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ABSTRACT	  OF	  THE	  DISSERTATION	  

	  

Dynamics	  of	  Early	  Afterdepolarization	  (EAD)-‐mediated	  Arrhythmias	  

	  

by	  

	  

Marvin	  G.	  Chang	  

Doctor	  of	  Philosophy	  in	  Molecular,	  Cellular,	  &	  Integrative	  Physiology	  

University	  of	  California,	  Los	  Angeles,	  2012	  

Professor	  James	  N.	  Weiss,	  Chair	  

	  

This	  dissertation	  is	  dedicated	  to	  understanding	  the	  dynamical	  mechanisms	  

underlying	  early	  afterdepolarization	  (EAD)-‐mediated	  arrhythmias.	  EADs	  are	  a	  richly	  

mined	  area	  of	  research	  that	  has	  resulted	  in	  little	  therapeutic	  benefit	  at	  the	  bedside	  

since	  their	  first	  description	  in	  the	  early	  1980's.	  In	  an	  effort	  to	  provide	  a	  fresh	  

perspective	  on	  EADs,	  I	  take	  an	  experimental	  and	  computational	  non-‐linear	  

dynamics	  approach	  to	  studying	  these	  arrhythmias	  that	  plague	  millions	  worldwide	  

and	  are	  associated	  with	  significant	  cost	  burden	  and	  high	  mortality.	  Here,	  I	  show	  that	  

the	  dual	  Hopf-‐homoclinic	  bifurcation	  mechanism	  for	  generating	  EADs	  may	  be	  

responsible	  for	  EAD-‐mediated	  arrhythmias	  in	  cardiac	  disease,	  providing	  new	  

therapeutic	  targets	  and	  expanding	  the	  current	  concept	  of	  reduced	  repolarization	  
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reserve.	  Also,	  I	  provide	  evidence	  that	  certain	  pathological	  cardiac	  tissue	  substrates	  

may	  exhibit	  the	  unique	  dynamical	  property	  of	  bistability	  (ie.	  switch-‐like	  behavior)	  in	  

the	  form	  of	  biexcitability,	  the	  ability	  to	  switch	  between	  INa-‐	  and	  ICa-‐mediated	  

propagation.	  This	  unique	  property	  of	  biexcitability	  may	  provide	  significant	  

mechanistic	  insight	  into	  the	  seemingly	  paradoxical	  properties	  of	  certain	  EAD-‐

mediated	  arrhythmias	  such	  as	  Torsades	  de	  Pointes	  (TdP),	  that	  is	  uniquely	  

characterized	  by	  a	  slow	  rate	  and	  undulating	  QRS	  complexes	  on	  ECG.	  Lastly,	  I	  show	  

that	  activation	  of	  KATP	  channels	  (inward	  rectifying	  K	  channels	  that	  open	  when	  

cellular	  ATP	  levels	  fall)	  "flips	  the	  switch"	  from	  ICa-‐	  to	  INa-‐mediated	  propagation.	  

Consistent	  with	  clinical	  observations	  of	  TdP	  and	  polymorphic	  ventricular	  

tachycardia	  (PVT),	  the	  majority	  of	  ICa-‐dependent	  reentries	  spontaneously	  terminate	  

following	  KATP	  channel	  activation,	  with	  a	  minority	  of	  ICa-‐dependent	  reentries	  

converting	  to	  INa-‐dependent	  reentries.	  These	  results	  suggest	  that	  in	  the	  clinical	  

setting,	  KATP	  channels	  may	  serve	  as	  an	  "emergency	  repolarization	  reserve"	  to	  

spontaneously	  terminate	  most	  episodes	  of	  ICa-‐dependent	  arrhythmias	  such	  as	  PVT	  

and	  TdP,	  but	  may	  also	  facilitate	  the	  occasional	  degeneration	  of	  these	  arrhythmias	  to	  

INa-‐dependent	  VT/VF.	  These	  findings	  provide	  a	  fresh	  perspective	  on	  EAD-‐mediated	  

arrhtyhmias	  that	  may	  lead	  to	  novel	  therapeutics	  at	  the	  bedside.	  
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1. Introduction	  

1.1	  Statement	  of	  the	  Problem	  

	   Early	  Afterdepolarization	  (EAD)-‐mediated	  arrhythmias	  such	  as	  Torsades	  de	  

Pointes	  are	  often	  times	  the	  trigger	  for	  sudden	  cardiac	  death	  (SCD),	  a	  major	  killer	  in	  

developed	  countries.	  These	  arrhythmias	  often	  complicate	  conditions	  such	  as	  heart	  

failure,	  increased	  catecholamines,	  and	  both	  acquired	  and	  drug	  Long	  QT	  syndrome	  

(LQTS).	  In	  fact,	  the	  association	  of	  EAD-‐mediated	  arrhythmias	  with	  SCD	  is	  so	  strong	  

that	  every	  drug	  regardless	  of	  its	  clinical	  use	  is	  assessed	  for	  drug	  acquired	  LQTS	  prior	  

to	  market	  release,	  with	  a	  QT	  prolongation	  of	  5	  ms	  raising	  significant	  regulatory	  

concern[3].	  	  

	   While	  much	  work	  has	  been	  done	  in	  the	  past	  couple	  decades	  to	  understand	  

EADs,	  this	  work	  has	  yielded	  little	  in	  the	  form	  of	  clinically	  effective	  therapies	  for	  

EAD-‐mediated	  arrhythmias.	  Clearly,	  a	  fresh	  new	  perspective	  on	  EAD-‐mediated	  

arrhythmias	  is	  needed	  if	  there	  is	  to	  be	  an	  impact	  on	  patients	  at	  the	  bedside.	  In	  an	  

attempt	  to	  provide	  a	  fresh	  new	  perspective	  on	  EADs,	  I	  have	  collaborated	  extensively	  

with	  non-‐linear	  dynamicists	  in	  our	  group	  to	  drive	  my	  research	  at	  the	  bench.	  The	  

strengths	  of	  non-‐linear	  dynamics	  is	  its	  ability	  to	  provide	  incredible	  insight	  into	  areas	  

of	  research	  that	  have	  already	  been	  richly	  mined	  by	  other	  experimentalists	  (often	  

times	  before	  I	  could	  walk	  or	  talk,	  much	  less	  hold	  a	  pipette),	  and/or	  are	  too	  complex	  

(or	  impossible)	  to	  study	  just	  experimentally.	  
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	   Fortunately,	  nonlinear	  dynamics	  can	  be	  readily	  applied	  to	  arrhythmia	  

research	  because	  of	  the	  advent	  of	  patch	  clamping	  technology	  that	  has	  allowed	  the	  

measurement	  of	  necessary	  membrane	  properties	  to	  construct	  realistic	  cardiac	  

myocyte	  cell	  models.	  The	  UCLA	  Cardiovascular	  Research	  Laboratory	  (CVRL)	  is	  an	  

ideal	  environment	  to	  undertake	  such	  a	  systems	  biology	  approach	  towards	  

biomedical	  research,	  given	  that	  it	  is	  one	  of	  the	  few	  labs	  in	  the	  world	  that	  fosters	  

truly	  close	  collaboration	  between	  experimentalists	  and	  dynamicists	  to	  understand	  

complex	  electrical	  problems	  in	  the	  heart.	  	  

	   This	  conducive	  environment	  present	  in	  the	  CVRL	  has	  made	  it	  possible	  to	  

answer	  the	  following	  three	  questions	  that	  comprise	  my	  thesis:	  

1. What	  is	  the	  role	  of	  the	  Hopf-‐Homoclinic	  Bifurcation	  Mechanism	  in	  a	  robust	  in	  

vitro	  model	  of	  EAD	  bursts?	  

	   Recent	  theoretical	  work	  by	  our	  group[1]	  detailed	  the	  role	  of	  the	  Hopf	  

and	  Homoclinic	  bifurcations[4]	  in	  the	  dynamical	  mechanism	  of	  EADs.	  It	  offers	  

the	  tantalizing	  possibility	  of	  suppressing	  EADs	  by	  targeting	  the	  kinetics	  of	  

specific	  ion	  channels	  rather	  than	  their	  magnitude	  (often	  associated	  with	  

lackluster	  clinical	  efficacy,	  severe	  side	  effects,	  and	  significant	  consequences	  

related	  to	  excitation-‐contraction	  coupling).	  In	  this	  study,	  I	  characterize	  a	  

robust	  in	  vitro	  model	  of	  EAD	  bursts	  in	  the	  context	  of	  the	  Hopf-‐Homoclinic	  

bifurcation	  mechanism.	  Also,	  I	  dissect	  the	  physiological	  mechanism	  of	  EAD	  

bursts	  in	  a	  more	  physiological	  action	  potential	  model	  that	  includes	  detailed	  
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Ca2+	  handling	  and	  ionic	  fluxes	  (absent	  in	  the	  phenomenological	  Luo-‐Rudy	  I	  

model	  previously	  used).	  It	  is	  my	  hope	  that	  this	  new	  perspective	  of	  EAD-‐

mediated	  arrhythmias	  may	  lead	  to	  clinically	  effective	  therapies	  if	  it	  can	  be	  

understood	  and	  appreciated	  by	  those	  outside	  the	  physics	  and	  nonlinear	  

dynamics	  community.	  

2. What	  is	  the	  role	  of	  bi-‐excitability	  in	  the	  heart	  as	  it	  relates	  to	  arrhythmias?	  	  

	   It	  is	  well	  known	  that	  certain	  cardiac	  tissue	  substrates	  can	  support	  

either	  INa	  or	  ICa	  propagation	  but	  not	  both	  at	  the	  same	  time.	  	  Normal	  atrial	  and	  

ventricular	  tissue	  is	  solely	  dependent	  on	  INa	  for	  propagation,	  while	  the	  AV	  

node,	  ischemic	  tissue,	  and	  infarct	  border	  zone	  are	  solely	  dependent	  on	  ICa[5-‐

7].	  In	  other	  words,	  it	  has	  never	  been	  shown	  that	  a	  specific	  cardiac	  substrate	  

can	  exhibit	  the	  property	  known	  as	  bi-‐excitability	  –	  the	  ability	  to	  support	  both	  

INa-‐	  and	  ICa-‐dependent	  propagation	  at	  the	  same	  time,	  or	  switch	  between	  the	  

two	  types	  of	  propagation	  under	  the	  influence	  of	  a	  variable	  that	  does	  not	  affect	  

the	  intrinsic	  properties	  of	  the	  substrate	  (e.g.,	  cell-‐to-‐cell	  coupling,	  ion	  

channels).	  In	  this	  study,	  I	  provide	  experimental	  and	  theoretical	  evidence	  that	  

certain	  pathological	  substrates	  may	  exhibit	  bi-‐excitability,	  and	  support	  spiral	  

waves	  driven	  by	  a	  ICa	  rotor	  that	  is	  resistant	  to	  Na	  channel	  blockers	  but	  

vulnerable	  to	  Ca2+	  channel	  blockers.	  Our	  simulations	  suggest	  that	  spiral	  

waves	  driven	  by	  ICa	  rotors	  in	  this	  bi-‐excitable	  substrate	  may	  give	  rise	  to	  the	  
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unique	  EKG	  signature	  (slowly	  undulated	  QRS	  complexes)	  observed	  during	  

episodes	  of	  Torsades	  de	  Pointes.	  

3. What	  is	  the	  role	  of	  KATP	  channel	  in	  bi-‐excitable	  tissue	  and	  its	  relevance	  to	  

Torsades	  de	  Pointes.	  	  

	   In	  this	  study,	  I	  show	  that	  bi-‐excitability	  may	  also	  explain	  other	  

characteristic	  features	  of	  Torsades	  de	  Pointes	  in	  addition	  to	  its	  unique	  EKG	  

signature,	  most	  notably	  the	  clinical	  observation	  that	  most	  episodes	  of	  

Torsades	  de	  Pointes	  spontaneously	  terminate,	  while	  others	  degenerate	  into	  

VF	  and	  sudden	  cardiac	  death.	  I	  hypothesized	  that	  the	  KATP	  channel	  may	  play	  a	  

role	  in	  both	  clinical	  outcomes	  of	  Torsades	  de	  Pointes	  by	  providing	  sufficient	  

repolarization	  reserve	  to	  switch	  the	  tissue	  from	  the	  ICa	  to	  the	  INa	  state,	  

resulting	  in	  either	  spontaneous	  termination	  (unexcited	  INa	  state)	  or	  induce	  VF	  

(driven	  by	  INa).	  Consistent	  with	  clinical	  observations,	  KATP	  activation	  (via	  

pinacadil)	  spontaneously	  terminated	  the	  majority	  of	  ICa-‐dependent	  spiral	  

waves,	  with	  a	  minority	  of	  reentries	  increasing	  in	  complexity	  and	  switching	  

from	  ICa-‐	  to	  INa-‐dependent	  spiral	  waves.	  Simulations	  revealed	  that	  the	  

probabilistic	  nature	  of	  the	  outcomes	  were	  dependent	  on	  the	  presence	  of	  a	  INa-‐

mediated	  wavefront	  in	  the	  arm	  of	  the	  ICa	  rotor	  at	  the	  time	  of	  KATP	  channel	  

activation.	  These	  results	  suggest	  that	  KATP	  activation	  in	  bi-‐excitable	  tissue	  

may	  underlie	  the	  clinical	  outcomes	  (spontaneous	  termination	  and	  VF)	  

observed	  following	  episodes	  of	  Torsades	  de	  Pointes.	  
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1.2	  Organization	  of	  the	  dissertation	  

	   This	  dissertation	  is	  oragnized	  as	  follows:	  

• Chapter	  2	  provides	  a	  brief	  overview	  of	  cardiac	  electrophysiology	  and	  non-‐

linear	  dynamics,	  with	  the	  purpose	  of	  providing	  those	  with	  expertise	  outside	  

these	  areas	  the	  necessary	  knowledge	  to	  understand	  the	  studies	  outlined	  in	  

Chapters	  3-‐5.	  Readers	  may	  want	  to	  skip	  particular	  sections	  of	  Chapter	  2	  that	  

detail	  topics	  that	  they	  are	  familiar	  with.	  	  

• Chapters	  3-‐5	  details	  the	  studies	  performed	  to	  answer	  the	  questions	  above.	  	  

o Chapter	  3	  details	  the	  role	  of	  the	  Hopf-‐Homoclinic	  bifurcation	  

mechamism	  in	  a	  robust	  in	  vitro	  model	  of	  EAD	  bursts.	  	  

o Chapter	  4	  details	  the	  role	  of	  bi-‐excitability	  in	  the	  heart	  as	  it	  relates	  to	  

arrhythmias.	  	  

o Chapter	  5	  details	  the	  role	  of	  the	  KATP	  channel	  in	  bi-‐excitable	  tissue	  and	  

its	  relevance	  to	  Torsades	  de	  Pointes	  

• Chapter	  6	  discusses	  the	  implications	  of	  these	  studies.	  
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2. Background	  

	   The	  goal	  of	  this	  chapter	  is	  to	  provide	  a	  brief	  and	  sufficient	  overview	  of	  cardiac	  

electrophysiology	  and	  nonlinear	  dynamics	  to	  understand	  the	  studies	  detailed	  in	  the	  

following	  chapters.	  It	  is	  outside	  the	  scope	  of	  this	  dissertation	  to	  provide	  a	  complete	  

overview	  of	  each	  of	  the	  topics	  covered	  in	  this	  chapter,	  but	  readers	  are	  encouraged	  to	  

refer	  to	  sources	  referenced	  in	  this	  chapter	  for	  more	  detailed	  information.	  Readers	  

may	  also	  consider	  skipping	  sections	  of	  this	  chapter	  that	  cover	  topics	  of	  significant	  

familiarity.	  	  

	  

2.1	  The	  Cardiac	  Action	  Potential	  	  

	  

Figure	  2-‐1.	  Basic	  Cardiac	  Action	  Potential.	  Major	  outward	  and	  
inward	  currents	  are	  labeled	  for	  each	  phase	  of	  the	  action	  potential.	  
Figure	  reprinted	  from	  [8].	  
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	   No	  review	  of	  cardiac	  electrophysiology	  would	  be	  complete	  without	  a	  brief	  

overview	  of	  the	  cardiac	  action	  potential[9,	  10].	  An	  “all	  or	  none”	  action	  potential	  (Fig.	  

2-‐1)	  occurs	  when	  a	  cardiac	  myocyte’s	  membrane	  potential	  (Vm)	  is	  depolarized	  

above	  a	  certain	  threshold	  (either	  via	  current	  injected	  from	  a	  neighboring	  myocyte	  or	  

an	  external	  stimulus)	  that	  results	  in	  activation	  of	  Na+	  channels,	  and	  the	  sharp	  

upstroke	  (Phase	  0)	  of	  the	  action	  potential.	  It	  is	  worth	  noting	  that	  because	  the	  

inactivation	  of	  the	  Na+	  channel	  is	  highly	  dependent	  on	  both	  voltage	  and	  time,	  the	  Vm	  

threshold	  that	  results	  in	  this	  “all	  or	  none”	  response	  varies	  depending	  on	  the	  rate	  

that	  Vm	  rises	  (dVm/dt).	  	  

	   Following	  the	  upstroke	  of	  the	  action	  potential,	  a	  transient	  outward	  K+	  channel	  

opens	  very	  briefly	  (hence	  the	  name,	  transient),	  with	  the	  L-‐type	  Ca2+	  channels	  (LTCC)	  

opening	  just	  shortly	  after.	  This	  timing	  delay	  between	  the	  currents	  provided	  by	  the	  

opening	  of	  the	  transient	  outward	  K+	  channel	  (Ito)	  and	  the	  LTCC	  (ICa)	  is	  responsible	  

for	  the	  notch	  (Phase	  1)	  observed	  just	  after	  the	  upstroke	  of	  the	  action	  potential	  in	  

species	  such	  as	  rabbit,	  guinea	  pic,	  and	  humans.	  The	  plateau	  (Phase	  2)	  phase	  follows	  

the	  notch	  of	  the	  action	  potential,	  and	  occurs	  as	  a	  result	  of	  a	  balance	  between	  the	  

currents	  of	  the	  inward	  Ca2+	  channel	  and	  outward	  K+	  channels.	  	  The	  action	  potential	  

repolarizes	  (Phase	  3)	  when	  this	  balance	  is	  disrupted,	  and	  outward	  K+	  currents	  

exceed	  the	  inward	  Ca2+	  current.	  This	  occurs	  because	  of	  (1)	  activation	  of	  K+	  channels	  

that	  increase	  in	  magnitude	  faster	  at	  higher	  Vm	  (ie.	  the	  plateau	  phase)	  with	  time,	  and	  

(2)	  inactivation	  of	  the	  LTCC	  channels.	  	  
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	   Note	  that	  some	  species	  such	  as	  the	  rat	  do	  not	  exhibit	  the	  plateau	  phase	  of	  the	  

action	  potential	  because	  of	  a	  significantly	  greater	  expression	  of	  the	  transient	  

outward	  K+	  channel	  in	  these	  species.	  It	  is	  important	  to	  note	  that	  this	  difference	  in	  Ito	  

in	  the	  rat	  compared	  to	  other	  species	  was	  important	  in	  dissecting	  the	  role	  of	  early	  

versus	  late	  "repolarization	  reserve"	  in	  the	  dynamical	  mechanism	  of	  EADs	  detailed	  in	  

Chapter	  3.	  

	  

2.2	  Excitation-‐Contraction	  Coupling	  

	   Excitation-‐contraction	  coupling[11]	  is	  a	  process	  where	  electrical	  excitation	  of	  

a	  myocyte	  triggers	  a	  contractile	  response.	  In	  other	  words,	  it	  is	  the	  electrical	  activity	  

of	  the	  heart	  that	  allows	  the	  heart	  to	  function	  effectively	  as	  a	  pump.	  The	  molecular	  

mechanism	  by	  which	  this	  occurs	  is	  as	  follows.	  When	  an	  action	  potential	  is	  initiated,	  

the	  LTCCs	  open	  resulting	  in	  an	  influx	  of	  Ca2+	  into	  the	  myocyte.	  This	  influx	  of	  Ca2+	  on	  

its	  own	  is	  insufficient	  to	  trigger	  a	  significant	  contractile	  response	  described	  below.	  

Fortunately,	  the	  heart	  has	  evolved	  a	  positive	  feedback	  system	  that	  allows	  this	  

“miniscule”	  LTCC-‐mediated	  influx	  of	  Ca2+	  to	  trigger	  a	  much	  larger	  release	  of	  Ca2+	  

from	  large	  Ca2+	  stores	  within	  the	  myocyte	  known	  as	  the	  sarcoplasmic	  reticulum	  

(SR).	  	  
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Figure	  2-‐2.	  Excitation	  Contraction	  Coupling.	  Action	  potential	  results	  in	  opening	  of	  
L-‐type	  Ca2+	  channels	  (LTCC).	  Ca2+	  influx	  via	  LTCC	  induces	  a	  greater	  release	  of	  Ca2+	  
from	  the	  sarcoplasmic	  reticulum	  (SR)	  in	  a	  process	  called	  Ca2+-‐induced	  Ca2+-‐release	  
process.	  This	  greater	  release	  of	  Ca2+	  from	  the	  SR	  facilitates	  contraction	  during	  
systole.	  During	  diastole,	  intracellular	  [Ca2+]	  levels	  fall	  to	  allow	  the	  heart	  to	  relax	  via	  a	  
number	  of	  Ca2+	  reuptake	  (ie.	  sarcolemmal	  and	  SR	  Ca2+	  ATPase	  pumps)	  and	  
extrusion	  (ie.	  Na+/Ca2+	  exhcanger)	  mechanisms.	  Figure	  reprinted	  from	  [12]	  
(adaptation	  of	  Figure	  from	  [11]).	  

	  

	   This	  Ca2+-‐induced	  Ca2+-‐release	  (CICR)	  process	  is	  able	  to	  occur	  because	  the	  SR	  

has	  Ca2+	  release	  channels	  called	  ryranodine	  receptors	  (RyR)	  that	  are	  activated	  by	  

Ca2+	  (Fig.	  2-‐2).	  	  Efflux	  of	  Ca2+	  from	  the	  SR	  via	  RyRs	  occurs	  in	  a	  graded	  fashion	  such	  

that	  the	  amount	  of	  Ca2+	  that	  is	  released	  from	  the	  SR	  is	  commiserate	  with	  the	  

magnitude	  of	  the	  LTCC-‐induced	  Ca2+	  influx.	  	  In	  other	  words,	  a	  small	  amount	  of	  Ca2+	  

influx	  triggers	  the	  RyRs	  to	  release	  a	  smaller	  amount	  of	  Ca2+	  from	  the	  SR	  than	  would	  

a	  larger	  Ca2+	  influx.	  CICR	  occurs	  robustly	  because	  of	  the	  close	  spatial	  association	  

between	  the	  LTCC	  and	  SR	  within	  the	  diadic	  space	  of	  the	  t-‐tubules[13],	  which	  are	  
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invaginations	  within	  the	  myocyte’s	  membrane.	  It	  is	  important	  to	  note	  that	  while	  

CICR	  is	  a	  positive	  feedback	  process,	  the	  Ca2+	  system	  as	  a	  whole	  is	  stable	  because	  of	  a	  

number	  of	  negative	  feedback	  processes	  such	  as	  Ca2+-‐dependent	  inactivation	  (CDI)	  of	  

the	  LTCC.	  CDI	  is	  a	  process	  by	  which	  the	  LTCC	  is	  inactivated	  by	  a	  rise	  in	  local	  

cytosolic	  Ca2+	  via	  the	  LTCC	  and	  SR	  Ca2+	  release.	  It	  involves	  the	  ubiquitously	  

expressed	  Ca2+	  sensing	  molecule,	  calmodulin	  (CaM),	  and	  is	  the	  primary	  mechanism	  

by	  which	  the	  LTCC	  is	  inactivated	  during	  the	  action	  potential.	  This	  is	  because	  CDI	  of	  

the	  LTCC	  is	  very	  fast,	  on	  the	  order	  of	  milliseconds	  compared	  to	  that	  of	  voltage-‐

dependent	  inactivation	  (VDI)	  which	  is	  on	  the	  order	  of	  seconds[14].	  

