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Phase-­‐3	
  EADs	
  underlie	
  AF	
  re-­‐ini&a&on	
  

Canine Atrium and PV sleeves 

This	
  mechanism	
  may	
  be	
  dominant	
  in	
  atrial	
  (and	
  PV)	
  myocytes,	
  in	
  agreement	
  with	
  a	
  
series	
  of	
  studies	
  suggesHng	
  that	
  Ca-­‐induced	
  triggered	
  acHvity	
  underlies	
  AF	
  re-­‐iniHaHon	
  
in	
  canine	
  atria	
  exposed	
  to	
  combined	
  sympatheHc	
  and	
  parasympatheHc	
  sHmulaHon	
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N-­‐E	
  INa	
  underlies	
  EADs	
  in	
  human	
  atria	
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  al.	
  JMCC	
  2016	
  

Simula8ons	
  



Canine 

•  Ranolazine is an open state blocker that unbinds rapidly from closed Na+ 
channels, but is trapped in the inactivated state.  

 
 

•  While ranolazine binding/unbinding kinetics is similar in atria and ventricles, 
atrial-selective peak INainhibition by ranolazine is due to: 

1.  a more negative steady-state inactivation curve,  
2.  less negative resting membrane potential,  
3.  and shorter diastolic intervals at rapid rates in atria vs. ventricles. 

 

•  Ranolazine prolongs atrial ERP  
     and slows atrial CV without  
     affecting ventricular parameters 
 

Can ranolazine prevent  
phase 3 EADs in  
human atrial myocytes? 
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  blocks	
  atrial	
  peak	
  INa	
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Drug	
  free	
  

Drug	
  bound	
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  et	
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  2009	
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Ranolazine	
  blocks	
  non-­‐equilibrium	
  INa	
  beGer	
  than	
  peak	
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Experiment - Burashnikov & Antzelevitch, 2003
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A) Example of EAD recorded with an intracellular microelectrode immediately after (first beat after pause) spontaneous 
termination of AF (top).  Acetylcholine (1 μM) is administered to a digital human atrial myocyte to allow for fast pacing 
(BCL=100 ms for 30 s) and the first beat after prolongation of the basic cycle length to 1 s is shown (bottom).  B) After the 
normal sinus rhythm is established, AP progressively shortens (top) due to SR unloading, dimnished Ca transient (bottom) 
and NCX current.  C) Acetylcholine (0.1 microM) is administered to a digital human atrial myocyte along with isoproterenol 
(1 microM) and stimulation protocol is applied as in A. The first 8 APs (top row) after prolongation of the basic cycle length 
are shown (from t=1 s,  with t=0 being the last rapidly paced beat).  A transient period of hypercontractility occurs imme-
diately after return to normal rates (2nd row) because of augmented SR Ca loading and release. This stimulates extrusion 
of Ca through NCX (3rd row, green) and facilitates INa reactivation (3rd row, red) via the canonical gating mode (4th row).  
D) EAD (t=2 s, see asterisks in panel C) initiates at -40 mV and is due to non-equilibrium reactivation of INa (2nd and 3rd 
rows). Note that ICaL also reactivates later at more positive voltages (2nd row, blue).
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  phase	
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GK,ACh	
  

GNa	
  

vNCX	
  

GKur	
  

•  Phase-­‐3	
  EAD	
  formaHon	
  is	
  sensiHve	
  to	
  INa,	
  INCX	
  (+),	
  IK,ACh,	
  IKur	
  (-­‐)	
  
•  These	
  results	
  match	
  our	
  mechanisHc	
  predicHons	
  

What	
  conductances	
  influence	
  EAD	
  occurrence?	
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Summary	
  (i)	
  
•  Phase-3 EADs in human atrium are favored by APD 

shortening and cellular Ca2+ overload  

•  Ranolazine prevents EADs in an atrial-selective manner 

•  Statistical analysis of a virtual in silico cell population confirms 
our mechanistic predictions 
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“The	
  new	
  CIPA	
  paradigm	
  will	
  be	
  driven	
  by	
  a	
  suite	
  of	
  mechanisHcally	
  based	
  in	
  vitro	
  assays	
  
coupled	
  to	
  in	
  silico	
  reconstrucHons	
  of	
  cellular	
  cardiac	
  electrophysiologic	
  acHvity…”	
  

