardia or fibrillation 

Pharmacokinetics and dosage:

- I.v. or p.o. (oral bioavailability 30-60%)
- Hepatic metabolization
- Complex half-life, 50% of drug 3-10 days, portion up to several weeks 
- Highly lipophilic, accumulation in several organs (heart, lung, liver, cornea)

Adverse effects/toxicity:

Bradycardia and heart block in patients with SA/AV node disease
Pulmonary toxicity (pulmonary fibrosis in 1%), hepatic toxicity
Photodermatitis (skin discoloration)
Cornea microdeposits in almost all patients 
Blocks conversion of T4 to T3, source of inorganic iodine: 
Hypo- and hyperthyroidisms

Amiodarone

Class III : Prolongation of action potential duration

IIIDronedarone

- Structural analogue of amiodarone without iodine atoms
- Amiodarone like effects
- Designed to eliminate effects on thyroxine metabolism 
and to modify half-life (24 hrs).

- Recently FDA approved
- As yet, no thyroid or pulmonary toxicity noted

Indications:

atrial fibrillation/flutter

contraindicated in severe or recently decompensated symptomatic heart 
failure

Class IV : Ca++ channel blockers

block L-type Ca++ channels 
on the vascular smooth muscle, cardiac myocytes, and SA/AV nodes

Ca++ influx: 
Required for smooth muscle and cardiomyocyte contraction, 
Phase 0 depolarization and pacemaker current in SA/AV nodes

Classes:

Dihydropyridines

Nifedipine
Nitrendipine

High vascular selectivity

Used for hypertension

Phenylalkylamine

Verapamil

High cardiac selectivity

Used for angina pectoris 
and arrhythmia

Non-Dihydropyridines

Benzothiazepine

Diltiazem 

Intermediate selectivity

Used for hypertension, 
angina pectoris and
arrhythmia
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blocks activated and inactivated Ca++ channels primarily in the heart, 
exhibits use/state-dependent action

Major electrophysiological effects in slow-response tissues (with Ca++

dependent action potential) - SA/AV node

directly slows AV nodal conduction 
and increases AV node refractoriness
slows SA node automaticity

Lowers heart rate and increases PR-interval

Class IV : Ca++ channel blockers

Verapamil

P RP

Indications:

Supraventricular arrhythmias (drug of 1st choice)
Re-entry arrhythmias/tachycardias involving the AV node
Slows ventricular rate in atrial flutter/fibrillation 

Pharmacokinetics and dosage:
- oral bioavailability 20%
- extensively metabolized in the liver (dose reduction with liver dysfunction)
- Half-life: 7 hrs.

Adverse effects/toxicity:

- Vasodilation (particularly after bolus injection) and 
negative inotropic effects: Hypotension and fibrillation in patients with 
ventricular tachycardia (CONTRAINDICATION!!) or 
left ventricular dysfunction

- AV block in patients with AV nodal disease or in high doses 
(treated with atropine or -receptor stimulants) 

- Heart block in patients with -adrenoceptor blockers !!!

- Constipation, nervousness, vasodilation, peripheral edema, 

Verapamil

Diltiazem: pharmacological characteristics similar to Verapamil

Other drugs:

Adenosine
- Endogenous purine nucleoside
- Acts via purinergic receptors (GPCR), increases K+ conductance 
(hyperpolarization) and inhibits cAMP-mediated Ca++ currents 
- Primarily acts on atrial tissues (actions similar to acetylcholine only via 
different receptors)
- Slows AV node conduction and increases AV node refractoriness 
- Produces transient cardiac arrest 

Adenosine i.v.

Indications: Drug of choice for conversion of paroxysmal supraventricular 
tachycardia to sinus rhythm !!
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Adverse effects/toxicity: 

Flushing and shortness of breath, sinus bradycardia, sinus pauses, AV block, 
decrease in blood pressure

Pharmacokinetics and dosage:

Half-life of seconds, rapid i.v. bolus dose required (initially 6 mg i.v.)

Adenosine
Indications:

Drug of choice for conversion of paroxysmal supraventricular
tachycardia to sinus rhythm !!

Non-Pharmacologic Anti-Arrhythmic Therapies:

Vagal maneuvers
- carotid sinus massage, diving reflex (cold water on face), Valsalva 
maneuver.  
- slows conduction through AV node.  Acute treatment for 
paroxysmal supraventricular tachycardia (PSVT)

Radiofrequency ablation / Cryoablation
- interrupts reentrant / accessory pathway 
- used more frequently to replace anti-arrhythmic drug therapies

Electrical cardioversion
- atrial fibrillation 
- ventricular tachycardia and fibrillation

Implantable Cardioverter-Defibrillator (ICD)
- ventricular fibrillation

Which drugs should be used ?

Vaughan Williams Classification of Anti-Arrhythmic Drug Actions:

Class I : Na+ channel blockers

Class II: -adrenoceptor blockers

Class III: Prolongation of action potential duration

Class IV: Ca++ channel blockers

Other
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What do we use ?

Initial pharmacological management of arrhythmias 
- primary care physician -

Atrial fibrillation / (paroxsysmal) supraventricular tachycardia

Conversion to sinus rhythm: Adenosine / Amiodarone
Flecainide

Maintenance of sinus rhythm: Amiodarone / Dronedarone 
Flecainide / Propafenone

Ventricular rate control: Diltiazem/Verapamil
Propranolol/Esmolol

Initial pharmacological management of arrhythmias 
- primary care physician -

Ventricular tachycardia in patients without heart disease

Amiodarone
Lidocaine
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Initial pharmacological management of arrhythmias 
- primary care physician -

Common arrhythmias in patients with acute myocardial infarction

Arrhythmia Frequency Treatment

Premature ventricular complex (PVC) very common %

Ventricular tachycardia up to 60% Amiodarone
Lidocaine

Ventricular fibrillation 5% Defibrillation 
w/wo Amiodarone 
or Lidocaine

Atrial fibrillation 10-15% Diltiazem/Verapamil
Propranolol

Paroxysmal supraventricular tachycardia <10% Adenosine/Amiodarone
Verapamil/Diltiazem/
Propranolol

AV block (Iᵒ)/IIᵒ/IIIᵒ up to 15-20% Atropine, pacemaker