	   During	  systole,	  the	  myocyte	  is	  able	  to	  contract	  because	  the	  contractile	  

machinery	  consisting	  of	  mainly	  actin	  and	  myosin	  filaments	  is	  heavily	  dependent	  on	  

the	  significant	  increase	  in	  cytosolic	  Ca2+	  provided	  by	  the	  CICR	  process[15].	  Briefly,	  

in	  order	  for	  force	  contraction	  to	  occur,	  myosin	  must	  cross-‐link	  with	  actin	  (Fig.	  2-‐3).	  

However,	  this	  cross-‐linking	  process	  cannot	  occur	  in	  the	  absence	  of	  Ca2+	  because	  of	  a	  

molecule	  called	  tropomyosin	  that	  “covers”	  the	  actin-‐myosin	  binding	  sites	  on	  actin.	  

These	  actin-‐myosin	  binding	  sites	  on	  actin	  can	  only	  be	  “uncovered”	  when	  another	  

molecule	  called	  troponin	  undergoes	  a	  conformational	  change	  that	  is	  induced	  by	  

Ca2+.	  This	  Ca2+-‐induced	  conformational	  change	  gives	  troponin	  the	  ability	  to	  “slide”	  

tropomyosin	  “out	  of	  the	  way,”	  thereby	  exposing	  the	  actin-‐myosin	  binding	  sites	  to	  

allow	  the	  cross-‐linking	  process	  that	  is	  necessary	  for	  force	  contraction	  to	  occur.	  
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	   Following	  repolarization	  of	  the	  action	  potential,	  the	  heart	  must	  relax	  in	  order	  

to	  allow	  it	  to	  adequately	  fill	  with	  blood	  during	  diastole.	  	  In	  order	  for	  the	  myocytes	  of	  

the	  heart	  to	  relax,	  the	  cytosolic	  Ca2+	  level	  must	  fall	  sufficiently	  so	  that	  actin	  is	  no	  

longer	  able	  to	  interact	  with	  myosin.	  This	  fall	  in	  cytosolic	  Ca2+	  is	  facilitated	  by	  a	  

number	  of	  reuptake	  and	  extrusion	  mechanisms	  (Fig.	  2-‐2).	  The	  SR	  via	  the	  

Sarco/Endoplasmic	  Reticulum	  Ca2+-‐ATPase	  (SERCA)	  pump	  resequesters	  the	  

majority	  of	  excess	  cytosolic	  Ca2+.	  The	  rest	  of	  the	  excess	  cytosolic	  Ca2+	  is	  extruded	  via	  

the	  Na+/Ca2+	  exchanger	  (NCX)	  and	  Ca2+	  ATPase	  pumps	  present	  on	  the	  sarcolemmal	  

membrane,	  the	  latter	  playing	  only	  a	  very	  limited	  role.	  NCX	  extrudes	  this	  excess	  Ca2+	  

by	  using	  the	  Ca2+	  gradient	  to	  drive	  the	  efflux	  of	  1	  Ca2+	  ion	  in	  exchange	  for	  3	  Na+	  ions,	  

producing	  a	  net	  inward	  NCX	  current[16].	  It	  is	  important	  to	  note	  that	  under	  normal	  

non-‐pathological	  conditions,	  this	  net	  inward	  NCX	  current	  is	  usually	  insufficient	  to	  

cause	  any	  abnormalities	  in	  the	  AP.	  However,	  in	  conditions	  of	  significant	  Ca2+	  

overload	  and	  upregulated	  NCX	  (ie.	  heart	  failure),	  this	  inward	  NCX	  current	  is	  

sufficient	  to	  cause	  abnormalities	  in	  electrical	  activity,	  and	  serves	  as	  the	  primary	  

mechanism	  by	  which	  delayed	  afterdepolarzations	  (DADs)[17]	  occur.	  It	  has	  also	  been	  

implicated	  in	  the	  mechanism	  of	  late	  phase-‐3	  EADs[18-‐22]	  described	  below.	  
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Figure	  2-‐3.	  Molecular	  mechanism	  of	  muscle	  contraction.	  Figure	  
reprinted	  from	  [23].	  
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2.3	  Cardiac	  Conduction	  in	  the	  Whole	  Heart	  	  

	   Cardiac	  myocytes	  are	  coupled	  to	  one	  another	  via	  gap	  junctions	  which	  allows	  

an	  action	  potential	  to	  propagate	  from	  one	  cell	  to	  next,	  initiating	  a	  “wave”	  of	  

excitation	  in	  tissue[24].	  Because	  of	  the	  excitation-‐contract	  coupling	  process	  

described	  above,	  this	  wave	  of	  excitation	  (ie.	  the	  action	  potential)	  initiates	  a	  similar	  

wave	  of	  contraction	  of	  a	  similar	  directionality.	  The	  directionality	  of	  this	  wave	  of	  

contraction	  is	  important	  because	  it	  determines	  the	  efficiency	  at	  which	  blood	  is	  

propelled	  from	  the	  left	  ventricle	  into	  the	  aorta	  with	  each	  beat	  (ie.	  ejection	  fraction).	  	  

	  

2.3.1	  Normal	  Conduction	  in	  the	  Heart	  

	   During	  normal	  sinus	  rhythm,	  the	  heart	  contracts	  in	  the	  most	  optimal	  fashion.	  

The	  path	  that	  the	  electrical	  activity	  takes	  occurs	  in	  sequential	  fashion	  from	  the	  

sinoatrial	  node	  to	  the	  atrioventricular	  node,	  Bundle	  of	  His,	  His	  Purkinje	  System,	  the	  

Apex	  of	  the	  Ventricle,	  and	  finally	  the	  Base	  of	  the	  Ventricle.	  The	  fact	  that	  electrical	  

activity	  in	  the	  left	  ventricle	  occurs	  from	  Apex	  to	  Base,	  and	  so	  does	  its	  contraction,	  is	  

of	  great	  importance	  because	  this	  allows	  the	  most	  amount	  of	  blood	  to	  exit	  the	  left	  

ventricle	  through	  the	  aorta	  which	  is	  situated	  at	  the	  base	  of	  the	  heart.	  This	  process	  

may	  be	  more	  intuitive	  when	  described	  in	  the	  context	  of	  a	  ketchup	  bottle.	  If	  one	  

wanted	  to	  most	  effectively	  squeeze	  all	  of	  the	  ketchup	  out	  of	  a	  bottle	  (ie.	  left	  

ventricle),	  how	  would	  they	  do	  so?	  They	  would	  squeeze	  from	  the	  bottom	  of	  the	  bottle	  
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(ie.	  apex	  of	  left	  ventricle)	  towards	  its	  spout	  (ie.	  the	  aorta	  at	  the	  base	  of	  the	  ventricle).	  

This	  process	  is	  analogous	  to	  the	  optimal	  contraction	  of	  the	  heart	  that	  occurs	  during	  

normal	  sinus	  rhythm.	  

	  

2.3.2	  Abnormal	  Conduction	  and	  Sudden	  Cardiac	  Death	  

	   When	  arrhythmias	  occur,	  the	  normal	  pathway	  of	  electrical	  activity	  is	  

disturbed.	  As	  a	  consequence,	  the	  normal	  pathway	  of	  contraction	  (SA	  node	  to	  	  è	  AV	  

node	  è	  Bundle	  of	  His	  è	  	  His-‐Purkinje	  System	  è	  the	  Apex	  of	  the	  Ventricle	  è	  Base	  

of	  the	  Ventricle)	  is	  also	  disturbed	  such	  that	  contraction	  is	  no	  longer	  occurring	  in	  the	  

most	  optimal	  fashion.	  Again,	  this	  is	  much	  more	  intuitive	  in	  the	  context	  of	  a	  ketchup	  

bottle.	  If	  the	  ketchup	  (ie.	  blood)	  is	  simultaneously	  being	  squeezed	  out	  of	  the	  bottle	  

(ie.	  left	  ventricle)	  from	  multiple	  sites	  (ie.	  top,	  sides,	  and	  bottom),	  the	  ketchup	  is	  

unable	  to	  efficiently	  exit	  the	  bottle.	  This	  process	  is	  analogous	  to	  the	  non-‐optimal	  

contraction	  that	  occurs	  during	  an	  arrhythmia.	  As	  a	  result,	  the	  resulting	  ejection	  

fraction	  is	  insufficient	  to	  perfuse	  the	  body’s	  vital	  organs.	  Of	  the	  organs	  that	  receive	  

inadequate	  perfusion	  is	  the	  heart,	  leading	  to	  cardiac	  tissue	  death	  and	  sudden	  cardiac	  

death.	  

	  

2.4	  Afterdepolarizations	  and	  Triggered	  Activity	  Arrhythmias	  	  

	   Afterdepolarizations	  [25]	  are	  abnormal	  oscillations	  of	  the	  membrane	  
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potential	  that	  occur	  either	  before	  or	  after	  full	  repolarization	  of	  the	  action	  potential	  

(Fig.	  2-‐4).	  Abnormal	  oscillations	  occurring	  prior	  to	  AP	  repolarization	  are	  referred	  to	  

as	  early	  afterdepolarization	  (EAD),	  whereas	  oscillations	  following	  repolarization	  of	  

the	  action	  potential	  are	  referred	  to	  as	  a	  delayed	  afterdepolarization	  (DAD).	  When	  

afterdepolarizations	  propagate	  in	  tissue	  as	  a	  wave	  of	  excitation,	  they	  are	  referred	  to	  

as	  "triggered	  activity.	  "	  

	  

	  
Figure	  2-‐4.	  Afterdepolarizations.	  Abnormal	  oscillations	  that	  occur	  either	  during	  
(EAD)	  or	  following	  repolarization	  (DAD)	  of	  the	  action	  potential.	  Figured	  adapted	  
from	  [26].	  	  

	  

2.4.1	  Delayed	  Afterdepolarizations	  (DADs)	  

	   Even	  though	  DADs	  are	  outside	  the	  scope	  of	  this	  dissertation,	  it	  is	  worth	  

discussing	  because	  the	  classical	  mechanism	  by	  which	  they	  occur,	  which	  is	  via	  

reverse	  excitation-‐contraction	  coupling,	  has	  also	  been	  implicated	  in	  a	  subset	  of	  EADs,	  

particularly	  the	  phase-‐3	  EADs	  that	  occurs	  very	  late	  in	  repolarization	  via	  NCX[16].	  

Reverse	  excitation-‐contraction	  coupling	  is	  a	  process	  by	  which	  the	  Ca2+	  transient	  

Repolarization

Depolarization

Normal AP AP with EAD AP with DAD



	   16	  

induces	  a	  voltage	  response.	  DADs	  (Fig.	  2-‐5)	  occurs	  when	  the	  intracellular	  Ca2+	  is	  

sufficiently	  high	  to	  produce	  a	  significant	  enough	  NCX-‐mediated	  inward	  current	  to	  

produce	  a	  "bump"	  in	  the	  membrane	  potential	  following	  repolarization.	  If	  this	  

“bump”	  depolarizes	  with	  sufficient	  rate	  and	  magnitude	  to	  activate	  the	  Na+	  channel,	  

another	  “all	  or	  none”	  action	  potential	  is	  initiated	  that	  has	  the	  potential	  to	  propagate	  

through	  the	  heart	  as	  an	  ectopic	  focus.	  In	  the	  case	  of	  phase-‐3	  EADs,	  NCX	  may	  produce	  

sufficient	  inward	  current	  late	  in	  repolarization	  and	  prior	  to	  full	  repolarization,	  to	  

facilitate	  the	  reactivation	  of	  the	  Na+	  channel	  and/or	  LTCC.	  

	  

Figure	  2-‐5.	  Delayed	  after	  depolarization	  (DAD).	  DADs	  that	  rise	  
with	  sufficient	  rate	  and	  magnitude	  can	  trigger	  another	  action	  
potential	  

	  

2.4.2	  Early	  Afterdepolarizations	  (EADS)	  

	   While	  the	  NCX-‐mediated	  mechanism	  described	  above	  has	  been	  implicated	  in	  

phase-‐3	  EADs,	  EADs	  have	  been	  classically	  described	  to	  occur	  via	  (1)	  an	  increase	  in	  

the	  magnitude	  of	  inward	  currents	  over	  outward	  currents,	  (2)	  reactivation	  of	  LTCC	  

via	  an	  increase	  of	  the	  LTCC	  “window	  current”	  (overlap	  of	  the	  activation	  and	  

inactivation	  curves),	  and	  (3)	  a	  prolongation	  in	  the	  magnitude	  of	  the	  AP	  duration	  
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(APD),	  also	  equivalent	  to	  the	  “QT	  interval”	  on	  EKG.	  While	  all	  these	  explanations	  for	  

EADs	  may	  be	  true,	  they	  hinge	  on	  magnitude	  rather	  than	  timing,	  and	  thus	  are	  

insufficient	  to	  explain	  the	  occurrence	  of	  EADs,	  especially	  those	  that	  exhibit	  multiple	  

oscillations	  (“bumps”)	  seen	  in	  Fig.	  2-‐6.	  	  

	  

Figure	  2-‐6.	  EAD	  with	  multiple	  oscillations.	  Conventional	  
explanations	  based	  on	  magnitude	  are	  insufficient	  to	  explain	  
oscillations	  that	  are	  by	  definition,	  dependent	  on	  time.	  

	  
	   Our	  group	  has	  previously	  addressed	  this	  void	  by	  taking	  a	  non-‐linear	  

dynamics	  approach	  to	  constructing	  a	  “unifying”	  theory	  for	  EADs	  that	  is	  both	  

qualitative	  and	  quantitative	  in	  nature.	  The	  rationale	  for	  using	  a	  non-‐linear	  dynamics	  

approach	  is	  presented	  in	  the	  subsequent	  section	  below.	  Briefly,	  our	  group	  revealed	  

that	  EADs	  arise	  from	  a	  dynamical	  process	  called	  the	  Hopf	  bifurcation[1],	  whose	  

occurrence	  can	  be	  predicted	  by	  the	  following	  mathematical	  formula	  (where	  d	  and	  f	  

are	  the	  inactivation	  and	  inactivation	  gates	  of	  the	  LTCC):	  	  
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	   Note	  that	  this	  equation,	  which	  determines	  whether	  or	  not	  the	  system	  

undergoes	  a	  Hopf	  bifurcation	  that	  is	  required	  for	  EAD	  induction,	  is	  solely	  dependent	  

on	  1)	  the	  maximum	  value	  of	  the	  LTCC	  “window	  current”;	  2)	  the	  slopes	  of	  dVm/dt	  

with	  respect	  to	  voltage;	  3)	  the	  slopes	  of	  the	  LTCC	  activation	  and	  inactivation	  curves	  

with	  respect	  to	  voltage;	  and	  4)	  the	  time	  constants	  of	  the	  LTCC	  activation	  and	  

inactivation	  gates.	  	  

	   Once	  the	  Hopf	  bifurcation	  initiates	  EADs,	  these	  EADs	  are	  then	  terminated	  by	  

another	  dynamical	  process	  called	  the	  Homoclinic	  bifurcation,	  detailed	  below	  in	  

Section	  2.5.2.	  	  

The	  role	  of	  both	  the	  Hopf	  and	  Homoclinic	  bifurcation	  in	  EADs	  was	  previously	  

published[1]	  in	  the	  premiere	  physics	  journal,	  Physical	  Review	  Letters	  (PRL),	  and	  
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offers	  the	  first	  and	  only,	  fully	  sufficient	  and	  complete,	  non-‐“hand-‐waving”	  theory	  for	  

the	  initiation	  and	  termination	  of	  EADs.	  This	  work	  by	  Tran	  et	  al.[1]	  has	  been	  one	  of	  

the	  major	  inspirations	  of	  my	  thesis,	  which	  attempts	  to	  experimentally	  validate	  this	  

theory	  and	  give	  further	  insight	  into	  EAD-‐mediated	  arrhythmias	  such	  as	  Torsades	  de	  

Pointes.	  

	  

2.5	  Non-‐linear	  Dynamics	  in	  Biology	  

	   The	  strengths	  of	  non-‐linear	  dynamics	  is	  that	  it	  offers	  both	  qualitative	  and	  

quantitative	  insights	  into	  biological	  phenomena	  that	  are	  often	  times	  experimentally	  

impossible	  to	  tease	  out.	  When	  does	  this	  approach	  become	  particularly	  useful?	  	  Take	  

for	  example	  the	  case	  where	  multiple	  groups	  run	  the	  same	  experiment	  (ie.	  same	  

perturbation),	  but	  each	  observe	  completely	  different	  phenomenon	  or	  no	  

phenomenon	  at	  all.	  Or	  the	  case	  where	  many	  group's	  experiments	  suggest	  a	  

mechanism	  for	  a	  particular	  phenomenon	  (ie.	  "steep	  SR	  Ca2+	  load	  causes	  is	  required	  

for	  	  Ca2+	  alternans"),	  while	  another	  group's	  experiments	  reveal	  that	  this	  mechanism	  

is	  not	  necessary	  for	  this	  phenomenon	  to	  occur	  (ie.	  "steep	  SR	  Ca2+	  load	  is	  not	  

required	  for	  Ca2+	  alternans").	  So	  who	  is	  right?	  Such	  discrepancies	  are	  often	  times	  the	  

subject	  of	  many	  heated	  debates	  at	  scientific	  conferences	  that	  often	  times	  involve	  

masterful	  showmanship	  and	  circuitous	  arguments	  that	  yield	  no	  consensus.	  In	  short,	  

the	  observations	  of	  all	  differing	  groups	  may	  be	  true	  for	  a	  set	  of	  initial	  conditions	  
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while	  their	  inferred	  mechanisms	  may	  be	  incorrect	  or	  incomplete.	  This	  will	  hopefully	  

become	  more	  clear	  in	  the	  example	  below.	  

	   Non-‐linear	  dynamics	  can	  dissect	  the	  "true"	  mechanism	  by	  which	  the	  same	  

perturbations	  can	  result	  in	  entirely	  different	  phenomena,	  or	  different	  perturbations	  

can	  result	  in	  the	  same	  phenomena	  as	  follows.	  In	  non-‐linear	  dynamics,	  a	  bifurcation	  

is	  a	  sudden	  change	  in	  the	  qualitative	  behavior	  of	  a	  system	  when	  parameters	  reach	  

their	  critical	  values.	  Examples	  of	  bifurcations	  in	  biology	  include	  a	  sudden	  qualitative	  

change	  in	  a	  myocyte's	  electrical	  activity	  from	  rest	  to	  pacemaking,	  or	  an	  epithelial	  

cell's	  cell	  cycle	  phase	  from	  quiescent	  to	  proliferative.	  Bifurcation	  analysis	  of	  a	  

system	  may	  reveal	  the	  quantitative	  parameter	  space	  in	  which	  different	  phenomenon	  

occur.	  Take	  the	  parameter	  space	  seen	  in	  Fig.	  2-‐7	  as	  an	  example.	  	  
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Figure	  2-‐7	  Nonlinear	  dynamics	  in	  dissecting	  both	  a	  qualitative	  and	  
quantitative	  mechanism.	  (A)	  illustrates	  how	  the	  same	  perturbation	  (ie.	  
increase	  in	  α)	  can	  result	  in	  different	  experimental	  observations	  (ie.	  null,	  
Phenomenon	  A,	  or	  Phenomenon	  B).	  (B)	  illustrates	  how	  different	  
perturbations	  (ie.	  increases	  and/or	  decreases	  in	  α	  and/or	  β	  )	  can	  result	  in	  
the	  same	  phenomenon.	  
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	   It	  is	  clear	  that	  same	  perturbation	  (ie.	  an	  increase	  in	  α)	  may	  result	  in	  different	  

outcomes	  (null,	  Phenomenon	  A,	  Phenomenon	  B)	  depending	  on	  the	  initial	  conditions,	  

or	  the	  initial	  point	  within	  the	  parameter	  space,	  as	  seen	  in	  Fig.	  2-‐7A.	  It	  is	  also	  clear	  

that	  two	  different	  perturbations	  (ie.	  an	  increase	  in	  x,	  an	  increase	  in	  y,	  or	  a	  

combination	  of	  the	  two)	  may	  be	  able	  to	  produce	  the	  same	  phenomenon,	  as	  seen	  in	  

Fig	  2-‐7B.	  This	  illustrates	  the	  strength	  of	  taking	  a	  non-‐linear	  dynamics	  approach	  to	  

efficiently	  dissect	  a	  unifying	  mechanism	  that	  would	  otherwise	  be	  very	  difficult,	  or	  

impossible,	  to	  tease	  out	  experimentally.	  This	  approach	  is	  particularly	  powerful	  in	  

studying	  biological	  systems,	  many	  of	  which	  are	  highly	  non-‐linear.	  

	   Below,	  I	  discuss	  two	  important	  bifurcations:	  the	  Hopf	  and	  Homoclinic	  

bifurcations.	  This	  is	  because	  EADs,	  which	  is	  the	  focus	  of	  this	  thesis	  work,	  are	  "born	  

by	  Hopf	  and	  die	  by	  Homoclinic"[1].	  	  

	  

2.5.1	  Poincare-‐Andronov-‐Hopf	  Bifurcation	  

	   The	  Poincare-‐Andronov-‐Hopf	  Bifurcation,	  otherwise	  known	  as	  the	  Hopf	  

bifurcation,	  is	  a	  dynamical	  process	  by	  which	  oscillations	  may	  be	  initiated[4].	  If	  a	  

Hopf	  bifurcation	  occurs,	  this	  theory	  provides	  the	  mathematical	  criterion	  by	  which	  

oscillations	  can	  occur.	  Specifically,	  a	  Hopf	  bifurcation	  is	  the	  birth	  of	  a	  limit	  cycle	  (ie.	  

oscillations)	  when	  an	  equilibrium	  of	  a	  dynamical	  system	  defined	  by	  a	  set	  of	  

differential	  equations	  loses	  stability	  via	  a	  pair	  of	  complex	  conjugate	  eigenvalues,	  and	  

crosses	  the	  imaginary	  axis	  of	  a	  complex	  plane.	  While	  this	  definition	  of	  the	  Hopf	  
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bifurcation	  is	  probably	  incomprehensible	  to	  most	  reading	  this	  thesis,	  it	  will	  

hopefully	  become	  more	  clear	  in	  the	  example	  below	  of	  a	  simple	  2D	  system.	  