We	
  can	
  employ	
  a	
  computaHonal	
  pharmacology	
  approach	
  to	
  
idenHfy	
  an	
  opHmal	
  set	
  of	
  drug	
  binding	
  characterisHcs,	
  such	
  as	
  
state-­‐dependent	
  affinity	
  and	
  binding	
  kine&cs,	
  that	
  can	
  
maximize	
  AF-­‐selecHve	
  anHarrhythmic	
  therapy.	
  

Improvement	
  of	
  current	
  guidelines	
  for	
  
preclinical	
  assessment	
  of	
  candidate	
  drugs	
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IKur	
  and	
  Drug-­‐Binding	
  Schemes	
  

Experimental	
  ValidaHon	
  (Heike	
  Wulff)	
  

Atrial	
  Cell	
  Models	
  

To	
  determine	
  drug	
  properHes	
  causing	
  
fast	
  pacing	
  rate	
  selec&vity	
  in:	
  
	
  

-­‐  IKur	
  inhibiHon	
  

-­‐  Atrial	
  EP	
  properHes	
  (APD	
  &	
  ERP	
  
prolongaHon)	
  

C1	
   C2	
   C3	
   C4	
   O	
   I	
  

dO	
  dC1	
   dC2	
   dC3	
   dI	
  dC4	
  

Kon	
  Koff	
  

kon	
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Lee	
  et	
  al.,	
  Prog	
  Biophys	
  Mol	
  Biol	
  2016	
   Grandi	
  et	
  al.,	
  Circ	
  Res	
  2011	
  
MoroM	
  et	
  al.,	
  JMCC	
  2016	
  

Goal:	
  Fast	
  atrial	
  rate	
  selec&vity	
  



*1Hz	
  pacing	
  Ellinwood	
  et	
  al.,	
  Chaos	
  2017	
  

IC50	
  values	
  heavily	
  depend	
  on	
  the	
  chosen	
  voltage-­‐clamp	
  protocol	
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  KineHcs	
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1-­‐Hz	
  

1-­‐Hz	
   1-­‐Hz	
  

3-­‐Hz	
   3-­‐Hz	
   3-­‐Hz	
  

IC50	
  values	
  vary	
  given	
  a	
  drug’s	
  state	
  specific	
  affinity	
  and	
  binding	
  kine&cs	
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*Best-­‐performing	
  drugs	
  cause	
  ERP	
  prolongaHon	
  at	
  3-­‐Hz	
  pacing	
  and	
  
limited	
  to	
  no	
  APD	
  prolongaHon	
  at	
  1-­‐Hz	
  pacing	
  

Ellinwood	
  et	
  al.,	
  Chaos	
  2017	
  

Fast	
  on	
  rates	
  allow	
  for	
  fast	
  pacing	
  rate	
  
selec&vity	
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  ERP	
  prolongaHon	
  at	
  3-­‐Hz	
  pacing	
  and	
  
limited	
  to	
  no	
  APD	
  prolongaHon	
  at	
  1-­‐Hz	
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Ellinwood	
  et	
  al.,	
  Chaos	
  2017	
  

O	
  &	
  I	
  Blocker	
  (KO	
  ≠	
  KI)	
  

Inac&vated	
  state	
  binding	
  and	
  intermediate	
  off	
  
rates	
  cause	
  cardiotoxicity	
  



Ø Potency	
  of	
  drugs	
  is	
  highly	
  affected	
  by	
  both	
  state-­‐
specific	
  affinity	
  and	
  drug-­‐binding	
  kineHcs	
  

	
  

Ø The	
  effects	
  of	
  a	
  parHcular	
  state-­‐specific	
  IKur	
  inhibitor	
  
on	
  atrial	
  electrophysiology	
  is	
  determined	
  by	
  the	
  
relaHonship	
  between	
  kineHcs	
  of	
  channel	
  acHvaHon	
  
and	
  deacHvaHon	
  during	
  an	
  AP	
  and	
  drug-­‐binding	
  
kineHcs	
  

	
  

Ø We	
  idenHfied	
  a	
  parameter	
  space	
  in	
  which	
  drugs	
  
display	
  anH-­‐AF	
  properHes	
  and	
  limited	
  changes	
  in	
  nSR	
  

Summary	
  (ii)	
  



Given	
  reports	
  that	
  IKur	
  is	
  diminished	
  in	
  cAF,	
  
does	
  IKur	
  block	
  maGer	
  in	
  cAF	
  condi&ons?	
  



Ø  Randomly	
  varied	
  19	
  maximum	
  
conductances/transport	
  rates	
  in	
  
baseline	
  nSR	
  and	
  cAF	
  myocyte	
  
models	
  

Ø  MulHvariable	
  linear	
  regression	
  
analysis	
  (Sobie)	
  

	
  
Ø  Outputs:	
  APD40,	
  APD90,	
  and	
  ERP,	
  

CaT	
  amplitude,	
  diastolic	
  Ca	
  
concentra&on,	
  and	
  CaT	
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Ø IKur	
  is	
  a	
  promising	
  target	
  in	
  cAF	
  condiHons,	
  as	
  despite	
  
being	
  downregulated	
  it	
  impacts	
  atrial	
  EP	
  parameters	
  
more	
  than	
  in	
  nSR	
  

	
  

Ø IKur	
  inhibitors	
  are	
  more	
  potent	
  in	
  cAF	
  vs.	
  nSR,	
  and	
  pose	
  
less	
  safety	
  concerns	
  

Ø But	
  is	
  the	
  extent	
  of	
  ERP	
  prolongaHon	
  in	
  cAF	
  sufficient	
  
to	
  prevent	
  arrhythmia?	
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l  To test (synergistic) anti-AF effects of 
combined block of atrial-selective 
currents  

l  IKur, IK,Ca, and IK2P(TASK) 

AF-­‐selec&ve	
  pharmacotherapy	
  



Popula&on	
  of	
  human	
  atrial	
  models	
  calibrated	
  
with	
  Ravens	
  database	
  

l  Two atrial models (NCZ and GB), 600 variants 
l  AP biomarkers for calibration: APD and RMP at 1 and 3 Hz 

Ravens	
  et	
  al.,	
  Med Biol Eng Comput. 2015	
  



Sensi&vity	
  analysis	
  reveals	
  differences	
  in	
  notch	
  
and	
  dome	
  vs.	
  triangular	
  AP	
  models	
  

•  APD90 

Ni-Colman-Zhang model Grandi-Bers model 
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l  Synergy in APD prolongation 
l  AB > A + B  
l  Two way ANOVA (interaction term) 
l  Linear contrast  

Single	
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l  NCZ model: Synergy in APD prolongation seen 
in all models, contributing to 13% to 32% 
prolongation compared to additive effects 

l  Similar results demonstrated in GB model 

Single	
  cell	
  simula&ons	
  -­‐	
  APD:	
  both	
  AP	
  models	
  
suggest	
  synergis&c	
  APD	
  prolonga&on	
  

3	
  Hz	
  



1Hz 3Hz 

1D	
  simula&ons	
  -­‐	
  APD:	
  	
  
synergis&c	
  APD	
  prolonga&on	
  

1D	
  strand	
  model,	
  150	
  nodes	
  S1	
  pacing	
  



1Hz 3Hz 

1D	
  simula&ons	
  –	
  conduc&on	
  velocity:	
  	
  
no	
  effects	
  



Summary	
  (iv)	
  
§  Depending on AF-remodeling induced modulations on 

atrial-predominant K currents (IKur, IK2P and IKCa), their 
combined block can synergistically prolong APD at 1 Hz 

§  At 3 Hz, simultaneous block of atrial-predominant K 
currents exerts significant synergistic APD prolongation in 
AF-remodeled atrial cells, suggesting that the synergy in 
APD prolongation is rate-selective 

§  Combined block of atrial-selective currents may be a 
valuable strategy for the pharmacological management of 
AF 
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