2.5.1.1	  Hopf	  Bifurcation	  in	  a	  Simple	  2D	  System:	  Van	  der	  Pol	  Model	  
	  
	   The	  Hopf	  bifurcation	  is	  best	  first	  understood	  in	  the	  context	  of	  simplest	  

dynamical	  system	  in	  which	  oscillations	  can	  occur	  which	  is	  a	  system	  consisting	  of	  2	  

differential	  equations	  (ie.	  2D/planar	  system).	  	  Take	  for	  instance	  a	  simple	  model	  of	  a	  

Van	  der	  Pol	  (VdP)	  oscillator,	  which	  has	  previously	  been	  used	  to	  model	  the	  electrical	  

activity	  of	  the	  heart.	  This	  model	  is	  described	  by	  the	  following	  set	  of	  differential	  

equations:	  

	  

	   To	  determine	  the	  Hopf	  bifurcation,	  the	  equilibrium	  point(s)	  must	  first	  be	  

computed.	  The	  equilibrium	  point	  is	  the	  point	  in	  the	  system	  where	  none	  of	  the	  

parameters	  change	  with	  time.	  In	  other	  words,	  it	  is	  the	  point	  in	  the	  system	  where	  all	  

the	  differential	  equations	  are	  set	  to	  zero:	  

	  

	   It	  is	  easy	  to	  see	  that	  equation	  #4	  is	  easily	  satisfied	  when	  x	  =	  0.	  Equation	  #4	  

can	  easily	  be	  computed	  by	  setting	  x	  =	  0	  as	  follows:	  
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	   Thus	  the	  equilibrium	  point	  of	  the	  Van	  der	  Pol	  oscillator	  model	  is	  

	  

	   Next,	  the	  Jacobian	  matrix	  (J)	  at	  the	  equilibrium	  point	  must	  be	  computed	  as	  

follows:	  

	  

	   The	  eigenvalues	  (λ)	  can	  then	  be	  determined	  by	  satisfying	  the	  following	  

expression,	  where	  I	  is	  the	  identity	  matrix	  and	  J	  is	  the	  Jacobian	  matrix	  at	  the	  

equilibrium	  point:	  
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	   The	  Hopf	  bifurcation	  theorem	  states	  that	  a	  Hopf	  bifurcation	  can	  only	  occur	  

when	  a	  pair	  of	  complex	  conjugate	  eigenvalues	  passes	  the	  imaginary	  axis,	  ie.	  when	  

real	  component	  of	  λ	  is	  equal	  to	  zero,	  or	  Re(λ)	  =	  0.	  It	  can	  determine	  whether	  or	  not	  

our	  systems	  exhibits	  this	  criteria	  for	  the	  Hopf	  bifurcation	  as	  follows.	  First,	  the	  

parameter	  range	  of	  μ	  in	  which	  the	  system	  exhibits	  complex	  conjugate	  eigenvalues,	  

or	  a	  real	  component	  +/-‐	  an	  imaginary	  component,	  must	  be	  computed.	  Thus,	  the	  

defining	  characteristic	  of	  a	  complex	  conjugate	  eigenvalue	  is	  the	  presence	  of	  an	  

imaginary	  (i)	  component,	  or	  simply	  the	  presence	  of	  a	  negative	  square	  root	  

component–	  ie.	  ωi	  where	  i=	  √(-‐1).	  The	  parameter	  range	  of	  μ	  for	  which	  complex	  
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conjugate	  eigenvalues	  exist	  must	  occur	  when	  the	  square	  root	  component	  of	  the	  

eigenvalue	  is	  negative,	  or	  less	  than	  zero:	  

	  

	   Next,	  the	  value	  of	  the	  parameter	  u	  for	  which	  the	  Re(λ)	  =	  0	  must	  be	  

determined.	  

	  

	   Lastly,	  it	  must	  be	  determined	  whether	  the	  value	  calculated	  for	  the	  parameter	  

u	  which	  Re(λ)	  =	  0	  falls	  within	  the	  range	  of	  parameter	  u	  that	  the	  eigenvalues	  are	  

complex	  conjugates.	  If	  this	  is	  true,	  then	  the	  system	  is	  capable	  of	  exhibiting	  a	  Hopf	  

bifurcation.	  If	  not,	  the	  Hopf	  criteria	  is	  not	  fulfilled	  and	  the	  system	  is	  incapable	  of	  

undergoing	  a	  Hopf	  bifurcation.	  In	  the	  case	  of	  the	  VdP	  model,	  there	  exists	  a	  Hopf	  
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bifurcation	  because	  the	  value	  of	  the	  parameter	  u	  which	  Re(λ)	  =	  0	  was	  computed	  to	  

be	  (μ	  =	  0),	  and	  falls	  within	  the	  computed	  range	  of	  the	  complex	  eigenvalues	  (-‐2	  <	  μ	  <	  

2).	  

	   Following	  the	  Hopf	  bifurcation,	  oscillations	  occur	  as	  long	  as	  the	  real	  

component	  of	  λ	  is	  positive,	  Re(λ)	  >	  0.	  This	  is	  because	  each	  of	  the	  differential	  

equations	  of	  the	  system,	  when	  solved	  are	  an	  exponential	  function	  of	  the	  eigenvalue	  

as	  follows.	  	  

	  

	   From	  these	  equations,	  it	  can	  be	  seen	  that	  the	  solved	  differential	  equations	  

diverge	  to	  infinity	  when	  Re(λ)	  >	  0.	  This	  divergence	  makes	  the	  system	  unstable,	  and	  

allows	  it	  to	  “spiral”	  into	  a	  stable	  limit	  cycle.	  When	  Re(λ)	  <	  0,	  the	  solved	  differential	  

equations	  converge	  to	  zero	  so	  that	  the	  system	  is	  “stable”,	  and	  unable	  to	  oscillate.	  	  

	  

Thus,	  in	  the	  case	  of	  the	  VdP	  model,	  oscillations	  must	  occur	  when	  h	  >	  0	  

following	  a	  Hopf	  bifurcation	  (h=0).	  
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2.5.1.2	  Hopf	  bifurcation	  in	  the	  Luo-‐Rudy	  I	  Model	  

	   The	  above	  example	  of	  the	  VdP	  model	  can	  be	  extrapolated	  to	  the	  Luo-‐Rudy	  I	  

cardiac	  myocyte	  model	  that	  was	  used	  to	  dissect	  the	  criteria	  for	  the	  Hopf	  bifurcation.	  

The	  Luo-‐Rudy	  I	  myocyte	  model	  consists	  of	  four	  differential	  equations:	  the	  change	  in	  

voltage,	  LTCC	  activation	  gate,	  LTCC	  inactivation	  gate,	  and	  K	  activation	  gate	  with	  

respect	  to	  time.	  

	  

	   Because	  the	  dx/dt	  is	  relatively	  slow	  compared	  to	  the	  other	  differential	  

equations,	  it	  was	  neglected	  in	  the	  Hopf	  bifurcation	  condition	  formulation.	  	  Thus,	  

only	  the	  following	  three	  differential	  equations	  were	  used	  to	  formulate	  the	  Hopf	  

bifurcation:	  the	  change	  in	  voltage,	  LTCC	  activation	  gate,	  and	  LTCC	  inactivation	  gate	  

with	  respect	  to	  time.	  
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	   Because	  of	  the	  complexities	  involved	  in	  this	  higher	  order	  system,	  the	  Hopf	  

bifurcation	  criteria	  is	  not	  explicitly	  derived	  here	  but	  I	  overview	  again	  the	  same	  

systematic	  theoretical	  approach	  presented	  above.	  	  Again,	  the	  equilibrium	  point	  is	  

derived	  by	  setting	  the	  differential	  equations	  to	  zero,	  and	  solving	  for	  (V,d,f).	  	  

	  

	   The	  formulation	  of	  the	  Jacobian	  at	  the	  equlibrium	  point	  was	  found	  to	  be:	  
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	   As	  in	  the	  VdP	  example	  above,	  the	  det|J-‐Iλ|=0	  is	  then	  calculated	  to	  determine	  

the	  eigenvalue	  expression.	  Note	  that	  the	  determinant	  of	  a	  3x3	  matrix	  is	  calculated	  as	  

follows.	  

	  

	  

The	  square	  root	  component	  of	  the	  eigenvalue	  expression	  is	  set	  to	  negative,	  to	  derive	  

the	  parameters	  for	  which	  there	  exists	  an	  imaginary	  component,	  ωi.	  The	  eigenvalues	  

(λ1,2)	  were	  then	  computed	  to	  be	  complex	  conjugates	  (±iω)	  when,	  	  
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	   The	  values	  of	  the	  parameters	  V,	  d,	  and	  f	  that	  allow	  a	  pair	  of	  complex	  conjugate	  

eigenvalues	  to	  cross	  the	  imaginary	  axis	  were	  computed	  by	  determining	  the	  values	  

or	  formulaic	  expression	  that	  the	  parameters	  V,	  d,	  and	  f	  must	  satisfy	  for	  Re(λ)	  =	  0.	  	  

This	  formulaic	  expression	  that	  satisfies	  Re(λ)	  =	  0	  was	  found	  to	  be	  the	  following.	  

	  

	  

	   Thus,	  the	  Hopf	  bifurcation	  occurs	  when	  the	  following	  are	  satisfied:	  

	  

	  

	   Oscillations	  occur	  when	  the	  Re(λ)	  >	  0	  and	  was	  computed	  to	  occur	  when:	  
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	   It	  is	  important	  to	  note	  that	  this	  expression	  is	  the	  unifying	  mechanism	  by	  

which	  all	  EADs	  must	  occur.	  In	  other	  words,	  EADs	  may	  occur	  via	  a	  number	  of	  

"mechanisms",	  but	  they	  must	  through	  this	  "master"	  mechanism	  where	  the	  above	  

expression	  h<0	  is	  satisfied.	  Inspection	  of	  this	  expression	  h<0	  reveals	  that	  EADs	  are	  

dependent	  on	  the	  following:	  

(1) the	  maximum	  value	  of	  the	  LTCC	  “window	  current”,	  	  

(2) slopes	  of	  dVm/dt	  with	  respect	  to	  voltage,	  	  

(3) 	  the	  slopes	  of	  the	  LTCC	  activation	  and	  inactivation	  curves	  with	  respect	  to	  

voltage,	  and	  

(4) the	  time	  constants	  of	  the	  LTCC	  activation	  and	  inactivation	  gates.	  	  
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	   This	  unifying	  mechanism	  highlights	  the	  importance	  of	  these	  slopes	  and	  time	  

constants	  in	  the	  genesis	  of	  EADs	  -‐-‐	  ie.	  oscillations.	  It	  also	  offers	  the	  tantalizing	  

possibility	  of	  targeting	  the	  kinetics	  of	  ion	  channels	  to	  prevent	  EADs	  in	  a	  fashion	  that	  

does	  not	  disrupt	  or	  impair	  normal	  excitation-‐contraction	  coupling.	  

	  

2.5.2	  Homoclinic	  Bifurcation	  

	   The	  homoclinic	  bifurcation	  is	  one	  of	  the	  dynamical	  processes	  that	  can	  cause	  a	  

limit	  cycle	  (ie.	  oscillation)	  to	  disappear[4].	  Our	  group	  previously	  dissected	  the	  

mechanism	  of	  EAD	  termination	  to	  be	  due	  to	  the	  homoclinic	  bifurcation.	  A	  

homoclinic	  bifurcation	  occurs	  when	  the	  periodic	  orbit	  collides	  with	  a	  saddle	  point.	  A	  

saddle	  point	  is	  an	  equilibrium	  point	  that	  has	  both	  unstable	  and	  stable	  directions,	  ie.	  

orbits	  are	  attracted	  to	  it	  from	  one	  direction,	  and	  repelled	  away	  from	  another	  

direction	  (Fig.	  2-‐8).	  The	  saddle	  point	  can	  be	  visualized	  at	  the	  coordinate	  (0,0,0)	  in	  

the	  topological	  graph	  of	  z	  =	  x2	  -‐	  y2	  seen	  in	  Fig.	  2-‐8.	  	  
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Figure	  2-‐8	  Saddle	  Node.	  Topographically	  resembles	  a	  "horse	  
saddle"	  with	  two	  perpendicular	  vectors,	  one	  pointing	  towards	  and	  
the	  other	  away	  from	  the	  saddle	  node.	  

	  
	   The	  homoclinic	  bifurcation	  has	  also	  been	  referred	  to	  as	  an	  infinite	  period	  

bifurcation,	  because	  the	  period	  of	  the	  limit	  cycle	  (ie.	  oscillations)	  increases	  with	  

time	  as	  it	  approaches	  the	  saddle	  point	  (ie.	  the	  equilibrium	  point).	  Thus,	  the	  

characteristic	  signature	  of	  a	  Homoclinic	  bifurcation	  is	  a	  gradual	  increase	  in	  the	  

period	  (or	  a	  decrease	  in	  the	  frequency)	  of	  oscillations.	  In	  fact,	  this	  signature	  of	  a	  

gradual	  increasing	  period	  is	  such	  a	  strong	  indicator	  of	  a	  homoclinic	  bifurcation	  that	  

it	  is	  the	  defining	  criteria	  used	  by	  the	  automatic	  bifurcation	  analysis	  software	  

AUTO[27].	  	  

	   The	  increase	  in	  the	  period	  of	  the	  oscillations	  occurs	  as	  follows.	  The	  

equilibrium	  point	  is	  defined	  as	  the	  point	  where	  all	  parameters	  with	  respect	  to	  time	  

are	  equal	  to	  zero.	  Thus,	  as	  the	  limit	  cycle	  approaches	  the	  equilibrium	  point,	  the	  

system	  becomes	  slower.	  In	  other	  words,	  the	  closer	  the	  system	  is	  to	  the	  equilibrium	  

point,	  the	  slower	  the	  system	  will	  be.	  Once	  the	  limit	  cycle	  comes	  into	  contact	  with	  the	  
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saddle	  point	  (Fig.	  2-‐9),	  which	  is	  an	  equilibrium	  point,	  all	  activity	  must	  cease	  by	  the	  

very	  definition	  of	  an	  equilibrium	  point.	  	  

	  

	  

Figure	  2-‐9	  Hopf-‐Homoclinic	  bifurcation	  mechanism.	  As	  the	  
periodic	  orbit	  (green)	  created	  by	  the	  Hopf	  bifurcation	  approaches	  
the	  equilbrium	  point	  (ie.	  the	  saddle	  node)	  of	  the	  Homoclinic	  
bifurcation,	  the	  period	  increases.	  When	  the	  periodic	  orbit	  comes	  into	  
contact	  with	  the	  saddle	  node,	  the	  periodic	  orbit	  is	  destroyed	  and	  all	  
activity	  ceases.	  	  

	  

	   As	  part	  of	  my	  thesis	  work,	  I	  was	  able	  to	  experimentally	  demonstrate	  that	  EAD	  

bursts	  in	  cardiac	  monolayers	  exhibit	  the	  dynamical	  signature	  of	  the	  homoclinic	  

bifurcation	  described	  above.	  Furthermore,	  I	  was	  able	  to	  dissect	  the	  physiological	  

mechanism	  of	  the	  homoclinic	  bifurcation	  using	  the	  UCLA	  myocyte	  model	  that	  has	  

complex	  intracellular	  Ca2+	  handling	  and	  intracellular	  Ca2+	  and	  Na+	  fluxes.	  

	  

2.6	  Experimental	  dissection	  of	  tissue	  level	  arrhythmias	  

	   Evaluation	  of	  EADs	  at	  the	  tissue	  level	  (with	  optical	  mapping,	  microelectrode	  

array,	  etc.)	  as	  opposed	  to	  the	  cellular	  level	  (via	  patch	  clamping,	  confocal,	  etc.)	  is	  



	   36	  

important	  because	  arrhythmias	  at	  the	  cellular	  level	  do	  not	  always	  manifest	  at	  the	  

tissue	  level.	  In	  fact,	  most	  of	  times	  they	  do	  not.	  Recent	  theoretical	  work[28]	  by	  our	  

group	  revealed	  that	  a	  large	  number	  of	  contiguous	  cells	  must	  be	  synchronized	  and	  all	  

exhibit	  EADs	  for	  an	  EAD	  to	  propagate	  in	  tissue	  and	  produce	  a	  clinically	  relevant	  

arrhythmia	  (1D	  cable:	  70	  myocytes,	  2D	  tissue:	  6940	  myocytes,	  3D	  tissue:	  696,910	  

myocytes),	  ie.	  one	  that	  produces	  an	  electrical	  signature	  on	  EKG	  in	  the	  form	  of	  a	  PVC,	  

Torsades	  de	  Pointes,	  etc.	  This	  emphasizes	  the	  importance	  of	  studying	  arrhythmias	  

at	  the	  tissue	  level.	  

	  

2.6.1	  Optical	  Mapping	  

	   Optical	  mapping	  (Fig.	  2-‐10)	  is	  a	  powerful	  tool	  that	  allows	  evaluation	  of	  

arrhythmias	  at	  the	  tissue	  by	  recording	  the	  relative	  membrane	  potential	  and/or	  

intracellular	  Ca2+	  of	  the	  tissue	  using	  voltage	  (ie.	  RH237,	  Di-‐4-‐ANNEPPS)	  and/or	  Ca2+	  

(ie.	  Rhod-‐2)	  sensitive	  dyes,	  respectively.	  Each	  specific	  dye	  has	  its	  own	  characteristic	  

excitation	  and	  emission	  wavelength.	  When	  the	  dye	  is	  excited	  at	  its	  characteristic	  

wavelength,	  it	  emits	  light	  at	  a	  particular	  wavelength	  whose	  intensity	  is	  inversely	  

related	  and	  relative	  to	  the	  membrane	  potential	  in	  the	  case	  of	  voltage	  sensitive	  dyes,	  

and	  directly	  related	  and	  relative	  to	  the	  intracellular	  Ca2+	  in	  the	  case	  of	  Ca2+	  sensitive	  

dyes.	  These	  intensity	  values	  are	  recorded	  with	  highly	  sensitive	  instruments	  such	  as	  

CCD	  cameras	  or	  photodiode	  arrays.	  Most	  commercially	  available	  setups	  are	  able	  to	  

record	  with	  sufficiently	  high	  temporal	  (>200fps)	  and	  spatial	  (<1mm)	  resolution.	  	  
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Figure	  2-‐10	  Optical	  mapping	  setup.	  Optical	  action	  potentials	  and	  
Ca2+	  transients	  can	  be	  recorded	  from	  cardiac	  tissue	  with	  high	  spatial	  
and	  temporal	  resolution	  using	  this	  technique.	  	  

	  

The	  data	  can	  be	  interpolated	  across	  the	  recording	  channels	  to	  yield	  voltage	  

activation	  maps	  seen	  in	  Fig.	  2-‐11.	  
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Figure	  2-‐11	  Voltage	  maps	  of	  electrical	  wave	  propagation	  in	  a	  
cardiac	  monolayer.	  Optical	  mapping	  allows	  sufficient	  spatial	  and	  
temporal	  resolution	  to	  study	  "arrhythmias	  in	  a	  dish."	  Here,	  rapid	  
pacing	  (4Hz)	  in	  an	  in	  vitro	  model	  of	  the	  infarct	  border	  zone	  results	  in	  
wavebreak	  that	  initiates	  a	  reentrant	  arrhythmia	  (ie.	  a	  single	  spiral	  
wave).	  Figure	  reprinted	  from	  [6].	  

	  

	   Note	  that	  while	  today’s	  CCD	  and	  photodiode	  arrays	  can	  record	  with	  a	  spatial	  

resolution	  better	  than	  1mm,	  the	  scattering	  of	  the	  emission	  signal	  for	  all	  dyes	  is	  

significant	  enough	  that	  the	  upperbound	  of	  actual	  achievable	  spatial	  resolution	  is	  on	  

the	  order	  of	  a	  millimeter.	  Also	  note	  that	  while	  the	  intensity	  values	  of	  the	  voltage	  

images	  are	  inversely	  related	  to	  the	  membrane	  potential,	  all	  recordings	  here	  have	  

been	  “flipped”	  to	  represent	  relative	  membrane	  potential	  recordings	  (Fv).	  
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2.6.2	  Neonatal	  Rat	  Ventricular	  Myocyte	  (NRVM)	  Monolayers	  

	   Neonatal	  rat	  ventricular	  myocytes	  (NRVM)	  when	  isolated	  and	  plated	  at	  the	  

appropriate	  density	  are	  able	  to	  form	  gap	  junctions	  with	  each	  other	  after	  a	  couple	  

days	  in	  culture,	  and	  beat	  as	  a	  syncytium.	  Rats	  are	  the	  only	  species	  whose	  myocytes	  

are	  able	  to	  create	  a	  confluent	  monolayer	  (Fig.	  2-‐12)	  after	  being	  isolated	  in	  culture.	  

Note	  that	  this	  is	  only	  the	  case	  with	  neonatal	  rats,	  and	  not	  adults.	  While	  the	  

electrophysiology	  of	  NRVMs	  differs	  from	  that	  of	  humans	  and	  other	  species,	  the	  use	  

of	  NRVM	  monolayers	  in	  optical	  mapping	  studies	  has	  provided	  a	  wealth	  of	  

knowledge	  related	  to	  the	  basic	  mechanisms	  of	  cardiac	  impulse	  propagation	  and	  

arrhythmias[16,	  29-‐46].	  After	  9-‐11	  days	  in	  culture,	  NRVMs	  exhibit	  mature	  Ca2+	  

handling[47]	  (Fig.	  2-‐13),	  and	  striations	  that	  resemble	  those	  observed	  in	  adult	  

myocytes	  (Fig.	  2-‐14).	  

	  

Figure	  2-‐12.	  Confluent	  NRVM	  monolayer	  
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Figure	  2-‐13.	  Cultured	  NRVMs	  exhibit	  robust	  Ca2+-‐induced	  Ca2+-‐
release.	  Large	  Ca2+	  transients	  are	  observed	  via	  optical	  mapping	  
following	  stimulation	  during	  superfusion	  with	  normal	  Tyrode	  
(1.8mM	  Ca2+)	  (top	  trace).	  Ca2+	  transients	  are	  abolished	  after	  
disabling	  the	  SR	  with	  10mM	  caffeine	  (bottom	  trace)	  consistent	  with	  
mature	  Ca2+	  handling.	  

	  

	  

Figure	  2-‐14	  Cultured	  NRVMs	  resemble	  adult	  myocytes.	  
Fluorescent	  microscopy	  image	  of	  a	  day	  11	  NRVM-‐only	  monolayer	  
stained	  for	  α-‐actinin.	  The	  α-‐actinin	  staining	  resembles	  that	  observed	  
in	  adult	  myocytes.	  

	  

	  
	   Using	  2D	  preparations	  such	  as	  NRVMs	  are	  ideal	  because	  the	  electrical	  activity	  

is	  confined	  to	  a	  plane	  so	  that	  many	  of	  the	  technical	  obstacles	  associated	  with	  whole	  

heart	  mapping	  are	  overcome.	  In	  whole	  heart	  mapping,	  only	  the	  outer	  portion	  of	  the	  

(3 secs)
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heart,	  the	  epicardium,	  can	  be	  imaged.	  As	  a	  result,	  it	  is	  often	  times	  impossible	  to	  

determine	  whether	  the	  electrical	  activity	  on	  the	  epicardium	  is	  originating	  from	  the	  

epicardium	  itself	  or	  transmurally	  from	  beneath	  the	  epicardium	  (ie.	  endocardium,	  

mid-‐myocardium).	  For	  example,	  transmural	  reentry	  may	  present	  as	  focal	  activity	  on	  

the	  epicardium.	  Because	  of	  optical	  scattering,	  there	  are	  also	  significantly	  greater	  

artifacts	  in	  the	  optical	  recordings	  when	  imaging	  the	  whole	  heart	  compared	  to	  

monolayers	  because	  of	  the	  extra	  dimension	  (ie.	  depth)	  involved[48,	  49].	  

	   Also,	  the	  whole	  heart	  itself	  is	  extremely	  heterogeneous	  in	  nature,	  both	  

structurally	  and	  electrophysiologically.	  This	  makes	  it	  impossible	  to	  dissect	  

fundamental	  mechanisms	  in	  any	  sort	  of	  well	  controlled	  manner.	  In	  the	  case	  of	  

monolayers,	  homogeneous	  monolayers	  can	  be	  readily	  created	  to	  exclude	  any	  

structural	  factors.	  The	  substrate	  can	  also	  be	  manipulated	  by	  employing	  

microfabrication	  techniques	  previously	  developed	  in	  the	  semiconductor	  industry,	  to	  

pattern	  cells	  in	  a	  highly	  controlled	  fashion.	  This	  has	  given	  considerable	  insights	  into	  

both	  physiological	  and	  pathological	  conditions[16,	  29-‐46].	  Additionally,	  NRVMs	  are	  

very	  amenable	  to	  genetic	  modification	  and	  are	  useful	  in	  proof	  of	  principle	  gene	  

therapy	  studies[50-‐53].	  Furthermore,	  co-‐cultures	  can	  be	  easily	  created	  to	  assess	  the	  

electrophysiological	  consequences	  of	  stem	  cell	  transplantation[50,	  54]	  and	  altered	  

cell-‐to-‐cell	  coupling[6,	  51,	  55-‐58]	  in	  substrates	  such	  as	  the	  infarct	  border	  zone.	  	  
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3. The	  Dynamics	  Underlying	  Early	  Afterdepolarization-‐

Mediated	  Triggered	  Activity	  in	  Cardiac	  Monolayers	  

3.1	  Abstract	  	  

	   Early	  afterdepolarizations	  (EADs)	  are	  voltage	  oscillations	  during	  the	  

repolarizing	  phase	  of	  the	  cardiac	  action	  potential,	  which	  cause	  cardiac	  arrhythmias	  

in	  a	  variety	  of	  clinical	  settings.	  EADs	  occur	  in	  the	  setting	  of	  “reduced	  repolarization	  

reserve”	  and	  “increased	  inward	  over	  outward	  currents,”	  which	  explains	  intuitively	  

repolarization	  delay,	  but	  does	  not	  mechanistically	  explain	  the	  time-‐dependent	  

voltage	  oscillations	  characteristic	  of	  EADs.	  In	  a	  recent	  theoretical	  study,	  we	  

identified	  a	  dual	  Hopf-‐homoclinic	  bifurcation	  as	  a	  dynamical	  mechanism	  causing	  

voltage	  oscillations	  during	  EADs,	  dependent	  jointly	  on	  the	  amplitude	  and	  kinetics	  of	  

the	  L-‐type	  Ca2+	  channel	  (LTCC)	  current	  relative	  to	  repolarizing	  K+	  currents.	  Here	  we	  

demonstrate	  this	  mechanism	  experimentally.	  We	  show	  that	  cardiac	  monolayers	  

exposed	  to	  the	  LTCC	  agonists	  BayK8644	  and	  isoproterenol	  produce	  EAD	  bursts	  

which	  are	  suppressed	  by	  the	  LTCC	  blocker	  nitrendipine,	  but	  not	  by	  the	  Na+	  current	  

blocker	  tetrodoxin,	  depletion	  of	  intracellular	  Ca2+	  stores	  with	  thapsigargin	  and	  

caffeine,	  or	  buffering	  intracellular	  Ca	  with	  BAPTA-‐AM.	  	  These	  EAD	  bursts	  exhibited	  a	  

key	  dynamical	  signature	  of	  the	  dual	  Hopf-‐homoclinic	  bifurcation	  mechanism,	  

namely	  a	  gradual	  slowing	  in	  the	  frequency	  of	  oscillations	  prior	  to	  burst	  termination.	  	  

A	  detailed	  cardiac	  action	  potential	  model	  reproduced	  the	  experimental	  observations,	  
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and	  identified	  intracellular	  Na+	  accumulation	  as	  the	  likely	  mechanism	  terminating	  

EAD	  bursts.	  	  Our	  findings	  in	  cardiac	  monolayers	  provide	  direct	  support	  for	  the	  Hopf-‐

homoclinic	  bifurcation	  mechanism	  of	  EAD-‐mediated	  triggered	  activity,	  and	  raise	  the	  

possibility	  that	  this	  mechanism	  could	  also	  contribute	  to	  EAD	  formation	  in	  clinical	  

settings	  such	  as	  long	  QT	  syndromes,	  heart	  failure,	  and	  increased	  sympathetic	  output,	  

providing	  new	  therapeutic	  targets	  and	  expanding	  the	  current	  concept	  of	  reduced	  

repolarization	  reserve.	  
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3.2	  Introduction	  	  

Early	  afterdepolarizations	  (EADs)	  can	  cause	  lethal	  arrhythmias	  in	  cardiac	  

conditions	  such	  as	  congenital	  and	  acquired	  long	  QT	  (LQT)	  syndromes	  and	  heart	  

failure,	  which	  are	  often	  potentiated	  by	  increased	  sympathetic	  output	  [59,	  60].	  	  EADs	  

have	  been	  classically	  attributed	  to	  reactivation	  of	  the	  L-‐type	  Ca2+	  channel	  (LTCC)	  as	  

membrane	  voltage	  passes	  through	  the	  LTCC	  “window”	  voltage	  region	  

(approximately	  0	  to	  -‐40	  mV,	  where	  steady	  state	  activation	  and	  inactivation	  curves	  

overlap)	  [22,	  61-‐64].	  	  If	  the	  rate	  of	  repolarization	  is	  not	  sufficiently	  rapid	  through	  

this	  voltage	  range,	  then	  LTCC	  can	  reactivate,	  reversing	  repolarization	  to	  produce	  the	  

EAD	  upstroke.	  	  This	  scenario	  typically	  occurs	  when	  repolarization	  reserve	  is	  

reduced	  [65-‐68].	  	  	  In	  this	  setting,	  it	  is	  intuitively	  obvious	  that	  the	  increase	  in	  the	  

magnitude	  of	  inward	  currents	  relative	  to	  outward	  currents	  will	  cause	  an	  increase	  in	  

the	  action	  potential	  (AP)	  duration	  (APD)	  (or	  its	  ECG	  analogue,	  the	  QT	  interval);	  an	  

increase	  in	  APD	  is	  often	  held	  to	  be	  by	  itself	  a	  marker	  for	  pro-‐arrhythmia.	  	  However,	  

EADs	  are	  characterized	  by	  voltage	  oscillations,	  implying	  that	  time-‐dependent	  factors,	  

such	  as	  the	  time	  constants	  of	  the	  steady	  state	  activation,	  inactivation	  and	  recovery	  

from	  inactivation	  of	  the	  LTCC	  relative	  to	  those	  of	  K+	  channels,	  are	  also	  critical.	  	  

Specifically,	  in	  order	  for	  voltage	  to	  oscillate,	  the	  time	  constants	  of	  these	  currents	  

have	  to	  be	  in	  the	  resonance	  with	  each	  other.	  

To	  explore	  how	  time-‐	  and	  voltage-‐dependent	  factors	  interact	  to	  cause	  EAD	  

voltage	  oscillations,	  we	  adopted	  a	  nonlinear	  dynamics	  approach	  to	  analyze	  EAD	  
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formation	  in	  the	  Luo-‐Rudy	  I	  (LR1)	  ventricular	  action	  potential	  (AP)	  model	  [1].	  	  

Based	  on	  this	  analysis,	  we	  theorized	  that	  EADs	  are	  generated	  by	  a	  Hopf	  bifurcation	  

and	  terminated	  by	  a	  homoclinic	  bifurcation.	  	  	  The	  Hopf	  bifurcation	  is	  a	  dynamical	  

process	  by	  which	  an	  equilibrium	  (in	  this	  case,	  the	  plateau	  voltage)	  becomes	  

unstable	  and	  begins	  to	  oscillate	  [4],	  which	  occurs	  as	  the	  slopes	  of	  feedback	  relations	  

are	  increased	  in	  the	  presence	  of	  an	  appropriate	  time	  delay.	  For	  example,	  the	  change	  

from	  the	  non-‐oscillatory	  mode	  to	  the	  oscillatory	  mode	  of	  the	  sino-‐atrial	  nodal	  

pacemaker	  cell	  has	  been	  modeled	  as	  a	  Hopf	  bifurcation	  [69].	  Hopf	  bifurcations	  are	  

thought	  to	  underlie	  many	  other	  biological	  oscillations,	  such	  as	  the	  cell	  cycle	  [70],	  

glycolytic	  oscillations	  [71]	  and	  circadian	  rhythms	  [72].	  In	  the	  LR1	  model,	  we	  found	  

that	  the	  Hopf	  bifurcation-‐mediated	  voltage	  oscillations	  at	  the	  plateau	  potential	  (i.e.,	  

EADs)	  can	  occur	  when	  the	  slopes	  of	  the	  LTCC	  activation	  and	  inactivation	  curves	  are	  

steep,	  with	  properly	  matched	  time	  constants	  and	  window	  LTCC	  current	  [1].	  	  The	  

homoclinic	  bifurcation	  is	  a	  parameter	  point	  at	  which	  the	  oscillatory	  orbit	  collides	  

with	  the	  saddle	  point,	  resulting	  in	  an	  infinite-‐period	  orbit.	  After	  the	  bifurcation	  point,	  

no	  oscillatory	  orbit	  exists.	  The	  Hopf	  bifurcation	  initiates	  the	  membrane	  oscillations,	  

causing	  single	  or	  multiple	  EADs,	  and	  as	  the	  outward	  currents	  activate	  slowly,	  the	  

system	  gradually	  approaches	  and	  passes	  the	  homoclinic	  bifurcation,	  at	  which	  the	  

voltage	  fully	  repolarizes,	  terminating	  the	  EADs.	  	  The	  defining	  feature	  of	  this	  process	  

is	  frequency	  slowing,	  i.e.,	  as	  the	  oscillatory	  orbit	  approaches	  the	  infinite	  period	  orbit,	  

the	  period	  of	  the	  oscillations	  increases.	  	  	  
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In	  this	  study,	  we	  performed	  optical	  mapping	  experiments	  of	  cultured	  

neonatal	  rat	  ventricular	  myocyte	  (NRVM)	  monolayers	  to	  determine	  whether	  EAD-‐

mediated	  triggered	  activity	  in	  this	  preparation	  exhibited	  features	  that	  corroborate	  

the	  theoretical	  mechanism	  described	  above.	  We	  induced	  EADs	  by	  exposing	  

monolayers	  to	  the	  LTCC	  agonists	  BayK8644	  and	  isoproterenol.	  	  In	  cardiac	  

monolayers,	  we	  find	  that	  EADs	  exhibit	  the	  key	  dynamical	  signature	  of	  the	  Hopf-‐

homoclinic	  bifurcation	  mechanism	  [1],	  namely	  gradual	  slowing	  of	  the	  frequency	  

response	  prior	  to	  burst	  termination.	  	  Bursts	  were	  resistant	  to	  Na+	  channel	  blockade	  

(with	  TTX),	  depletion	  of	  SR	  Ca2+	  (with	  caffeine	  and	  thapsigargin),	  and	  suppressed	  by	  

Ca2+	  channel	  blockade	  (with	  nitrendipine),	  consistent	  with	  the	  predicted	  central	  role	  

of	  LTCC.	  	  Moreover,	  interventions	  that	  delayed	  entry	  into	  the	  LTCC	  “window”	  region,	  

such	  as	  blocking	  the	  transient	  outward	  K+	  channel	  (Ito)	  and	  other	  K+	  currents	  with	  4-‐

aminopyridine(4-‐AP),	  or	  overexpressing	  a	  Ca2+-‐insensitive	  mutant	  calmodulin	  

(CaM1234)	  to	  suppress	  LTCC	  inactivation,	  also	  suppressed	  EAD	  bursts,	  despite	  

further	  prolonging	  APD.	  	  These	  experimental	  findings	  were	  reproduced	  in	  a	  detailed	  

cardiac	  AP	  model,	  which	  revealed	  that	  the	  frequency	  slowing	  and	  burst	  termination	  

were	  due	  to	  a	  slow	  accumulation	  of	  intracellular	  Na+.	  	  These	  results	  provide	  strong	  

experimental	  evidence	  that	  the	  Hopf-‐homoclinic	  bifurcation	  mechanism	  of	  EAD-‐

mediated	  triggered	  activity	  can	  occur	  in	  a	  real	  cardiac	  tissue.	  	  
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3.3	  Materials	  and	  Methods	  	  

All	  protocols	  used	  conform	  to	  the	  standard	  set	  forth	  by	  the	  National	  Institutes	  

of	  Health	  in	  the	  Guide	  for	  the	  Care	  and	  Use	  of	  Animals	  (NIH	  publication	  No.	  85-‐23,	  

Revised	  1996).	  	  	  

	   Cell	  culture.	  We	  created	  monolayers	  of	  neonatal	  rat	  ventricular	  myocytes	  

(NRVMs)	  by	  plating	  1x106	  cells	  on	  21mm	  fibronectin-‐coated	  plastic	  coverslips,	  as	  

previously	  described	  [50].	  	  Representative	  appearance	  of	  myocytes	  after	  11	  days	  in	  

culture	  is	  shown	  in	  the	  Supplement	  (Supplemental	  Fig.	  S3-‐1).	  We	  confirmed	  

maturation	  of	  SR	  Ca2+	  handling	  in	  NRVM	  cultures	  by	  recording	  Ca2+	  transients	  

during	  pacing	  in	  Tyrodes	  solution	  before	  and	  after	  exposure	  to	  10mM	  caffeine	  

which	  depletes	  SR	  Ca2+	  stores.	  	  Ca2+	  transients	  were	  abolished	  by	  the	  addition	  of	  

caffeine	  (Supplemental	  Fig.	  S3-‐2),	  consistent	  with	  a	  mature	  SR	  Ca2+	  handling	  

phenotype,	  as	  described	  previously	  for	  NRVM	  monolayers	  after	  several	  days	  in	  

culture	  [73-‐75].	  	  	  	  

	   Optical	  mapping.	  Arrhythmias	  were	  imaged	  by	  optical	  mapping	  performed	  

after	  11-‐14	  days	  in	  culture.	  	  Coverslips	  were	  visually	  inspected	  under	  a	  microscope	  

and	  monolayers	  with	  obvious	  gaps	  in	  confluence	  and	  non-‐beating	  cultures	  were	  

rejected	  (after	  7d	  in	  culture,	  most	  NRVMs	  are	  quiescent	  and	  a	  dominant	  pacemaker	  

is	  responsible	  for	  electrical	  activity	  in	  monolayers).	  The	  coverslips	  were	  then	  

transferred	  to	  a	  custom-‐designed	  chamber,	  stained	  with	  5	  µmol/L	  di-‐4-‐ANEPPS,	  a	  

voltage-‐sensitive	  dye	  for	  5	  min	  or	  5µmol/L	  Rhod-‐2	  AM,	  a	  Ca2+-‐sensitive	  dye	  for	  30	  
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min,	  and	  then	  continuously	  superfused	  with	  warm	  (36.5°C)	  oxygenated	  (normal)	  

Tyrode	  solution	  containing	  (in	  mM)	  135	  NaCl,	  5.4	  KCl,	  1.8	  CaCl2,	  1	  MgCl2,	  0.33	  

NaH2PO4,	  5	  HEPES,	  and	  5	  glucose.	  A	  unipolar	  point	  electrode	  was	  used	  to	  stimulate	  

the	  cells.	  	  

	   Action	  potentials	  were	  recorded	  using	  either	  a	  custom-‐built	  contact	  

fluorescence	  imaging	  system	  with	  253	  recording	  sites	  as	  previously	  described	  [50]	  

(Supplemental	  Fig.S3-‐3),	  or	  a	  CCD-‐based	  optical	  imaging	  system	  (Photometrics	  

Cascade	  128+,	  Tucson,	  AZ)	  ,	  with	  128	  x	  128	  spatial	  resolution	  at	  0.6-‐	  to	  5-‐ms	  per	  

frame.	  Voltage	  and	  Ca2+	  signals	  were	  acquired	  continuously	  over	  2-‐15	  minutes	  

either	  in	  the	  absence	  of	  pacing	  or	  during	  pacing	  at	  <0.5	  Hz.	  	  Data	  were	  stored,	  

displayed,	  and	  analyzed	  using	  custom	  software	  written	  in	  Visual	  C++	  (Microsoft),	  

Laboratory	  VIEW	  (National	  Instruments),	  and	  MATLAB	  (Math	  Works).	  	  	  

Experimental	  protocols.	  Mode-‐2	  gating	  of	  LTCC	  was	  induced	  by	  adding	  the	  

LTCC	  agonist	  BayK8644	  (2.5µM)	  and	  the	  beta	  adrenergic	  receptor	  agonist	  

isoproterenol	  (1µM)	  to	  the	  perfusate.	  	  In	  some	  experiments,	  Na+	  channels	  and	  LTCC	  

were	  blocked	  by	  adding	  10µM	  Tetrodotoxin	  (TTX)	  or	  5	  µM	  nitrendipine,	  

respectively,	  directly	  to	  the	  superfusate.	  	  To	  deplete	  SR	  Ca2+,	  some	  monolayers	  were	  

pre-‐treated	  with10	  mM	  caffeine	  and	  5µM	  thapsigargin	  for	  30	  min	  [76-‐79].	  	  To	  buffer	  

intracellular	  Ca2+,	  some	  monolayers	  were	  incubated	  with	  100μM	  BAPTA-‐AM	  for	  7	  

min.	  	  The	  relative	  Ca	  concentrations	  under	  these	  conditions	  are	  shown	  in	  

supplemental	  Fig.S3-‐4.	  To	  create	  intracellular	  Ca2+	  overload	  without	  inducing	  mode-‐
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2	  gating	  of	  LTCC,	  some	  monolayers	  were	  superfused	  with	  Tyrode’s	  solution	  

containing	  100µM	  ouabain	  and	  3.6	  mM	  	  Ca2+.	  To	  block	  the	  outward	  transient	  K+	  

current	  and	  other	  K+	  currents,	  some	  monolayers	  were	  superfused	  with	  4-‐	  

aminopyridine	  (4-‐AP,	  10	  mM).	  To	  ablate	  Ca2+-‐dependent	  inactivation	  of	  the	  LTCC,	  

some	  monolayers	  were	  pre-‐infected	  with	  the	  adenoviral	  adenoviral	  construct	  Ad-‐

CaM1234	  to	  overexpress	  the	  mutant	  Ca2+-‐insensitive	  calmodulin	  CaM1234,	  as	  

previously	  described	  [80].	  

Data	  analysis.	  The	  baseline	  drift	  due	  to	  photobleaching	  of	  the	  potentiometric	  

dye	  was	  reduced	  by	  subtracting	  a	  third	  order	  polynomial	  best	  fit	  curve	  of	  the	  optical	  

signals.	  To	  reduce	  noise	  in	  the	  optical	  signals,	  a	  seven	  point	  moving	  median	  filter	  

was	  applied	  to	  the	  de-‐trended	  data.	  Animations	  of	  electrical	  propagation	  were	  

generated	  from	  signals	  that	  were	  low-‐pass	  filtered	  between	  0	  and	  100	  Hz.	  The	  

activation	  time	  was	  defined	  as	  the	  instant	  of	  maximum	  positive	  slope.	  	  Burst	  

frequency	  plots	  were	  computed	  by	  determining	  the	  inverse	  of	  time	  between	  

upstrokes.	  	  Pseudo	  ECGs	  were	  computed	  (using	  the	  concept	  of	  the	  lead	  field)	  from	  

the	  potential	  difference	  determined	  between	  two	  virtual	  electrodes	  positioned	  5mm	  

above	  diametrically	  opposite	  points	  on	  the	  monolayer,	  and	  located	  parallel	  to	  the	  

horizontal	  edge	  of	  the	  recording	  hexagonal	  area	  [81].	  

Statistics.	  Data	  were	  expressed	  as	  mean	  ±	  SD	  and	  analyzed	  using	  a	  paired	  

Student's	  t-‐test.	  P	  values	  <0.05	  were	  considered	  to	  be	  significant.	  
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	   Computer	  simulations.	  Computer	  simulations	  used	  the	  ventricular	  action	  

potential	  model	  by	  Mahajan	  et	  al.[82]	  with	  further	  modifications	  described	  in	  [83].	  

In	  addition,	  two	  linear	  background	  currents:	  ICab	  and	  INab,	  were	  added,	  with	  the	  

corresponding	  conductances	  chosen	  as	  gB,Ca	  =	  0.0002513	  mS/µF	  and	  gB,Na	  =	  0.0004	  

mS/µF	  and	  the	  maximum	  rate	  of	  electrogenic	  Na+-‐K+	  pump	  was	  decreased	  to	  gNaK	  =	  

0.8	  mS/µF	  to	  give	  a	  steady	  state	  intracellular	  sodium	  concentration	  of	  [Na]i	  =	  10	  

mM.	  To	  generate	  the	  bursting	  behavior,	  we	  started	  from	  the	  EAD	  model	  in	  [83]	  and	  

increased	  the	  maximum	  Ca	  flux	  of	  the	  LTCC	  by	  41%	  and	  the	  maximum	  conductance	  

of	  the	  fast	  Ito	  by	  45%.	  Although	  we	  did	  attempt	  to	  reproduce	  the	  effects	  of	  BayK8644	  

and	  isoproterenol	  in	  a	  quantitatively	  exact	  manner,	  our	  modifications	  are	  

qualitatively	  in	  line	  with	  their	  effects	  on	  the	  LTCC	  current.	  Accordingly,	  to	  induce	  

EADs	  in	  the	  control	  model	  [82],	  we	  increased	  the	  LTCC	  current	  and	  sped	  up	  its	  

kinetics	  [83].	  Here	  we	  further	  increased	  LTCC	  to	  result	  in	  EAD	  burst.	  	  In	  addition,	  

increasing	  Ito	  to	  potentiate	  burst	  agrees	  with	  our	  experiments	  that	  blocking	  the	  

transient	  outward	  current	  suppressed	  the	  bursting	  behavior.	  A	  nonlinear	  

instantaneous	  BAPTA	  buffer	  with	  KBAPTA=215	  µM	  was	  added	  to	  simulate	  the	  

presence	  of	  BAPTA-‐AM.	  See	  the	  supplemental	  material	  for	  the	  detailed	  parameter	  

changes	  and	  a	  study	  of	  the	  sensitivity	  and	  dependence	  of	  the	  burst	  duration	  and	  

frequency	  on	  parameter	  values	  (Supplemental	  Fig.S3-‐5).	  	  	  All	  simulations	  were	  

performed	  using	  the	  CVODE	  time-‐adaptive	  solver	  for	  stiff	  equations	  from	  the	  

SUNDIALS	  package	  [84].	  The	  time-‐adaptive	  solver	  guarantees	  a	  maximum	  local	  
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error	  on	  all	  state	  variables,	  which	  was	  set	  to	  be	  smaller	  than	  10-‐5	  in	  relative	  value	  

and	  10-‐6	  in	  absolute	  value.	  

3.4	  Results	  

3.4.1	  BayK8644	  and	  isoproterenol	  induce	  bursts	  of	  EAD-‐mediated	  triggered	  

activity	  

Cultured	  NVRM	  monolayers	  superfused	  with	  BayK8644	  (2.5µM)	  and	  

isoproterenol	  (1µM)	  developed	  robust	  synchronized	  bursts	  of	  electrical	  activity	  that	  

arose	  abruptly	  during	  slow	  pacing	  (<0.04	  Hz),	  as	  detected	  by	  either	  voltage	  or	  Ca2+	  

imaging	  (Fig.	  3-‐1	  A	  &	  B,	  Supplemental	  Fig.	  S3-‐2).	  Bursts	  were	  characterized	  by	  

incomplete	  repolarization	  between	  beats,	  consistent	  with	  EAD-‐mediated	  triggered	  

activity.	  Also	  consistent	  with	  EAD-‐mediated	  triggered	  activity,	  bursts	  were	  focal,	  

originating	  at	  one	  or	  more	  distinct	  sites	  and	  propagating	  throughout	  the	  monolayer	  

(Fig.	  3-‐2	  A	  &	  B),	  resulting	  in	  a	  pseudo-‐electrocardiogram	  resembling	  polymorphic	  

VT	  (Fig.	  3-‐2C).	  	  Burst	  episodes	  were	  self-‐limited	  and	  recurrent,	  with	  burst	  duration	  

averaging	  34	  [standard	  deviation	  (SD)	  23]	  seconds	  and	  the	  frequency	  of	  triggered	  

activity	  during	  the	  burst	  averaging	  2.6	  (SD	  0.3)	  Hz	  (n=9	  monolayers).	  During	  

individual	  bursts,	  the	  frequency	  of	  triggered	  activity	  decreased	  gradually	  to	  45	  (SD	  5)	  

%	  of	  the	  initial	  frequency	  (n=9)	  (Fig.	  3-‐1A),	  a	  classic	  dynamical	  signature	  of	  the	  dual	  

Hopf-‐homoclinic	  bifurcation	  mechanism.	  Ca2+	  imaging	  of	  EAD	  bursts	  exhibited	  

frequency	  plots	  (Fig.	  3-‐1B)	  similar	  to	  those	  recorded	  by	  voltage	  imaging.	  
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Figure	  3-‐1.	  Voltage	  and	  Ca2+	  bursts	  induced	  by	  BayK8644	  and	  
isoproterenol.	  Voltage	  and	  calcium	  bursts	  (top	  panels	  of	  panels	  A	  
and	  B,	  respectively)	  recorded	  by	  voltage	  (FV)	  or	  Ca2+	  (FCa)	  optical	  
mapping	  in	  two	  different	  monolayers,	  and	  their	  corresponding	  
frequency	  response	  plots	  (lower	  panels).	  	  	  (C)	  and	  (D)	  Perfusing	  with	  
solely	  isoproterenol	  (Panel	  C)	  or	  solely	  BayK8644	  (Panel	  D)	  induced	  
bursts.	  	  	  	  	  

	  

Since	  BayK8644	  and	  isoproterenol	  directly	  or	  indirectly	  affect	  other	  ionic	  

currents	  besides	  LTCC,	  we	  also	  tested	  both	  drugs	  separately.	  	  EAD	  bursts	  were	  

observed	  with	  isoproterenol	  alone	  (Fig.	  3-‐1C)	  in	  3	  of	  8	  monolayers,	  and	  with	  

BayK8644	  alone	  in	  7	  of	  7	  monolayers	  (Fig.	  3-‐1D).	  In	  both	  cases,	  bursting	  frequencies	  

gradually	  declined	  prior	  to	  burst	  termination.	  Thus,	  unless	  BayK8644	  and	  

isoproterenol	  have	  overlapping	  off-‐target	  effects,	  these	  findings	  implicate	  altered	  

LTCC	  gating	  properties	  as	  the	  common	  factor	  by	  which	  these	  drugs	  induce	  EAD	  

bursting.	  	  
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Figure	  3-‐2.	  BayK8644	  and	  isoproterenol	  induces	  bursts	  of	  focal	  
activity	  resembling	  polymorphic	  VT.	  	  (A)	  Voltage	  maps	  of	  bursting	  
activity	  revealed	  repetitive	  firing	  of	  focal	  activity.	  	  Color	  bar	  
corresponds	  to	  the	  normalized	  voltage	  level,	  with	  blue	  being	  the	  
minimum	  voltage	  level	  that	  occur	  following	  the	  initial	  upstroke	  of	  
the	  burst	  and	  red	  the	  peak	  of	  activity	  observed	  during	  bursts.	  	  (B)	  A	  
close-‐up	  of	  the	  initial	  voltage	  activity	  observed	  in	  the	  first	  burst	  
shown	  in	  Fig	  3-‐1,	  panel	  A,	  showing	  burst	  of	  EADs.	  (C)	  Pseudo-‐ECG	  
showing	  polymorphic	  ventricular	  tachycardia	  corresponding	  to	  
burst	  in	  Panel	  B	  underlie	  by	  multiple	  focal	  activity	  (Panel	  A).	  	  	  
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3.4.2	  EAD	  bursts	  depend	  on	  LTCC,	  but	  not	  on	  Na+	  channels,	  SR	  Ca2+	  cycling,	  or	  

Ca2+	  overload	  per	  se	  

Following	  a	  single	  stimulated	  AP,	  EAD	  bursts	  induced	  by	  BayK8644	  and	  

isoproterenol	  were	  completely	  suppressed	  by	  the	  LTCC	  channel	  blocker	  

nitrendipine	  (5	  µM)	  (Fig.	  3-‐3A;	  n=7).	  	  Neither	  Na+	  channel	  blockade	  with	  50	  µM	  TTX	  

(Fig.	  3-‐3B;	  n=5	  monolayers)	  nor	  suppressing	  SR	  Ca2+	  cycling	  with	  caffeine	  and	  

thapsigargin	  (Fig.	  3-‐3C)	  had	  any	  significant	  effect.	  	  In	  contrast,	  when	  monolayers	  

were	  pre-‐treated	  with	  BAPTA-‐AM	  to	  buffer	  intracellular	  Ca2+,	  burst	  duration	  

prolonged,	  from	  34	  (SD	  23)	  seconds	  to	  61	  	  (SD	  27)	  seconds	  (n=9),	  without	  

significantly	  affecting	  bursting	  frequency	  (Fig.	  3-‐4).	  	  With	  BAPTA-‐AM	  present,	  

bursting	  frequency	  declined	  more	  slowly	  during	  the	  burst,	  so	  that	  the	  frequency	  just	  

prior	  to	  burst	  termination	  was	  similar	  to	  non-‐BAPTA-‐treated	  monolayers.	  
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Figure	  3-‐3.	  EAD	  bursts	  are	  abolished	  by	  Ca2+	  channel	  blockade	  
but	  occur	  independently	  of	  SR	  Ca2+	  cycling	  and	  Na+	  channel	  
blockade.	  	  (A)	  Bursts	  were	  not	  observed	  following	  blockade	  of	  the	  
L-‐type	  Ca2+	  channel	  with	  5μM	  nitrendipine.	  	  (B	  and	  C)	  Bursts	  
continued	  to	  occur	  following	  Na+	  channel	  blockade	  with	  TTX	  (Panel	  
B)	  and	  disabling	  SR	  Ca2+	  cycling	  with	  10	  mM	  caffeine	  and	  5µM	  
thapsigargin	  (Panel	  C).	  	  	  
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Figure	  3-‐4.	  EAD	  bursts	  are	  prolonged	  following	  chelation	  of	  
intracellular	  Ca2+.	  	  (A)	  Representative	  bursts	  observed	  by	  voltage	  
optical	  mapping	  prior	  to	  (top	  panel)	  and	  following	  incubation	  
(bottom	  panel)	  with	  BAPTA-‐AM	  for	  7	  minutes.	  	  	  (B)	  Bar	  graph	  (left)	  
and	  the	  corresponding	  individual	  plots	  of	  the	  average	  burst	  duration	  
from	  n=9	  monolayers	  (right)	  prior	  to	  and	  following	  incubation	  with	  
BAPTA-‐AM	  (error	  bars	  represent	  SDs).	  

	  

	  To	  evaluate	  whether	  EAD	  bursts	  were	  a	  nonspecific	  consequence	  of	  

intracellular	  Ca2+	  overload,	  we	  exposed	  monolayers	  to	  the	  Na+-‐K+-‐ATPase	  inhibitor	  

ouabain	  (100	  µM)	  in	  the	  presence	  of	  elevated	  extracellular	  Ca2+	  (3.6	  mM,	  n=5).	  	  In	  
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this	  setting,	  Ca2+	  overload	  results	  primarily	  from	  reduced	  Ca2+	  efflux	  via	  Na+-‐Ca2+	  

exchange,	  although	  Ca2+	  entry	  via	  LTCC	  is	  also	  modestly	  potentiated	  by	  the	  elevated	  

extracellular	  Ca2+.	  	  Under	  these	  conditions,	  we	  observed	  runs	  of	  focal	  activity	  that	  

increased,	  rather	  than	  decreased,	  in	  frequency,	  but	  no	  EAD	  bursts	  (Fig.	  3-‐5).	  	  	  

	  

Figure	  3-‐5.	  EAD	  Bursts	  depend	  on	  LTCC	  and	  not	  Ca2+	  Overload	  
Per	  Se.	  	  Ouabain	  and	  high	  Ca2+	  (3.6mM)	  produced	  repetitive	  
focal	  activity	  but	  not	  bursts.	  Frequency	  response	  plots	  revealed	  a	  
gradual	  increase	  in	  bursting	  frequency	  that	  is	  inconsistent	  with	  the	  
dual	  Hopf-‐homoclinic	  bifurcation	  mechanism.	  Before	  the	  drugs	  were	  
administered,	  no	  spontaneous	  bursts	  were	  occurred.	  

	  

3.4.3	  Excessively	  decreased	  repolarization	  reserve	  suppresses	  EADs	  	  

Another	  prediction	  of	  the	  dual	  Hopf-‐homoclinic	  bifurcation	  mechanism	  is	  that	  

EADs	  occur	  only	  when	  the	  balance	  between	  the	  reactivation	  kinetics	  of	  LTCC	  and	  

the	  kinetics	  of	  repolarizing	  K+	  currents	  fall	  within	  a	  critical	  range[1],	  irrespective	  of	  

repolarization	  reserve	  per	  se.	  	  This	  leads	  to	  the	  prediction	  that	  when	  EADs	  are	  
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present,	  further	  reduction	  in	  repolarization	  reserve	  may	  suppress,	  rather	  than	  

exacerbate,	  EADs.	  	  	  To	  test	  this	  prediction,	  we	  examined	  the	  effects	  of	  two	  

interventions	  designed	  to	  further	  reduce	  repolarization	  reserve	  in	  the	  presence	  of	  

BayK8644	  and	  isoproterenol.	  	  In	  the	  first	  case,	  we	  blocked	  the	  K+	  currents	  using	  4-‐

AP	  (10	  mM).	  BayK8644	  and	  isoproterenol-‐induced	  EAD	  bursts	  were	  consistently	  

terminated	  by	  4-‐AP	  despite	  the	  drug	  further	  prolonging	  AP	  duration	  (Fig.	  3-‐6A)	  

(n=7).	  This	  also	  agrees	  with	  a	  recent	  study	  in	  which	  H2O2-‐induced	  EADs	  in	  adult	  

rabbit	  ventricular	  myocytes	  were	  suppressed	  by	  blocking	  Ito	  [85].	  	  In	  the	  second	  

case,	  we	  pre-‐infected	  monolayers	  with	  the	  adenoviral	  construct	  Ad-‐CaM1234	  to	  

overexpress	  the	  mutant	  Ca2+-‐insensitive	  calmodulin	  CaM1234	  [14,	  80].	  	  By	  displacing	  

endogenous	  CaM,	  CaM1234	  blocks	  Ca2+-‐CaM-‐dependent	  inactivation	  of	  LTCC,	  thereby	  

further	  reducing	  repolarization	  reserve	  and	  prolonging	  APD.	  	  Ad-‐CaM1234-‐treated	  

monolayers	  all	  exhibited	  marked	  AP	  prolongation,	  which	  increased	  further	  after	  

exposure	  to	  BayK8644	  and	  isoproterenol.	  	  However,	  no	  EAD	  bursts	  occurred	  either	  

before	  or	  after	  BayK8644	  and	  isoproterenol	  in	  7	  monolayers	  (Fig.	  3-‐6B).	  	  These	  

findings	  indicate	  that	  when	  EAD	  bursts	  were	  induced	  by	  BayK8644	  and	  

isoproterenol,	  further	  reduction	  in	  repolarization	  reserve	  by	  two	  different	  methods	  

suppressed,	  rather	  than	  facilitated	  EAD	  bursts,	  in	  line	  with	  theoretical	  predictions.	  	  
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Figure	  3-‐6.	  EAD	  bursts	  abolished	  by	  reducing	  repolarization	  
reserve.	  Either	  blocking	  the	  K+	  currents	  with	  4-‐AP	  (10mM)	  (Panel	  
A),	  or	  overexpressing	  the	  mutant	  Ca-‐insensitive	  calmodulin	  CaM1234	  
with	  AdCaM1234	  (Panel	  B)	  abolished	  bursts	  (top	  panels).	  Line	  scans	  
(bottom	  panels)	  show	  that	  following	  either	  4-‐AP	  or	  AdCaM1234,	  only	  
focal	  activity	  due	  to	  the	  stimulus	  (orange	  arrow)	  was	  observed.	  

	  

3.4.4	  EAD	  bursting	  in	  a	  detailed	  action	  potential	  model	  	  	  

To	  provide	  insight	  into	  the	  ionic	  mechanisms	  underlying	  EAD	  bursting	  

behavior,	  we	  carried	  out	  computer	  simulations	  using	  the	  UCLA	  rabbit	  ventricular	  AP	  

model	  [86],	  which	  includes	  detailed	  Ca2+	  cycling	  and	  ionic	  fluxes.	  	  The	  model	  

reproduced	  the	  behavior	  of	  EAD	  bursts	  as	  observed	  in	  the	  experiments	  (Fig.	  3-‐7A):	  

1)	  the	  frequency	  of	  voltage	  oscillations	  gradually	  declined	  prior	  to	  termination;	  2)	  

EAD	  bursts	  were	  unaffected	  by	  Na+	  channel	  blockade	  and	  by	  disabling	  of	  SR	  Ca2+	  

cycling.	  	  Bursts	  were	  also	  	  significantly	  prolonged	  in	  duration	  when	  intracellular	  

Ca2+	  was	  buffered	  (Fig.	  3-‐7A,	  gray	  trace).	  The	  model	  revealed	  that	  intracellular	  Na+	  
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accumulated	  progressively	  during	  the	  EAD	  burst,	  suggesting	  that	  this	  parameter	  

may	  play	  a	  role	  in	  burst	  termination.	  This	  was	  confirmed	  by	  clamping	  intracellular	  

Na+	  in	  the	  model	  to	  10	  mmol/L	  (Fig.	  3-‐7B,	  gray	  trace),	  which	  caused	  bursting	  to	  

continue	  indefinitely.	  	  The	  mechanism	  by	  which	  intracellular	  Na+	  accumulation	  

caused	  burst	  termination	  was	  related	  to	  stimulation	  of	  the	  electrogenic	  Na+-‐K+	  

pump,	  whose	  outward	  current	  eventually	  increased	  repolarization	  reserve	  

sufficiently	  to	  allow	  full	  repolarization.	  	  This	  finding	  correlated	  with	  the	  

prolongation	  of	  EAD	  burst	  duration	  when	  intracellular	  Ca2+	  was	  buffered,	  which	  

elevated	  the	  threshold	  value	  of	  intracellular	  Na+	  accumulation	  required	  to	  induce	  

full	  repolarization	  (Fig.	  3-‐7A).	  The	  dependence	  of	  the	  burst	  duration	  and	  frequency	  

on	  BAPTA-‐AM	  concentration,	  Ito	  conductance,	  and	  LTCC	  conductance	  is	  shown	  in	  

supplemental	  Fig.	  S3-‐5.	  
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Figure	  3-‐7.	  Computer	  simulation	  of	  EAD	  bursts	  in	  a	  detailed	  AP	  
model.	  	  (A)	  Voltage,	  bursting	  frequency	  (f),	  Na+	  concentration,	  and	  
INaK	  versus	  time	  for	  control	  (black	  traces)	  and	  when	  intracellular	  Ca2+	  
buffer	  was	  increased	  (grey	  traces).	  Consistent	  with	  experiments,	  
intracellular	  Ca2+	  buffering	  significantly	  prolonged	  burst	  duration	  
and	  decreased	  the	  rate	  of	  frequency	  decline.	  During	  bursts,	  there	  is	  a	  
slow	  rise	  in	  intracellular	  Na+	  that	  peaks	  with	  burst	  termination,	  and	  
a	  gradual	  increase	  in	  the	  peak	  Na+-‐K+	  outward	  current.	  	  (B)	  	  Same	  as	  
A	  but	  the	  gray	  traces	  are	  when	  intracellular	  [Na+]	  was	  clamped	  to	  10	  
mM,	  at	  which	  bursts	  failed	  to	  terminate	  since	  the	  Na+-‐K+	  current	  
failed	  to	  accumulate	  as	  in	  the	  control.	  

	  

3.5	  Discussion	   	  

In	  this	  study,	  we	  provide	  experimental	  support	  for	  the	  previous	  theoretically	  

proposed	  mechanism	  of	  EAD	  formation	  involving	  a	  dual	  Hopf-‐homoclinic	  

bifurcation[1].	  	  Specifically,	  we	  demonstrated	  that	  in	  NRVM	  monolayers	  exposed	  to	  

BayK8644	  and	  isoproterenol,	  bursts	  of	  EAD-‐mediated	  triggered	  activity	  exhibited	  

the	  predicted	  dynamical	  signatures	  of	  the	  dual	  Hopf-‐homoclinic	  bifurcation	  

mechanism.	  	  If	  this	  mechanism	  proves	  to	  be	  important	  in	  real,	  as	  well	  as	  cultured,	  
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cardiac	  tissues,	  it	  may	  shed	  new	  light	  on	  the	  dynamical	  mechanism	  of	  how	  EADs	  

arise	  and	  self-‐terminate,	  and	  suggest	  new	  avenues	  for	  arrhythmia	  treatment	  and	  

risk	  assessment.	  	  	  	  

	  

3.5.1	  Hopf	  bifurcation	  mechanism	  of	  EAD	  formation	  	  

	   In	  nonlinear	  dynamics,	  a	  bifurcation	  is	  a	  change	  in	  the	  qualitative	  behavior	  of	  

a	  system	  as	  one	  or	  more	  of	  its	  parameters	  pass	  a	  critical	  value	  (such	  as	  the	  change	  

from	  a	  stable	  equilibrium	  to	  an	  oscillating	  behavior).	  	  Hopf	  bifurcation	  is	  the	  classic	  

dynamical	  mechanism	  that	  many	  systems	  undergo	  when	  they	  begin	  to	  oscillate,	  

ranging	  from	  cardiac	  pacemaking	  [87]	  to	  the	  fatal	  oscillations	  of	  the	  Tacoma	  

Narrows	  Bridge,	  a	  wind-‐induced	  Hopf	  bifurcation	  [88].	  	  

A	  previous	  theoretical	  analysis	  using	  the	  LR1	  AP	  model	  revealed	  that	  	  EADs	  

were	  initiated	  by	  a	  Hopf	  bifurcation	  and	  terminated	  by	  a	  homoclinic	  bifurcation	  [1].	  	  

The	  Hopf	  bifurcation	  initiating	  the	  EADs	  requires	  not	  only	  a	  fine	  balance	  between	  

the	  inward	  and	  outward	  currents	  to	  maintain	  the	  voltage	  in	  the	  LTCC	  “window”	  

voltage	  range,	  but	  also	  places	  strict	  requirements	  on	  the	  timing	  and	  kinetics	  of	  these	  

currents,	  which	  must	  be	  balanced	  in	  the	  right	  range	  to	  cause	  the	  voltage	  oscillations	  

during	  the	  EAD.	  	  

To	  induce	  EADs	  in	  cardiac	  monolayers,	  we	  used	  BayK8644	  and	  isoproterenol,	  

which	  have	  complex	  effects	  on	  LTCC	  properties.	  	  In	  addition	  to	  increasing	  LTCC	  

amplitude	  by	  promoting	  mode	  2	  gating	  and	  recruiting	  quiescent	  channels,	  
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BayK8644	  and	  isoproterenol	  also	  affect	  many	  other	  parameters,	  including	  the	  

voltage	  dependence	  and	  steepness	  of	  steady	  state	  LTCC	  activation	  and	  inactivation	  

curves,	  the	  kinetics	  of	  activation,	  inactivation	  and	  recovery	  from	  inactivation,	  and	  

the	  late	  (non-‐inactivating)	  LTCC	  current	  component	  [89-‐91].	  	  Moreover,	  	  these	  

agents	  also	  influence	  other	  ionic	  currents,	  	  either	  	  directly	  (e.g.	  IKs	  regulation	  by	  

isoproterenol)	  or	  indirectly	  through	  increasing	  intracellular	  Ca2+	  (e.g.	  Na+-‐	  Ca2+	  

exchange,	  activating	  Ca2+-‐CaM	  kinase	  II,	  etc).	  	  Although	  it	  is	  difficult	  to	  pinpoint	  the	  

exact	  role	  of	  each	  of	  these	  factors,	  the	  general	  effect	  is	  to	  increase	  the	  maximal	  value	  

of	  the	  LTCC	  window	  current	  [62].	  	  This	  makes	  more	  inward	  current	  available	  when	  

the	  membrane	  voltage	  repolarizes	  into	  the	  LTCC	  “window”	  voltage	  range,	  which	  can	  

reverse	  repolarization	  if	  sufficiently	  large.	  	  Supporting	  the	  critical	  and	  essential	  role	  

of	  the	  LTCC	  in	  EAD	  bursts	  induced	  by	  BayK4688	  and	  isoproterenol,	  bursts	  were	  

abolished	  by	  the	  Ca2+	  channel	  blocker	  nitrendipine,	  but	  not	  the	  Na+	  channel	  blocker	  

TTX,	  excluding	  an	  important	  role	  of	  Na+	  currents	  (including	  late	  Na+	  current).	  Also,	  

EAD	  bursts	  still	  occurred	  when	  SR	  Ca2+	  cycling	  was	  disabled	  with	  

caffeine/thapsigargin	  or	  BAPTA-‐AM,	  thereby	  excluding	  spontaneous	  SR	  Ca2+	  release	  

as	  the	  cause	  of	  EADs	  in	  our	  experimental	  system.	  Thus,	  our	  findings	  provide	  direct	  

experimental	  support	  for	  the	  prediction	  that	  the	  interaction	  of	  the	  LTCC	  with	  

repolarizing	  currents	  is	  sufficient	  to	  explain	  EAD	  formation	  and	  bursting	  by	  the	  

Hopf-‐homoclinic	  bifurcation	  mechanism	  [1],	  without	  requiring	  other	  factors	  such	  as	  

intracellular	  Ca2+	  cycling.	  	  However,	  this	  does	  not	  exclude	  that	  possibility	  that	  EADs	  
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can	  also	  be	  caused	  by	  other	  mechanisms,	  such	  as	  spontaneous	  SR	  Ca2+	  release,	  

under	  different	  conditions	  or	  in	  different	  tissues.	  	  	  

A	  key	  prediction	  of	  the	  Hopf-‐homoclinic	  bifurcation	  mechanism	  [1]	  is	  that	  the	  	  

repolarization	  speed	  has	  to	  be	  appropriate	  during	  the	  early	  repolarization	  phase	  to	  

bring	  the	  voltage	  into	  the	  LTCC	  “window”	  region	  to	  facilitate	  the	  Hopf	  bifurcation	  

and	  EAD	  burst.	  This	  was	  demonstrated	  in	  the	  experiments	  with	  4-‐AP	  and	  CaM1234	  

shown	  in	  Fig.	  3-‐6.	  Since	  Ito	  is	  a	  transient	  current	  that	  mainly	  occurs	  during	  the	  early	  

repolarization	  phase	  of	  the	  action	  potential,	  blocking	  Ito	  reduces	  the	  repolarization	  

speed	  in	  the	  early	  repolarization	  phase,	  delaying	  the	  time	  it	  takes	  for	  the	  voltage	  to	  

enter	  the	  “window”	  region.	  Similarly,	  overexpression	  of	  CaM1234	  slows	  the	  

inactivation	  of	  LTCC,	  which	  also	  delays	  the	  time	  it	  takes	  for	  voltage	  to	  enter	  the	  

“window”	  region.	  According	  to	  our	  previous	  study	  [85],	  EADs	  were	  promoted	  only	  

in	  a	  certain	  range	  of	  Ito	  conductance,	  since	  too	  much	  Ito	  causes	  a	  too	  fast	  

repolarization,	  which	  also	  prevents	  EADs.	  Therefore,	  in	  addition	  to	  reduced	  

repolarization	  reserve	  in	  the	  later	  repolarization	  phase	  of	  the	  action	  potential,	  a	  

proper	  repolarization	  reserve	  in	  the	  early	  repolarization	  phase	  is	  needed	  for	  EADs	  

to	  occur.	  

	  

3.5.2	  Spontaneous	  termination	  of	  EAD	  bursts	  	  

	   Analysis	  of	  the	  physiologically-‐detailed	  rabbit	  ventricular	  AP	  model	  showed	  

that	  the	  termination	  of	  EAD	  bursting	  was	  due	  to	  Na+	  accumulation,	  which	  gradually	  
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increased	  outward	  Na+-‐K+	  pump	  current	  until	  it	  became	  sufficiently	  large	  to	  

promote	  full	  repolarization.	  The	  model	  reproduced	  the	  observed	  pharmacologic	  

responses	  that	  buffering	  intracellular	  Ca2+	  prolonged	  burst	  duration	  by	  shifting	  the	  

homoclinic	  bifurcation	  point	  to	  occur	  at	  a	  higher	  intracellular	  Na+	  concentration.	  	  

This	  is	  different	  from	  the	  previous	  theoretical	  analysis	  using	  the	  simpler	  LR1	  model,	  

in	  which	  the	  termination	  of	  the	  EADs	  was	  caused	  by	  the	  slow	  activation	  of	  the	  slow	  

component	  of	  the	  delayed	  rectifier	  K+	  current.	  	  However,	  the	  underlying	  dynamical	  

mechanism	  remained	  the	  same,	  i.e.,	  the	  oscillations	  are	  terminated	  by	  the	  

homoclinic	  bifurcation.	  Thus,	  in	  both	  cases,	  the	  bursting	  frequency	  gradually	  

decreases	  prior	  to	  EAD	  termination.	  	  In	  addition,	  full	  activation	  of	  the	  delayed	  

rectifier	  K+	  current	  only	  takes	  several	  seconds,	  while	  accumulation	  of	  Na+	  takes	  

much	  longer,	  up	  to	  minutes	  [92],	  agreeing	  with	  the	  long	  duration	  of	  EAD	  bursts	  

observed	  in	  our	  experiments.	  Our	  study	  demonstrates	  that	  while	  the	  specific	  

current	  responsible	  for	  EAD	  termination	  may	  be	  different	  under	  different	  

conditions,	  the	  underlying	  dynamical	  mechanisms	  may	  be	  still	  the	  same,	  which	  is	  

important	  for	  a	  unified	  understanding	  of	  the	  EAD	  dynamics	  in	  different	  cardiac	  

diseases.	  	  	  	  

	  

3.5.3	  Limitations	  and	  Conclusions	  

	   Important	  limitations	  of	  the	  present	  study	  include	  the	  potential	  off-‐target	  

effects	  of	  pharmacological	  agents	  used	  in	  this	  study.	  	  	  In	  addition,	  the	  NRVM	  



	   66	  

monolayer	  preparation,	  despite	  its	  advantages	  for	  optical	  mapping,	  has	  important	  

electrophysiological	  differences	  with	  human	  myocardium.	  	  Optical	  mapping	  also	  has	  

limited	  spatial	  and	  temporal	  resolution,	  but	  permits	  genuine	  tissue	  level	  

arrhythmias	  to	  be	  characterized	  and	  distinguished	  from	  non-‐propagating	  EADs.	  	  An	  

important	  caveat	  is	  that	  the	  experimental	  model	  and	  computer	  models	  represented	  

different	  species.	  	  On	  the	  other	  hand,	  the	  observation	  that	  the	  experimental	  model	  

(NRVM)	  and	  two	  different	  mathematical	  models	  (the	  LR1	  guinea	  pig	  ventricular	  

model	  and	  the	  UCLA	  rabbit	  ventricular	  model	  representing	  different	  species	  and	  

level	  of	  physiological	  detail)	  yielded	  consistent	  results	  increases	  our	  confidence	  that	  

these	  findings	  are	  generally	  relevant	  to	  EAD-‐mediated	  arrhythmias.	  	  Whether	  they	  

will	  ultimately	  prove	  to	  be	  clinically	  relevant	  is	  unclear,	  but	  the	  certain	  similarities	  

are	  intriguing.	  	  For	  example,	  the	  optical	  mapping	  of	  NRVM	  monolayers	  revealed	  that	  

EAD	  bursts	  originated	  from	  one	  or	  more	  distinct	  focal	  sites	  and	  produced	  a	  pseudo-‐

ECG	  resembling	  polymorphic	  VT,	  which	  is	  the	  most	  common	  form	  of	  clinically-‐

observed	  VT	  observed	  in	  heart	  failure,	  LQT	  syndromes	  such	  as	  Timothy	  syndrome	  

(LQT8),	  and	  increased	  catecholamines.	  	  Finally,	  the	  dynamical	  understanding	  of	  

EADs	  may	  suggest	  a	  new	  paradigm	  for	  antiarrhythmic	  drug	  development	  to	  prevent	  

cardiac	  arrhythmias	  by	  targeting	  the	  kinetics,	  rather	  than	  the	  amplitudes,	  of	  ion	  

channels	  such	  as	  LTCC,	  as	  determinants	  of	  EAD	  formation.	  
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3.6	  Supplemental	  Materials	  

3.6.1	  Supplemental	  methods	  

We	  modified	  the	  ventricular	  action	  potential	  model	  from	  [86]	  as	  in	  [83]	  with	  the	  

following	  changes:	  

1. Addition	  of	  two	  linear	  background	  currents	  as	  in	  [93]:	  ICa	  and	  INa.	  The	  

respective	  conductances	  were	  chosen	  as	  gB,Ca	  =	  0.0002513	  mS/µF	  and	  gB,Na	  =	  

0.0004	  mS/µF	  to	  give	  a	  steady	  state	  intracellular	  sodium	  concentration	  of	  

[Na]i	  =	  10	  mM.	  

2. Addition	  of	  a	  nonlinear	  instantaneous	  Ca	  buffer	  to	  model	  the	  effect	  of	  BAPTA-‐

AM,	  with	  KBAPTA	  =	  215	  µM,	  activated	  to	  simulate	  the	  presence	  of	  BAPTA.	  

3. gCa	  =	  770	  mmol/cm/C.	  

4. gto,f	  =	  0.08	  mS/µF.	  

5. gNaK	  =	  0.8	  mS/µF.	  

These	  parameter	  changes	  induced	  a	  long	  bursting	  behavior	  with	  a	  duration	  of	  

the	  burst	  of	  about	  37	  seconds.	  Increasing	  the	  Ca	  buffer	  increases	  the	  burst	  duration	  

in	  a	  linear	  fashion	  (see	  Fig.	  S3-‐5).	  The	  Ca	  current	  conductance	  has	  a	  similar	  effect	  on	  

the	  burst	  duration.	  Decreasing	  gCa	  decreases	  the	  burst	  duration	  with	  the	  burst	  

turning	  into	  a	  normal	  AP	  for	  gCa	  <	  620	  mmol/(cm	  C).	  The	  maximum	  conductance	  of	  
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fast	  transient	  outward	  current,	  gto,f	  ,	  has	  a	  strong	  influence	  on	  the	  burst	  duration.	  A	  

decrease	  in	  gto,f	  can	  increase	  the	  burst	  duration	  by	  a	  factor	  up	  to	  3.	  

In	  general,	  an	  increase	  in	  the	  burst	  duration	  is	  accompanied	  by	  an	  increase	  in	  the	  

bursting	  frequencies.	  The	  discontinuities	  in	  the	  traces	  in	  Fig.	  S3-‐5	  can	  be	  explained	  

by	  the	  all	  or	  nothing	  nature	  of	  the	  homoclinic	  bifurcation	  that	  terminates	  the	  burst;	  

if	  by	  chance	  a	  parameter	  value	  is	  close	  to	  the	  point	  in	  which	  a	  peak	  is	  added	  to	  the	  

burst,	  that	  peak	  may	  remain	  close	  to	  the	  “infinite	  period”	  trajectory	  of	  the	  

bifurcation,	  thus	  lasting	  much	  longer	  and	  decreasing	  the	  frequency,	  while	  increasing	  

the	  burst	  duration	  (cf.	  the	  right	  two	  panels	  in	  Fig.	  S3-‐5).	  
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3.6.2	  Supplemental	  figures	  

	  
Figure	  S3-‐1.	  Fluorescent	  microscopy	  image	  of	  a	  day	  11	  NRVM-‐
only	  monolayer	  stained	  for	  α-‐actinin.	  The	  α-‐actinin	  staining	  
resembles	  that	  observed	  in	  adult	  myocytes.	  	  

	  
	  

	  
Figure	  S3-‐2.	  Large	  Ca2+	  transients	  are	  observed	  (via	  optical	  
mapping)	  following	  stimulation	  during	  superfusion	  with	  
normal	  Tyrode	  (1.8	  mM	  Ca2+)	  that	  are	  abolished	  after	  disabling	  
the	  SR	  with	  10	  mM	  caffeine.	  
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Figure	  S3-‐3.	  Tableau	  of	  recording	  channels	  (spaced	  1	  mm	  apart)	  
from	  right	  lower	  quadrant	  of	  optical	  mapping	  photodiode	  array	  
illustrating	  that	  voltage	  bursts	  occur	  on	  a	  macroscopic	  scale	  (>1	  
mm)	  and	  are	  synchronized.	  
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Figure	  S3-‐4.	  Relative	  intracellular	  Ca2+	  concentration,	  ∆F,	  under	  
different	  conditions.	  ∆F	  was	  obtained	  by	  computing	  ∆F	  =	  F	  -‐	  
Fmin.	  Fmin	  was	  obtained	  by	  first	  rendering	  the	  cells	  Ca2+-‐permeant	  
with	  a	  Ca2+	  ionophore,	  ionomycin	  (8	  μM)	  for	  6	  min	  and	  then	  
superfusing	  cells	  with	  Ca2+	  free	  Tyrode	  containing	  EGTA	  (1	  
mM).	  Tyrode	  containing	  4	  mM	  CaCl2	  was	  then	  superfused	  for	  7	  min	  
to	  confirm	  that	  photobleaching	  had	  not	  occurred	  and	  that	  our	  
measurements	  are	  applicable.	  Lastly,	  the	  monolayer	  was	  superfused	  
with	  5	  mM	  MnCl2	  (which	  quenches	  the	  cytoplasmic	  Ca2+	  signal)	  
containing	  Tyrode	  solution	  for	  7	  minutes	  to	  obtain	  the	  
autofluorescence	  intensity.	  	  

BI:	  BayK8644+ISO;	  BICT:	  BayK8644+ISO+Caffeine+Thapsigargin.	  
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Figure	  S3-‐5.	  The	  influence	  of	  parameter	  values	  on	  the	  duration	  
and	  frequency	  of	  bursting.	  A	  zero	  frequency	  means	  that	  the	  
model	  exhibits	  a	  normal	  AP	  and	  no	  EADs.	  
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4. Bistable	  Wave	  Propagation	  and	  EAD-‐Mediated	  Cardiac	  

Arrhythmias	  

4.1	  Abstract	  

BACKGROUND	  In	  normal	  atrial	  and	  ventricular	  tissue,	  the	  electrical	  

wavefronts	  are	  mediated	  by	  the	  fast	  sodium	  current	  (INa),	  while	  in	  sino-‐atrial	  and	  

atrioventricular	  nodal	  tissue,	  conduction	  is	  mediated	  by	  the	  slow	  L-‐type	  calcium	  

current	  (ICa,L).	  However,	  it	  has	  not	  been	  shown	  whether	  the	  same	  tissue	  can	  exhibit	  

both	  the	  INa-‐mediated	  and	  the	  ICa,L-‐mediated	  conduction.	  

OBJECTIVE	  To	  test	  the	  hypothesis	  that	  bistable	  cardiac	  wave	  conduction,	  

mediated	  by	  INa	  and	  ICa,L,	  respectively,	  can	  occur	  in	  the	  same	  tissue	  under	  conditions	  

promoting	  early	  afterdepolarizations	  (EADs),	  and	  to	  study	  how	  this	  novel	  wave	  

dynamics	  is	  related	  to	  the	  mechanisms	  of	  EAD-‐mediated	  arrhythmias.	  

METHODS:	  Computer	  models	  of	  two-‐dimensional	  (2D)	  tissue	  with	  a	  

physiologically-‐detailed	  action	  potential	  model	  were	  used	  to	  study	  the	  bistable	  

wave	  dynamics.	  Theoretical	  predictions	  were	  tested	  experimentally	  by	  optical	  

mapping	  in	  neonatal	  rat	  ventricular	  myocyte	  monolayers.	  

RESULTS:	  In	  the	  same	  2D	  homogeneous	  tissue,	  we	  could	  induce	  spiral	  waves	  

that	  are	  mediated	  by	  either	  INa	  or	  ICa,L	  under	  conditions	  in	  which	  the	  action	  potential	  

model	  exhibited	  EADs.	  This	  bistable	  wave	  propagation	  behavior	  was	  similar	  to	  

bistability	  shown	  in	  many	  other	  nonlinear	  systems.	  Since	  the	  bistable	  states	  are	  also	  
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excitable,	  we	  call	  this	  novel	  behavior	  bi-‐excitability.	  In	  a	  2D	  heterogeneous	  tissue,	  

the	  ICa,L-‐mediated	  spiral	  wave	  meanders,	  giving	  rise	  to	  a	  twisting	  

electrocardiographic	  QRS	  axis,	  resembling	  Torsade	  de	  Pointes,	  while	  the	  co-‐

existence	  and	  interplay	  between	  the	  INa-‐mediated	  wavefronts	  and	  ICa,L-‐mediated	  

wavefronts	  give	  rise	  to	  polymorphic	  ventricular	  tachycardia.	  We	  also	  present	  

experimental	  evidence	  for	  bi-‐excitability	  under	  EAD-‐promoting	  conditions	  in	  

neonatal	  rat	  ventricular	  myocyte	  monolayers	  exposed	  to	  BayK8644	  and	  

isoproterenol.	  

CONCLUSIONS:	  Under	  EAD-‐prone	  conditions,	  both	  INa-‐mediated	  conduction	  

and	  ICa,L-‐mediated	  conduction	  can	  occur	  in	  the	  same	  tissue.	  This	  novel	  wave	  

dynamics	  may	  be	  responsible	  for	  certain	  EAD-‐mediated	  arrhythmias,	  such	  as	  

Torsade	  de	  Pointes	  and	  polymorphic	  ventricular	  tachycardia.	  	  	  
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4.2	  Introduction	  

In	  normal	  ventricular	  and	  atrial	  tissue,	  the	  upstroke	  of	  the	  action	  potential	  is	  

caused	  by	  the	  activation	  of	  the	  sodium	  (Na)	  current	  (INa),	  which	  mediates	  impulse	  

conduction	  through	  both	  the	  atrium	  and	  the	  ventricles,	  with	  L-‐type	  calcium	  (Ca)	  

current	  (ICa,L)	  playing	  a	  passive	  follower	  role.	  In	  the	  sinoatrial	  or	  atrioventricular	  

nodal	  tissue,	  however,	  the	  upstroke	  of	  the	  action	  potential	  is	  caused	  by	  the	  

activation	  of	  ICa,L	  and	  thus	  impulse	  conduction	  is	  mediated	  by	  ICa,L.	  ICa,L-‐mediated	  

conduction	  can	  also	  occur	  in	  ischemic	  ventricular	  muscle	  in	  which	  the	  resting	  

potential	  is	  depolarized	  due	  to	  extracellular	  potassium	  (K)	  accumulation	  so	  that	  INa	  

no	  longer	  contributes	  to	  the	  upstroke	  of	  the	  action	  potential	  [94],	  or	  when	  gap	  

junction	  coupling	  is	  severely	  decreased	  [95,	  96].	  	  

In	  this	  study,	  we	  show	  a	  novel	  wave	  propagation	  behavior	  which	  allows	  both	  

INa-‐mediated	  conduction	  and	  ICa,L-‐mediated	  conduction	  to	  coexist	  in	  the	  same	  

homogeneous	  tissue	  under	  identical	  conditions.	  In	  other	  words,	  in	  the	  same	  tissue,	  

both	  INa-‐mediated	  wave	  and	  ICa,L-‐mediated	  waves	  propagate	  with	  distinct	  properties,	  

and	  the	  two	  types	  of	  waves	  can	  switch	  from	  one	  to	  the	  other.	  	  This	  behavior	  is	  

similar	  to	  a	  toggle	  switch	  in	  a	  typical	  bistable	  system	  [97],	  which	  has	  been	  

demonstrated	  to	  regulate	  important	  physiological	  properties	  in	  many	  biological	  

systems	  [98,	  99].	  Here	  we	  show	  that	  bistable	  wave	  behavior	  may	  occur	  in	  cardiac	  

tissue	  when	  the	  tissue	  is	  prone	  to	  early	  afterdepolarizations	  (EADs).	  	  EADs	  are	  

abnormal	  depolarizations	  in	  the	  repolarizing	  phase	  of	  the	  action	  potential,	  which	  
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occur	  in	  many	  disease	  conditions	  [100-‐102],	  such	  as	  long	  QT	  syndromes	  (LQTS)	  and	  

heart	  failure.	  	  EADs	  are	  thought	  to	  cause	  arrhythmias	  by	  promoting	  reentry	  through	  

increasing	  dispersion	  of	  action	  potential	  duration	  (APD)	  and	  by	  causing	  premature	  

ventricular	  complexes	  (PVCs)	  which	  induce	  reentry	  or	  triggered	  activity.	  It	  is	  widely	  

accepted	  that	  EADs	  are	  associated	  with	  Torsade	  de	  Pointes	  (TdP)	  [100,	  103-‐107],	  a	  

type	  of	  polymorphic	  ventricular	  tachycardia	  (PVT)	  at	  rates	  ranging	  from	  150	  to	  300	  

beats	  per	  minute.	  TdP	  has	  a	  distinctive	  electrocardiographic	  (ECG)	  appearance	  in	  

which	  the	  QRS	  axis	  slowly	  undulates,	  and	  usually	  terminates	  spontaneously	  [104,	  

108,	  109].	  However,	  mechanisms	  linking	  EADs	  to	  TdP	  remain	  incompletely	  

understood.	  

Using	  computer	  simulations	  of	  two-‐dimensional	  (2D)	  homogeneous	  tissue,	  

we	  first	  document	  the	  presence	  of	  bistable	  wave	  behavior	  when	  EADs	  are	  present	  in	  

the	  action	  potential.	  We	  then	  show	  that	  in	  a	  2D	  heterogeneous	  tissue	  model,	  a	  

meandering	  ICa,L-‐mediated	  spiral	  wave	  can	  give	  rise	  to	  the	  classic	  heart	  rate	  and	  ECG	  

appearance	  of	  TdP.	  We	  also	  show	  that	  the	  dynamic	  interactions	  between	  ICa,L-‐

mediated	  and	  INa-‐mediated	  wavefronts	  arising	  in	  the	  same	  tissue	  give	  rise	  to	  an	  ECG	  

appearance	  of	  PVT.	  Finally,	  we	  present	  experimental	  evidence	  for	  bi-‐excitability	  in	  

neonatal	  rat	  ventricular	  myocyte	  (NRVM)	  monolayers.	  
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4.3	  Material	  and	  Methods	  

	   Computer	  simulation.	  Computer	  simulations	  were	  carried	  out	  in	  models	  of	  

isolated	  myocytes	  and	  2D	  tissue.	  The	  voltage	  of	  the	  single	  cell	  is	  governed	  by	  an	  

ordinary	  differential	  equation:	   )(/ stiionm IIdtdVC +−= ,	  where	  Cm	  is	  the	  membrane	  

capacitance	  of	  the	  myocyte,	  Iion	  is	  the	  total	  ionic	  current,	  and	  Isti	  the	  stimulation	  

current.	  The	  2D	  tissues	  were	  modeled	  using	  a	  mono-‐domain	  model	  with	  voltage	  

described	  by	  the	  partial	  differential	  equation:	  

)//(// 2222 yVxVDCItV mion ∂∂+∂∂+−=∂∂ .	  The	  action	  potential	  models	  were	  modified	  

from	  the	  rabbit	  ventricular	  model	  developed	  previously	  [86,	  110],	  which	  are	  

described	  in	  detail	  in	  the	  online	  supplemental	  materials.	  To	  generate	  large	  

amplitude	  EADs	  that	  can	  propagate	  in	  tissue,	  we	  modified	  many	  of	  the	  parameters	  

from	  the	  original	  rabbit	  ventricular	  model,	  such	  as	  increase	  in	  ICa,L	  as	  well	  as	  IKs.	  

Increasing	  in	  ICa,L	  and	  IKs	  is	  consistent	  with	  the	  known	  effects	  of	  BayK8644	  and	  

isoproterenol.	  The	  detailed	  parameters	  are	  presented	  in	  the	  Table	  in	  the	  

supplemental	  materials.	  

Cultured	  NRVM	  monolayers.	  NRVM	  monolayers	  were	  isolated	  by	  standard	  

methods	  [111]	  and	  plated	  on	  22-‐mm	  diameter	  circular	  cut	  polyvinyl	  chloride	  

coverslips	  (PGC	  Scientifics,	  Frederick,	  Md).	  Briefly,	  hearts	  harvested	  from	  2-‐	  to	  3-‐

day-‐old	  neonatal	  Sprague-‐Dawley	  rats	  were	  digested	  with	  collagenase	  (0.02%;	  

Worthington	  Biochemical	  Corp,	  Lakewood,	  NJ)	  and	  pancreatin	  (0.06%;	  Sigma-‐

Aldrich,	  St	  Louis,	  Mo).	  Myocytes	  were	  isolated	  with	  the	  use	  of	  a	  Percoll	  (Pharmacia	  
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Biotech	  AB,	  Uppsala,	  Sweden)	  gradient	  and	  plated	  at	  a	  density	  of	  106	  cells/mm3	  per	  

coverslip.	  Monolayers	  were	  cultured	  for	  4	  to	  5	  days	  to	  ensure	  full	  confluence	  (by	  

phase	  contrast	  microscopy)	  and	  homogeneous	  electrical	  propagation	  before	  

experimental	  use.	  Specimens	  were	  perfused	  with	  oxygenated	  Tyrode’s	  solution	  at	  

37°C.	  NRVM	  monolayers	  were	  stained	  for	  optical	  voltage	  recording	  by	  immersion	  

into	  oxygenated	  Tyrode’s	  solution	  (in	  mmol/L:	  136	  NaCl,	  5.4	  KCl,	  1.8	  CaCl2,	  0.33	  

NaH2PO4,	  1	  MgCl2,	  10	  HEPES,	  and	  10	  glucose;	  pH	  7.3)	  containing	  the	  voltage	  dye	  RH-‐

237	  (5	  µmol/L	  for	  5	  minutes)	  at	  room	  temperature	  [112].	  We	  used	  electron-‐

multiplying,	  back-‐illuminated,	  cooled	  charge-‐coupled	  device	  cameras	  (Photometrics	  

Cascade	  128+;	  128	  x	  128	  pixels),	  acquiring	  at	  0.6	  to	  5	  ms	  per	  frame.	  Signals	  were	  

digitized	  with	  16	  bits	  of	  precision	  and	  processed	  offline	  as	  described	  previously	  

[112].	  Conduction	  velocity	  was	  obtained	  as	  described	  previously	  [112].	  	  The	  use	  and	  

care	  of	  the	  animals	  in	  these	  experiments	  were	  approved	  by	  the	  Chancellor's	  Animal	  

Research	  Committee	  at	  the	  University	  of	  California,	  Los	  Angeles.	  

	  

4.4	  Results	  

4.4.1	  Bistable	  wave	  conduction	  in	  a	  homogeneous	  tissue	  model	  

In	  normal	  ventricular	  tissue,	  the	  resting	  potential	  of	  a	  myocyte	  is	  around	  -‐80	  

mV.	  When	  a	  depolarizing	  stimulus	  rapidly	  elevates	  the	  voltage	  close	  to	  >-‐60	  mV,	  the	  

fast	  inward	  current	  INa	  is	  activated	  and	  depolarizes	  the	  myocyte	  to	  positive	  
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potentials,	  after	  which	  INa	  quickly	  inactivates	  (Fig.	  4-‐1A).	  	  Another	  inward	  current	  

(ICa,L),	  with	  an	  activation	  threshold	  around	  -‐40	  mV	  and	  slower	  inactivation,	  

subsequently	  maintains	  the	  action	  potential	  plateau.	  The	  positive	  membrane	  voltage	  

activates	  outward	  K	  currents	  on	  a	  still	  slower	  time	  scale,	  which	  then	  repolarize	  the	  

myocyte	  back	  to	  the	  resting	  voltage.	  	  It	  is	  well-‐known	  that	  normal	  ventricular	  tissue	  

can	  only	  support	  a	  single	  type	  of	  traveling	  wave	  or	  spiral	  wave,	  namely,	  conduction	  

mediated	  by	  INa	  [94,	  96].	  If	  INa	  is	  blocked,	  ICa,L	  is	  generally	  insufficient	  to	  support	  

wave	  propagation	  in	  normal	  ventricular	  tissue	  unless	  other	  electrophysiological	  

properties	  are	  also	  altered.	  
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Figure	  4-‐1.	  Normal	  and	  abnormal	  cardiac	  depolarizations	  of	  
single-‐cell	  models.	  A.	  The	  voltage	  and	  major	  inward	  (INa	  and	  ICa,L)	  
and	  outward	  (IKs	  and	  IKr)	  currents	  versus	  time	  in	  the	  normal	  action	  
potential	  model	  [110],	  illustrating	  the	  depolarization	  and	  
consequential	  activation	  and	  inactivation	  of	  different	  currents.	  The	  
pacing	  cycle	  length	  is	  500	  ms.	  B.	  Same	  as	  A	  but	  from	  an	  action	  
potential	  model	  generating	  EADs	  (the	  details	  of	  action	  potential	  
model	  are	  shown	  in	  the	  online	  supplemental	  methods),	  showing	  that	  
during	  EADs,	  INa	  maintains	  at	  zero	  while	  ICa,L	  oscillates	  for	  
depolarizations	  at	  the	  repolarizing	  phase.	  The	  pacing	  cycle	  length	  is	  
2743	  ms.	  	  

	  

Under	  diseased	  conditions	  [100-‐102],	  such	  as	  LQTS	  or	  heart	  failure,	  in	  which	  

outward	  currents	  are	  reduced	  and/or	  inward	  currents	  are	  increased	  (and	  also	  have	  
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their	  kinetics	  altered),	  EADs	  can	  occur	  during	  the	  repolarizing	  phases	  of	  the	  action	  

potential,	  as	  shown	  in	  Fig.	  4-‐1B.	  These	  membrane	  oscillations	  (EADs)	  are	  caused	  by	  

ICa,L	  reactivation	  competing	  with	  the	  slow	  component	  of	  the	  delayed	  rectifying	  K	  

currents	  (IKs).	  Interestingly,	  when	  these	  same	  cells	  that	  exhibit	  EADs	  at	  the	  single	  

cell	  level	  are	  coupled	  together	  to	  form	  a	  2D	  homogeneous	  tissue,	  the	  tissue	  becomes	  

capable	  of	  reentry	  mediated	  by	  either	  INa	  or	  ICa,L	  depending	  on	  the	  initial	  conditions.	  	  

This	  is	  unlike	  normal	  ventricular	  tissue	  or	  the	  AV	  node	  which	  can	  only	  support	  one	  

type	  of	  propagation	  at	  a	  time,	  mediated	  either	  by	  INa	  (with	  ICa,L	  following	  passively),	  

or	  by	  ICa,L	  (in	  absence	  of	  	  INa),	  irrespective	  of	  the	  initial	  conditions.	  

	  Figure	  4-‐2	  shows	  the	  two	  types	  of	  spiral	  waves	  in	  our	  simulation	  of	  a	  2D	  

homogeneous	  tissue	  composed	  cells	  modeled	  with	  the	  action	  potential	  shown	  in	  Fig.	  

4-‐1B.	  Figure	  4-‐2A	  (Supplemental	  Movie	  4-‐1)	  shows	  a	  spiral	  wave	  mediated	  by	  INa.	  

This	  spiral	  wave	  was	  induced	  by	  a	  cross-‐field	  stimulation	  protocol	  in	  which	  an	  S1	  

stimulus	  was	  applied	  at	  the	  left	  edge	  of	  the	  tissue.	  	  When	  approximately	  half	  of	  the	  

tissue	  repolarized	  to	  the	  resting	  potential,	  an	  S2	  stimulus	  was	  applied	  at	  the	  left-‐

lower	  quarter	  of	  the	  tissue	  (see	  Supplemental	  Movie	  4-‐1),	  as	  typical	  for	  the	  

induction	  of	  a	  spiral	  wave	  in	  a	  normal	  tissue.	  The	  cycle	  length	  of	  this	  INa-‐mediated	  

spiral	  wave	  is	  short	  (<180	  ms)	  and	  voltage	  repolarizes	  fully	  to	  ~-‐80	  mV	  between	  

beats.	  While	  both	  INa	  and	  ICa,L	  are	  present	  in	  this	  case,	  the	  rotor	  and	  wavefront	  

propagation	  is	  mediated	  by	  INa.	  Alternatively,	  an	  ICa,L-‐mediated	  spiral	  wave	  (Figure	  

4-‐2B	  and	  Supplemental	  Movie	  4-‐2)	  can	  be	  induced	  in	  the	  same	  tissue.	  	  The	  cycle	  
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length	  of	  this	  spiral	  wave	  is	  much	  longer	  (~560	  ms)	  and	  voltage	  only	  repolarizes	  

partially	  to	  a	  voltage	  between	  -‐50	  mV	  and	  -‐40	  mV	  between	  beats.	  Since	  the	  voltage	  

remains	  above	  -‐50	  mV	  in	  this	  case,	  INa	  remains	  fully	  inactivated	  and	  only	  ICa,L	  is	  

present	  to	  mediate	  the	  wave	  propagation.	  It	  should	  be	  noted	  that	  the	  induction	  of	  

the	  ICa,L-‐mediated	  spiral	  wave	  in	  a	  homogeneous	  tissue	  is	  not	  as	  straightforward	  as	  

the	  intiation	  of	  an	  INa-‐mediated	  spiral	  wave.	  Using	  the	  cross-‐field	  stimulation	  

protocol,	  the	  spiral	  wave	  in	  Fig.	  4-‐2B	  could	  only	  be	  induced	  after	  certain	  S1	  beats,	  

using	  a	  more	  premature	  and	  weaker	  S2	  stimulus.	  The	  action	  potential	  in	  the	  S1	  beat	  

is	  long,	  and	  the	  S2	  must	  be	  applied	  before	  the	  action	  potential	  repolarizes	  full	  and	  

weak	  enough	  to	  avoid	  causing	  full	  repolarization	  (see	  Fig.	  4-‐4).	  	  In	  contrast	  to	  

homogeneous	  tissue,	  however,	  ICa,L-‐mediated	  reentry	  can	  be	  easily	  induced	  in	  

heterogeneous	  tissue	  by	  the	  EADs	  with	  a	  single	  S1	  stimulus	  (see	  Supplemental	  Fig.	  

S4-‐1).	  	  
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Figure	  4-‐2.	  Bistable	  spiral	  waves	  in	  a	  homogeneous	  tissue	  
model.	  	  A.	  An	  INa-‐mediated	  spiral	  wave	  in	  a	  homogeneous	  2D	  tissue	  
induced	  by	  cross-‐field	  stimulations	  (left),	  with	  traces	  of	  voltage,	  INa,	  
and	  ICa,L	  versus	  time	  at	  a	  representative	  location	  (right).	  B.	  An	  ICa,L-‐
mediated	  spiral	  wave	  (left)	  induced	  by	  a	  different	  cross-‐field	  
stimulation	  pattern	  in	  the	  same	  tissue,	  with	  traces	  of	  voltage,	  INa,	  and	  
ICa,L	  versus	  time	  from	  the	  same	  site	  as	  in	  A	  (right).	  
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Figure	  4-‐3.	  Co-‐existence	  of	  INa-‐mediated	  and	  ICa,L-‐mediated	  
conductions.	  Voltage	  snapshots	  (left),	  and	  traces	  of	  voltage	  and	  INa	  
versus	  time	  at	  two	  locations	  (right)	  during	  the	  spiral	  wave.	  Note	  
intermittent	  full	  repolarization	  at	  site	  b,	  but	  not	  site	  a.	  Arrows	  
indicate	  wavefronts	  mediated	  by	  INa.	  The	  action	  potential	  model	  was	  
modified	  from	  that	  of	  Fig.2	  by	  altering	  the	  Ca-‐activated	  nonselective	  
cation	  current	  (Ins(Ca))	  (see	  supplemental	  materials).	  	  	  

	  

Note	  that	  the	  two	  types	  of	  spiral	  waves	  occur	  in	  the	  identical	  homogeneous	  

tissue,	  depending	  only	  on	  the	  different	  initial	  conditions	  (i.e.	  the	  specific	  stimulation	  

protocol),	  unrelated	  to	  the	  tissue	  substrate	  itself.	  The	  property	  that	  the	  two	  stable	  

steady	  states	  exist	  under	  the	  same	  parameter	  conditions	  of	  the	  tissue	  substrate	  is	  a	  

well-‐known	  phenomenon	  called	  “bistability”	  in	  nonlinear	  dynamics	  [97],	  and	  has	  
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been	  demonstrated	  in	  many	  biological	  systems	  [98,	  99].	  Since	  the	  bistable	  states	  in	  

our	  model	  are	  also	  excitable	  states,	  we	  call	  this	  property	  bi-‐excitability.	  

	  

Figure	  4-‐4.	  Prevention	  of	  full	  repolarization	  in	  a	  single	  cell	  by	  
periodic	  simulation.	  	  A.	  Voltage	  versus	  time	  for	  periodic	  pacing	  
(PCL=500	  ms)	  with	  a	  weak	  stimulus	  (2	  µA	  and	  10	  ms,	  as	  shown	  in	  
the	  inset),	  the	  first	  beat	  was	  applied	  before	  full	  repolarization.	  For	  
comparison,	  the	  red	  line	  is	  the	  voltage	  trace	  without	  the	  periodic	  
pacing	  and	  black	  line	  the	  one	  with	  periodic	  pacing	  (pacing	  is	  marked	  
by	  the	  short	  vertical	  lines).	  B.	  APD	  distribution	  (color	  scale)	  versus	  
stimulation	  strength	  (y-‐axis)	  and	  pacing	  period	  (x-‐axis).	  White	  
region	  is	  the	  region	  where	  the	  action	  potential	  does	  not	  recover	  to	  
the	  resting	  potential	  during	  the	  100	  s	  simulation	  period.	  
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4.4.2	  Co-‐existence	  of	  INa-‐mediated	  and	  ICa,L-‐mediated	  conduction	  in	  the	  same	  

homogeneous	  tissue	  

Bistable	  systems	  are	  able	  to	  toggle	  between	  one	  state	  and	  another	  in	  a	  switch-‐

like	  manner,	  but	  generally	  do	  not	  exhibit	  both	  states	  at	  the	  same	  time.	  In	  our	  system,	  

a	  mixture	  of	  the	  two	  types	  of	  conduction	  can	  co-‐exist	  in	  the	  same	  homogenous	  

tissue	  if	  the	  refractoriness	  or	  the	  repolarization	  reserve	  of	  the	  cell	  is	  altered.	  Figure	  

4-‐3	  (and	  Supplemental	  Movie	  4-‐3)	  shows	  an	  example	  in	  which	  the	  central	  core	  

region	  of	  the	  spiral	  wave	  is	  driven	  by	  ICa,L-‐mediated	  rotor	  (in	  which	  INa	  is	  

inactivated).	  	  However,	  along	  the	  arm	  of	  the	  spiral	  wave,	  fast	  INa-‐mediated	  

wavefronts	  (indicated	  by	  arrows)	  occur	  concomittently	  with	  slow	  ICa,L-‐mediated	  

wavefronts.	  

	  

4.4.3	  TdP	  and	  PVT	  due	  to	  ICa,L-‐mediated	  and	  INa-‐mediated	  conductions	  in	  a	  

heterogeneous	  tissue	  model	  

The	  ICa,L-‐mediated	  spiral	  wave	  shown	  in	  Fig.	  4-‐2	  was	  a	  stable	  spiral	  wave	  and	  

thus	  periodic,	  which	  gave	  rise	  to	  monomorphic	  ventricular	  tachycardia	  on	  the	  

simulated	  ECG.	  	  However,	  cardiac	  tissue	  is	  heterogeneous,	  exhibiting	  transmural	  K	  

current	  and	  Ca	  transient	  gradients	  [113,	  114].	  Here	  we	  model	  heterogeneity	  by	  

linearly	  increasing	  IKs	  from	  the	  center	  of	  the	  tissue	  to	  the	  tissue	  border	  (see	  Fig.	  4-‐5	  

legend).	  	  In	  this	  heterogeneous	  tissue	  (Fig.	  4-‐5A),	  the	  ICa,L-‐mediated	  spiral	  wave	  was	  
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unstable	  and	  its	  core	  meandered,	  giving	  rise	  to	  the	  classic	  ECG	  appearance	  of	  TdP.	  	  

While	  meandering	  INa-‐mediated	  spiral	  waves	  have	  been	  previously	  proposed	  as	  a	  

mechanism	  of	  TdP	  [115],	  their	  frequency	  (5-‐15	  Hz)	  is	  typically	  much	  faster	  than	  that	  

of	  TdP	  (2-‐5	  Hz).	  Since	  the	  frequency	  of	  a	  meandering	  ICa,L-‐mediated	  spiral	  wave	  is	  

much	  slower,	  they	  may	  represent	  a	  better	  candidate	  for	  TdP.	  	  	  

In	  patients	  with	  LQTS	  [109],	  the	  classic	  TdP	  pattern	  is	  often	  observed	  in	  some	  

surface	  ECG	  leads,	  and	  PVT	  in	  other	  leads.	  	  To	  explore	  the	  relationship	  of	  these	  

different	  ECG	  patterns	  to	  bi-‐excitability,	  we	  simulated	  a	  larger	  heterogeneous	  tissue	  

in	  which	  the	  outer	  region	  had	  greater	  repolarization	  reserve	  (achieved	  by	  increasing	  

the	  conductance	  of	  IKs),	  as	  seen	  in	  the	  outer	  M-‐cell	  region	  of	  the	  heart.	  	  In	  this	  larger	  

tissue,	  an	  ICa,L-‐mediated	  spiral	  wave	  formed	  in	  the	  central	  region	  while	  the	  outer	  

region	  exhibited	  both	  ICa,L-‐mediated	  and	  INa-‐mediated	  wavefronts	  at	  varying	  

locations	  at	  different	  times	  (Fig.	  4-‐5B	  and	  Supplemental	  Movie	  4-‐4).	  	  In	  this	  case,	  the	  

position	  of	  the	  ECG	  electrode	  (Fig.	  4-‐5C)	  relative	  to	  the	  ICa,L-‐mediated	  spiral	  wave	  

determined	  whether	  a	  TdP-‐like	  or	  PVT-‐like	  ECG	  was	  observed.	  	  If	  the	  electrode	  was	  

close	  to	  the	  central	  ICa,L-‐mediated	  spiral	  wave,	  TdP	  was	  recorded,	  but	  if	  the	  electrode	  

was	  positioned	  either	  higher	  above	  the	  tissue,	  or	  in	  the	  periphery	  away	  from	  the	  

central	  region,	  a	  PVT-‐like	  ECG	  was	  recorded	  due	  to	  the	  shifting	  contributions	  of	  the	  

ICa,L-‐mediated	  and	  INa-‐mediated	  wavefronts.	  These	  results	  provide	  a	  novel	  

explanation	  for	  the	  genesis	  of	  TdP	  on	  some	  ECG	  leads	  via	  a	  meandering	  ICa,L-‐
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mediated	  spiral	  wave,	  and	  PVT	  on	  other	  ECG	  leads	  via	  the	  irregular	  appearance	  of	  

the	  ICa,L-‐mediated	  and	  INa-‐mediated	  spiral	  wave	  wavefront	  in	  the	  surrounding	  tissue.	  

	  

	  

Figure	  4-‐5.	  	  Bi-‐excitability	  causing	  TdP	  and	  PVT	  in	  
heterogeneous	  tissue	  model.	  	  A.	  Left:	  Voltage	  snapshot	  showing	  a	  
meandering	  ICa,L-‐mediated	  spiral	  wave	  (the	  spiral	  tip	  is	  shown	  by	  the	  
blue	  trace)	  in	  a	  4.5	  x	  4.5	  cm	  heterogeneous	  tissue.	  Right:	  Pseudo-‐ECG	  
showing	  a	  classic	  TdP	  pattern.	  The	  location	  of	  ECG	  electrode	  is	  
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marked	  by	  white	  circle	  and	  is	  1.8	  cm	  above	  the	  tissue.	  	  B.	  Voltage	  
snapshots	  in	  a	  larger	  9	  x	  9	  cm	  heterogeneous	  tissue	  showing	  an	  ICa,L-‐
mediated	  spiral	  wave	  in	  the	  center,	  with	  co-‐existing	  INa-‐mediated	  fast	  
wavefronts	  (white	  arrows)	  and	  ICa,L-‐mediated	  slow	  wavefronts	  in	  the	  
outlying	  regions.	  C.	  Pseudo-‐ECG	  from	  electrodes	  at	  different	  
locations	  and	  heights	  above	  the	  tissue.	  The	  white	  circles	  labeled	  as	  
“a”	  and	  “b”	  in	  the	  left	  panel	  mark	  the	  locations	  in	  the	  x-‐y	  plane.	  The	  
distances	  of	  “a”	  and	  “b1”	  are	  0.9	  cm	  above	  the	  tissue,	  “b2”	  is	  1.8	  cm	  
above	  the	  tissue;	  and	  “b3”	  is	  4.5	  cm	  above	  the	  tissue.	  The	  action	  
potential	  model	  is	  the	  same	  as	  in	  Fig.2	  except	  that	  the	  maximum	  
conductance	  of	  IKs	  was	  0.5	  times	  the	  value	  of	  Fig.2	  in	  the	  tissue	  
center	  and	  increased	  linearly	  from	  0.5	  to	  2	  times	  at	  the	  radius	  of	  3	  
cm	  (dashed	  circle)	  and	  then	  was	  kept	  at	  2	  times	  in	  the	  outer	  region.	  
The	  same	  action	  potential	  model	  and	  heterogeneity	  were	  used	  in	  A.	  

	  

4.4.4	  Experimental	  evidence	  of	  bi-‐excitability	  	  

To	  seek	  evidence	  of	  bi-‐excitability	  in	  real	  cardiac	  tissue,	  we	  carried	  out	  optical	  

mapping	  studies	  in	  cultured	  NRVM	  monolayers.	  To	  facilitate	  the	  initiation	  of	  

reentry,	  we	  placed	  an	  obstacle	  in	  the	  center	  of	  the	  monolayer	  (Figs.	  4-‐6	  A	  and	  B).	  	  

Stable	  reentry	  (frequency	  ~5	  Hz)	  was	  induced	  by	  a	  burst	  of	  rapid	  pacing	  during	  

superfusion	  with	  normal	  Tyrode’s	  condition.	  BayK8644	  and	  isoproterenol	  were	  

then	  added	  to	  the	  superfusate,	  and	  the	  reentry	  continued	  without	  a	  significant	  

change	  in	  rotation	  period	  (Fig.	  4-‐6A	  and	  Supplemental	  Movie	  4-‐5).	  	  To	  perturb	  the	  

system,	  a	  second	  burst	  of	  rapid	  pacing	  was	  then	  applied,	  which	  converted	  the	  

original	  reentry	  into	  a	  new	  type	  of	  reentry	  (Fig.	  4-‐6B	  and	  Supplemental	  Movie	  4-‐6)	  

with	  a	  much	  slower	  frequency	  (~2	  Hz).	  This	  new	  type	  of	  reentry	  was	  insensitive	  to	  

the	  Na	  channel	  blocker	  TTX,	  but	  was	  eliminated	  by	  the	  L-‐type	  Ca	  channel	  blocker	  

nitrendipine	  (See	  Online	  Fig.	  S4-‐2).	  Since	  the	  new	  type	  of	  reentry	  was	  induced	  by	  

pacing	  alone,	  without	  changing	  the	  intrinsic	  electrophysiological	  properties	  of	  the	  
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monolayer	  (e.g.	  by	  adding	  a	  new	  drug),	  this	  behavior	  demonstrates	  that	  the	  same	  

tissue	  can	  exhibit	  two	  distinct	  types	  of	  reentrant	  waves	  for	  different	  initial	  

conditions	  (pre-‐	  and	  post	  the	  second	  episode	  of	  rapid	  burst	  pacing),	  as	  predicted	  by	  

the	  computer	  simulations	  in	  Fig.	  4-‐2.	  	  As	  in	  the	  computer	  simulations,	  we	  found	  that	  

inducing	  both	  types	  of	  waves	  in	  the	  same	  tissue	  is	  nontrivial,	  and	  obtained	  only	  3	  

episodes	  of	  such	  bi-‐stable	  waves	  out	  of	  54	  monolayers.	  	  However,	  when	  the	  

BayK8644	  and	  isoproterenol	  concentrations	  were	  increased,	  we	  could	  easily	  induce	  

nitrendipine-‐sensitive	  reentry	  without	  INa-‐mediated	  reentry	  in	  the	  same	  

monolayers,	  with	  the	  frequencies	  of	  rotation	  ranging	  from	  1.5	  Hz	  to	  3	  Hz	  in	  different	  

monolayers.	  	  Presumably,	  the	  higher	  BayK8644	  and	  isoproterenol	  concentrations	  

impeded	  full	  repolarization	  to	  the	  resting	  potential	  under	  these	  conditions,	  

preventing	  INa-‐mediated	  wavefronts	  formation.	  	  	  
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Figure	  4-‐6.	  Bi-‐excitable	  wave	  propagation	  in	  experiments	  of	  
NRVM	  monolayers	  superfused	  with	  BayK8644	  and	  
isoproterenol.	  A.	  Snapshot	  of	  reentry	  (left)	  around	  a	  central	  
obstacle	  and	  a	  local	  trace	  of	  optical	  voltage	  (right)	  in	  a	  monolayer,	  in	  
the	  presence	  of	  BayK8644	  (5	  nM)	  and	  isoproterenol	  (100	  nM).	  	  B.	  
Same	  monolayer,	  after	  rapid	  burst	  pacing	  induced	  a	  slower	  reentry.	  
C.	  Voltage	  snapshot	  (left)	  and	  optical	  voltage	  trace	  (right)	  from	  a	  
confluent	  monolayer	  after	  BayK8644	  (50	  nM)	  and	  isoproterenol	  (1	  
mM)	  showing	  focal	  excitations.	  A	  spontaneous	  action	  potential	  is	  
followed	  by	  an	  EAD-‐mediated	  burst,	  which	  never	  fully	  repolarizes	  
between	  beats.	  A	  line	  scan	  (along	  the	  white	  dashed	  line	  in	  the	  
voltage	  snapshot	  above)	  of	  the	  first	  eight	  beats	  is	  shown	  below,	  
illustrating	  the	  progressive	  slowing	  of	  conduction,	  due	  to	  a	  shift	  from	  
INa-‐	  to	  ICa,L-‐mediated	  propagation.	  
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In	  another	  NRVM	  monolayer,	  we	  observed	  ICa,L-‐mediated	  propagation	  arising	  

from	  bursts	  of	  EAD-‐mediated	  focal	  activity	  that	  failed	  completely	  repolarize	  

between	  beats	  (Fig.	  4-‐6C	  and	  Supplemental	  Movie	  4-‐7)	  following	  application	  of	  

BayK8644	  and	  isoproterenol.	  Note	  that	  the	  conduction	  velocity	  of	  the	  first	  wave,	  

arising	  from	  fully	  repolarized	  tissue	  during	  the	  initial	  upstroke,	  was	  30	  cm/s,	  but	  

progressively	  slowed	  to	  4	  cm/s	  during	  the	  subsequent	  waves	  mediated	  by	  ICa,L	  

during	  the	  EAD	  upstrokes,	  as	  seen	  in	  the	  space-‐time	  plot.	  This	  is	  consistent	  with	  a	  

transition	  from	  INa-‐mediated	  propagation	  to	  ICa,L-‐mediated	  propagation,	  due	  to	  the	  

progressive	  incomplete	  repolarization	  during	  successive	  beats	  during	  EAD	  bursts,	  

as	  evident	  in	  the	  optical	  trace	  above.	  	  

	  

4.5	  Discussion	  and	  conclusions	  

Bistability	  is	  a	  widely-‐known	  behavior	  in	  nonlinear	  dynamics	  [97],	  and	  has	  

been	  demonstrated	  in	  many	  biological	  systems	  [98,	  99].	  In	  this	  study,	  we	  show	  a	  

novel	  bistable	  behavior	  of	  an	  excitable	  medium,	  in	  which	  cardiac	  tissue	  prone	  to	  

EADs	  becomes	  capable	  of	  exhibiting	  two	  types	  of	  wave	  propagation	  with	  distinct	  

conduction	  velocities	  and	  rotation	  frequencies,	  mediated	  either	  by	  INa	  or	  by	  ICa,L,	  

respectively.	  The	  two	  types	  of	  waves	  can	  switch	  or	  co-‐exist	  simultaneously,	  even	  in	  

completely	  homogeneous	  tissue.	  We	  also	  provided	  experimental	  evidence	  of	  bi-‐

excitability	  in	  cultured	  NRVM	  monolayers	  exposed	  to	  BayK8644	  and	  isoproterenol.	  
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In	  the	  computer	  model,	  the	  ICa,L-‐mediated	  spiral	  wave	  is	  stable	  in	  homogeneous	  

tissue,	  but	  in	  heterogeneous	  tissue,	  the	  ICa,L-‐mediated	  spiral	  wave	  meanders,	  which	  

gives	  rise	  to	  both	  the	  heart	  rate	  and	  appearance	  of	  TdP	  on	  some	  ECG	  leads,	  while	  the	  

interaction	  between	  the	  INa-‐mediated	  and	  ICa,L-‐mediated	  propagating	  wavefronts	  in	  

the	  outer	  arm	  of	  the	  ICa,L-‐mediated	  spiral	  wave	  produce	  an	  appearance	  of	  PVT	  on	  

other	  ECG	  leads.	  

	  

4.5.1	  EADs	  and	  bi-‐excitability	  

It	  is	  known	  that	  cardiac	  conduction	  can	  be	  mediated	  by	  either	  INa	  or	  ICa,L,	  

depending	  on	  the	  characteristics	  of	  the	  tissue	  substrate.	  	  In	  general,	  to	  support	  INa-‐

mediated	  conduction,	  cardiac	  tissue	  needs	  to	  have	  a	  resting	  potential	  more	  negative	  

than	  -‐60	  mV	  (as	  seen	  in	  normal	  atrial	  and	  ventricular	  myocardium).	  Conversely,	  to	  

support	  ICa,L-‐mediated	  propagation,	  cardiac	  tissue	  requires	  a	  resting	  potential	  more	  

depolarized	  than	  -‐60	  mV,	  such	  as	  during	  ischemia	  or	  in	  the	  sinoatrial	  or	  

atrioventricular	  nodes	  where	  the	  resting	  membrane	  potential	  is	  significantly	  

elevated,	  and	  ICa,L	  is	  solely	  responsible	  for	  the	  upstroke	  of	  the	  action	  potential.	  It	  is	  

also	  important	  to	  note	  that	  ICa,L-‐mediated	  propagation	  may	  serve	  as	  the	  sole	  source	  

of	  propagation	  in	  substrates	  with	  reduced	  gap	  junction	  coupling	  (such	  as	  the	  healed	  

infarct	  border	  zone	  [95]	  )	  despite	  any	  change	  in	  the	  resting	  membrane	  potential.	  

Thus,	  normal	  tissue	  can	  only	  support	  one	  type	  of	  propagation	  at	  a	  time,	  and	  that	  
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changing	  from	  INa-‐mediated	  wave	  to	  ICa,L-‐mediated	  wave	  propagation	  requires	  

changing	  the	  cellular	  or	  tissue	  properties.	  

The	  novel	  behavior	  identified	  in	  the	  present	  study,	  however,	  shows	  that	  when	  

EADs	  are	  present,	  the	  same	  homogeneous	  tissue	  becomes	  capable	  of	  supporting	  

both	  INa-‐mediated	  and	  ICa,L-‐mediated	  waves.	  The	  switching	  from	  one	  wave	  type	  to	  

the	  other	  does	  not	  require	  a	  change	  in	  cellular	  or	  tissue	  properties.	  This	  is	  a	  typical	  

bistable	  behavior	  [98,	  99],	  and	  since	  the	  two	  states	  are	  also	  excitable,	  we	  call	  this	  

behavior	  bi-‐excitability.	  Note	  that	  the	  conditions	  for	  bi-‐excitability	  to	  occur	  is	  not	  

simply	  that	  the	  action	  potential	  exhibits	  EADs,	  but	  that	  the	  take-‐off	  potential	  of	  

EADs	  be	  low	  enough	  and	  their	  amplitude	  large	  enough	  (as	  seen	  in	  Fig.	  4-‐1B)	  to	  

facilitate	  the	  propagation	  of	  EADs	  in	  tissue.	  If	  the	  takeoff	  potential	  of	  the	  EADs	  is	  too	  

high	  and	  the	  amplitude	  too	  small	  (such	  as	  in	  the	  case	  of	  phase-‐2	  EADs	  shown	  in	  

many	  previous	  studies	  [86,	  102,	  116,	  117]),	  the	  EAD	  is	  unable	  to	  propagate	  and	  the	  

tissue	  is	  unable	  to	  exhibit	  bi-‐excitability.	  	  	  The	  take-‐off	  potential	  of	  EADs	  is	  

multifactorial,	  and	  involves	  a	  complex	  interaction	  between	  amplitude	  and	  kinetics	  

of	  ICa,L	  properties	  and	  repolarizing	  currents	  such	  as	  IKs.	  	  Thus,	  ICa,L-‐mediated	  reentry	  

in	  our	  model	  can	  be	  prevented	  if	  IKs	  is	  either	  too	  large	  (promoting	  full	  

repolarization)	  or	  too	  small	  (such	  that	  the	  EAD	  take-‐off	  potential	  is	  too	  high	  to	  

support	  propagation	  in	  tissue),	  relative	  to	  ICa,L.	  	  	  	  
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4.5.2	  Bi-‐excitability	  and	  cardiac	  arrhythmias	  

	   In	  this	  study,	  we	  show	  that	  a	  meandering	  ICa,L-‐mediated	  rotor	  is	  responsible	  

for	  the	  appearance	  of	  TdP	  in	  some	  ECG	  leads.	  In	  addition,	  the	  rate	  of	  TdP,	  which	  

typically	  ranges	  from	  150	  to	  300	  beats	  per	  minute	  (or	  2.5	  Hz	  to	  5	  Hz)	  in	  clinical	  

settings	  [104,	  109],	  is	  much	  more	  consistent	  with	  a	  meandering	  ICa,L-‐mediated	  spiral	  

wave	  than	  an	  INa-‐mediated	  spiral	  wave.	  Our	  simulations	  of	  ICa,L-‐mediated	  spiral	  

waves	  in	  Fig.	  4-‐2B	  and	  Fig.	  4-‐5	  exhibit	  a	  frequency	  of	  120	  beats	  per	  minute	  (2	  Hz),	  

which	  is	  close	  to	  the	  lower	  end	  of	  the	  clinically	  observed	  rate	  of	  TdP.	  	  By	  enhancing	  

ICa,L-‐mediated	  excitability	  in	  our	  model,	  the	  rate	  can	  be	  matched	  to	  the	  upper	  end	  as	  

well.	  	  In	  contrast,	  the	  heart	  rate	  of	  INa-‐mediated	  reentry	  shown	  in	  Fig.	  4-‐2A	  is	  330	  

beats	  per	  minute	  (5.5	  Hz),	  which	  is	  also	  consistent	  with	  INa-‐mediated	  reentry	  in	  

human	  whole	  heart	  simulations	  [118],	  and	  other	  computational	  and	  experimental	  

studies	  that	  show	  both	  INa-‐mediated	  reentry	  and	  VF	  (under	  conditions	  of	  normal	  

excitability)	  occurring	  at	  frequencies	  ranging	  from	  5	  to	  20	  Hz	  [119-‐121].	  However,	  

the	  frequency	  of	  the	  ICa,L-‐mediated	  reentry	  strongly	  depends	  on	  the	  upstroke	  

velocity	  (or	  the	  takeoff	  potential)	  of	  the	  EAD,	  which	  could	  be	  much	  faster	  than	  what	  

we	  show	  in	  the	  present	  model	  if	  the	  ICa,L-‐mediated	  excitability	  is	  enhanced	  to	  exhibit	  

very	  large	  amplitude	  EADs.	  

In	  addition	  to	  providing	  a	  novel	  explanation	  for	  the	  characteristic	  undulating	  

QRS	  morphology	  observed	  on	  ECG	  that	  is	  consistent	  with	  its	  relatively	  slow	  rate	  

(150-‐300	  bpm)	  during	  episodes	  of	  TdP,	  bi-‐excitability	  may	  also	  explain	  the	  clinically	  
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observed	  phenomenon	  of	  spontaneous	  termination	  of	  TdP	  and	  degeneration	  to	  VF.	  	  

Most	  episodes	  of	  TdP	  terminate	  spontaneously,	  and	  only	  a	  small	  portion	  

degenerates	  to	  VF	  to	  cause	  sudden	  cardiac	  death	  [104,	  108,	  109].	  One	  possibility	  is	  

that	  during	  TdP,	  hypotension-‐induced	  ischemia	  leads	  to	  opening	  the	  of	  ATP-‐

sensitive	  K	  channels,	  which	  increases	  repolarization	  reserve,	  thereby	  suppressing	  

the	  excitability	  of	  the	  ICa,L-‐mediated	  excitable	  state.	  	  This	  could	  lead	  to	  termination	  of	  

the	  ICa,L-‐mediated	  spiral	  wave	  (or	  an	  ICa,L-‐mediated	  focus	  as	  shown	  in	  Fig.	  4-‐6C),	  and	  

thus	  the	  termination	  of	  TdP,	  or	  degeneration	  to	  VF	  if	  the	  repolarization	  pattern	  were	  

sufficiently	  heterogeneous	  to	  initiate	  INa-‐mediated	  spiral	  waves.	  	  	  	  	  

	  

4.5.3	  Limitations	  

Although	  we	  believe	  that	  the	  general	  mechanisms	  outlined	  in	  this	  study	  can	  

provide	  useful	  insight	  into	  the	  mechanisms	  of	  TdP	  and	  EAD-‐related	  arrhythmias	  in	  

long	  QT	  syndrome	  and	  other	  diseased	  conditions,	  such	  as	  heart	  failure,	  further	  

theoretical	  and	  experimental	  studies	  will	  be	  required	  to	  establish	  their	  physiological	  

relevance.	  A	  condition	  required	  for	  bi-‐excitability	  to	  occur	  is	  EAD	  propagation,	  and	  

to	  generate	  propagating	  EADs,	  a	  Ca-‐activated	  non-‐selective	  cation	  current	  (Ins(Ca))	  

was	  added	  to	  the	  action	  potential	  model	  [86].	  Although	  this	  current	  has	  been	  

identified	  in	  different	  species	  [122,	  123],	  its	  existence	  is	  controversial	  and	  its	  

physiological	  or	  pathophysiological	  roles	  remain	  unclear.	  	  Nevertheless,	  EADs	  have	  

been	  shown	  to	  be	  able	  to	  propagate	  in	  cardiac	  tissue	  [107],	  and	  large	  magnitude	  
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EADs	  have	  been	  observed	  [124],	  therefore,	  no	  matter	  which	  ionic	  mechanism	  is	  

responsible	  for	  EAD	  propagation,	  our	  observation	  of	  bi-‐excitability	  may	  still	  occur	  in	  

cardiac	  tissue	  as	  long	  as	  the	  EADs	  can	  propagate.	  

	  

4.6 Supplemental	  Material	  

4.6.1	  Supplemental	  Methods	  

Single	  cell	  model.	  Voltage	  of	  single	  myocytes	  is	  described	  by	  the	  following	  

differential	  equation:	  

mstiion CIIdtdV /)(/ +−= 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (1)	  

where	  V	  is	  the	  membrane	  voltage	  and	   2/1 cmFCm µ= .	  	  Iion	  is	  the	  total	  membrane	  ionic	  

current,	  which	  is	  described	  below.	  	  Isti	  is	  the	  stimulation	  current	  which	  was	  a	  1	  ms	  

duration	  pulse	  of	  strength	  40	  µA/cm2.	  Eq.1	  was	  numerically	  solved	  using	  the	  Euler	  

method	  with	  an	  adaptive	  time	  step	  varying	  from	  0.01	  ms	  to	  0.1	  ms.	  

2D	  tissue	  model.	  The	  partial	  differential	  equation	  to	  describe	  the	  membrane	  

voltage	  V	  in	  the	  homogeneous	  2D	  tissue	  is	  

)(/ 2

2

2

2

y
V

x
VDCI

t
V

mion ∂
∂

+
∂
∂

+−=
∂
∂ 	  	  	  	  	  	  	  	  	  	  	  (2)	  

No-‐flux	  boundary	  conditions	  were	  used.	  D=0.0005	  cm2/ms.	  Δx=Δy	  =0.15	  mm.	  Eq.2	  

was	  numerically	  solved	  using	  the	  Euler	  method	  with	  an	  adaptive	  time	  step	  varying	  

from	  0.01	  ms	  to	  0.1	  ms.	  
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	  	   Calculation	  of	  Pseudo-‐ECG.	  Pseudo-‐ECG	  was	  calculated	  using	  the	  following	  

equation	  [119,	  125]:	  

∫∫ ∇∇=Φ
Ae dxdyRVDzyx ))/1()(()',','( 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (3)	  

where	   222 )'()'()'( zzyyxxR −+−+−= ,	  (x’,y’,z’)	  is	  the	  location	  of	  the	  electrode	  and	  

(x,y,z)	  is	  the	  location	  of	  electrical	  source	  in	  the	  tissue,	  	  and	  A	  is	  the	  total	  area	  of	  the	  

tissue.	  	  

Initial	  conditions	  for	  tissue	  simulations.	  Due	  to	  Na+	  and	  Ca2+	  equilibration,	  

many	  pacing	  beats	  are	  required	  for	  the	  model	  to	  reach	  a	  stationary	  state	  at	  a	  specific	  

pacing	  cycle	  length.	  To	  save	  computation	  time,	  especially	  for	  2D	  tissue,	  we	  paced	  a	  

single	  cell	  into	  its	  stationary	  state	  and	  used	  the	  values	  of	  the	  variables	  as	  initial	  

conditions	  for	  all	  cells	  in	  the	  tissue.	  

Numerical	  and	  simulation	  methods.	  Partial	  differential	  equations	  were	  

numerically	  solved	  using	  the	  operator	  splitting	  method	  [126]	  with	  a	  time	  step	  

varying	  from	  	  0.01	  ms	  to	  0.1	  ms.	  Simulations	  of	  isolated	  myocytes,	  and	  2D	  tissue	  

were	  carried	  out	  on	  single	  processor	  computers.	  Simulations	  were	  carried	  out	  on	  a	  

32-‐node	  high	  performance	  computing	  cluster	  or	  using	  graphic	  processing	  units	  

[127].	  	  Each	  node	  has	  two	  dual-‐core	  AMD	  Opteron	  2.0	  GHz	  CPUs	  and	  4GB	  RAM.	  	  The	  

code	  was	  parallelized	  using	  the	  Message-‐Passing	  Interface	  (MPI)	  or	  OpenMP.	  	  All	  

computer	  programs	  were	  coded	  in	  C++.	  

Action	  potential	  model.	  We	  modified	  the	  action	  potential	  model	  originally	  

developed	  by	  our	  group	  [110]	  to	  obtain	  the	  desired	  AP	  properties.	  We	  were	  not	  able	  
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to	  induce	  EADs	  in	  the	  original	  model	  simply	  by	  increasing	  the	  inward	  currents	  [by	  

increasing	  the	  maximum	  conductance	  of	  the	  L-‐type	  Ca2+	  current	  (ICa)	  or	  the	  Na+-‐Ca2+	  

exchange	  current]	  or	  decreasing	  the	  outward	  K+	  currents.	  To	  induce	  EADs,	  we	  

modified	  the	  rate	  constant	  in	  the	  Markovian	  model	  of	  ICa	  to	  cause	  steeper	  activation	  

and	  inactivation	  kinetics,	  and	  increased	  the	  maximum	  conductance	  of	  the	  L-‐type	  Ca2+	  

current.	  The	  major	  changes	  are	  summarized	  below.	  	  	  

In	  the	  action	  potential	  model	  used	  for	  Figs.	  4-‐1B	  and	  4-‐2,	  the	  total	  ionic	  

current	  was:	   )(1,, CansNaCaCaNaKKKsKrstoftoNaion IIIIIIIIIII +++++++++= .	  The	  

mathematical	  formulations	  of	  these	  currents	  were	  the	  same	  as	  in	  the	  	  paper	  by	  

Mahajan	  et	  al	  [110],	  except	  that	   stoI , 	  was	  changed	  and	  a	  nonspecific	  Ca2+-‐activated	  

current	  (InsCa)	  was	  added.	  The	  formulation	  of	   stoI , is:	  

))(5.05.0( ,,,, Ksstostostosto EVRYXgI −+= 	  in	  which	  Rs	  is	  governed	  by	  
Rs

sss RR
dt
dR
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τ .	  	  We	  also	  modified	  the	  rate	  constants	  of	  the	  

Markovian	  formulation	  of	  the	  L-‐type	  Ca2+	  channel	  as	  follows:	   ssvthVo e
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( ))30(346.0)30(346.0 1/)( +−+− += VV
SRSR eegVg .	  	  Ins(Ca)	  was	  adopted	  from	  the	  Luo	  and	  Rudy	  
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model[128]	  with	  the	  following	  parameter	  changes:	   0000001137.0)( =CansP 	  and	  

15.0)(, =CansmK 	  µM.	  The	  parameter	  changes	  are	  summarized	  in	  Table	  S4-‐I.	  

	   The	  parameters	  for	  Fig.	  S4-‐3	  were	  the	  same	  as	  those	  for	  Fig.	  4-‐2	  except	  

0000001225.0)( =CansP 	  and	   16.0)(, =CansmK 	  µM.	  

Table	  S4-‐1.	  Parameters	  changed	  from	  the	  original	  model	  by	  
Mahajan	  et	  al.	  [82]	  

Parameter	   Definition	   Value	  

	   Constant	   0.00054	  cm/s	  

	   Strength	  of	  	  Ca	  current	  flux	   655	  mmol/(cm	  C)	  

	   Strength	  of	  local	  Ca	  flux	  due	  to	  L-‐type	  

Ca	  channels	  

9998.6	  mmol/(cm	  C)	  

	   Strength	  of	  local	  Ca	  flux	  due	  to	  RyR	  

channels	  

23692	  mmol/(cm	  C)	  

	   Threshold	  for	  Ca-‐induced	  inactivation	   5.0117	  µM	  

	   Threshold	  for	  Ca	  dependence	  of	  

transition	  rate	  k6	  

4.0	  µM	  

	   Time	  constant	  of	  activation	   0.35	  ms	  

	   Constant	   4.36	  

	   Constant	   6.8	  

r1	   Opening	  rate	   0.41	  ms-‐1	  

CaP

Cag

Cag

SRg

0
pk

pc

poτ

vth

ss
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r2	   Closing	  rate	   2.7	  ms-‐1	  

	   Inactivation	  rate	   0.00175	  ms-‐1	  

	   Inactivation	  rate	   0.00413	  ms-‐1	  

	   Inactivation	  rate	   0.000377	  ms-‐1	  

	   Inactivation	  rate	   0.000687	  ms-‐1	  

	   Time	  constant	   617.082	  ms	  

	   Release	  current	  strength	   3.0	  sparks	  cm2/mA	  

	   Maximum	   	  conductance	   	  

	   Maximum	   	  conductance	   	  

	   Maximum	   	  conductance	   	  

	   Maximum	   	  conductance	   	  

	   Maximum	   	  conductance	   	  

	   Strength	  of	  exchange	  current	   	  

	   Maximum	   	  conductance	   	  

	   Strength	  of	  Uptake	   0.8	  µM/ms	  

BATP	   Total	  concentration	  of	  ATP	  binding	  

sites	  

5000.0	  µmol/l	  

cytosol	  

KATP	   Dissociation	  constant	  for	  ATP	  binding	  

sites	  

200.0	  µM	  

	  

1s!

1k!

2s

2's

BaT

RyRg

ftog , ftoI , FmS µ/0.055

stog , stoI , FmS µ/0.08

1Kg 1KI FmS µ/0.36

Krg KrI FmS µ/0.01

€ 

gKs

€ 

IKs FmS µ/0.512

nacag M/s0.84µ

NaKg NaKI FmS µ/1.5

upv
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4.6.1 Supplemental	  Figures	  

	  
Figure	  S4-‐1.	  Induction	  of	  reentry	  by	  EADs	  in	  a	  2D	  heterogeneous	  
tissue	  model	  after	  a	  single	  S1	  stimulus.	  	  	  The	  tissue	  model	  has	  a	  
heterogeneous	  region	  composed	  of	  two	  circles	  (while	  dashed)	  in	  
which	  EADs	  occur.	  A	  single	  S1	  stimulus	  was	  applied	  at	  the	  bottom	  
edge	  of	  the	  tissue	  to	  cause	  planar	  wave	  to	  propagate	  from	  bottom	  to	  
top.	  Reentry	  occurred	  spontaneously	  due	  to	  the	  unidirectional	  
conduction	  of	  an	  EAD	  in	  the	  heterogeneous	  region.	  The	  conduction	  
in	  the	  heterogeneous	  region	  is	  mediated	  by	  ICa,L	  but	  both	  INa	  and	  ICa,L	  
mediated	  conduction	  occur	  in	  other	  regions.	  Left:	  voltage	  snapshots	  
showing	  that	  the	  third	  EAD	  after	  the	  pacing	  that	  failed	  to	  propagate	  
out	  the	  positively	  curved	  regions	  successfully	  propagated	  out	  at	  the	  
negatively	  curved	  region,	  forming	  unidirectional	  conduction	  block	  
and	  inducing	  figure-‐of-‐eight	  reentry.	  Asterisks	  indicate	  the	  tips	  of	  the	  
spiral	  wave	  reentry,	  while	  arrows	  indicate	  directions	  of	  propagation.	  
Timing	  of	  each	  snapshot	  is	  marked	  on	  top	  of	  each	  panel.	  	  Right:	  the	  
corresponding	  space-‐time	  plot	  of	  a	  line	  (white	  dotted	  line)	  for	  the	  
same	  simulation	  showing	  that	  the	  first	  two	  EADs	  failed	  to	  propagate	  
out	  the	  region	  but	  the	  3rd	  one	  propagated	  unidirectionally	  to	  form	  
reentry.	  The	  white	  arrows	  indicate	  directions	  of	  conduction.	  The	  
diameters	  of	  the	  circular	  regions	  exhibiting	  EADs	  are	  3	  cm	  and	  3.6	  
cm,	  respectively.	  The	  action	  potential	  model	  is	  the	  same	  as	  in	  Fig.2	  in	  
the	  main	  text	  except	  that	  the	  maximum	  conductance	  of	  IKs	  was	  
increased	  by	  a	  factor	  of	  four	  in	  the	  outer	  region.	  The	  reason	  to	  use	  
two	  circles	  is	  to	  create	  a	  negatively	  curved	  boundary	  at	  which	  the	  
source-‐sink	  relation	  favors	  the	  EAD	  conduction	  to	  result	  in	  
unidirectional	  conduction.	  
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Figure	  S4-‐2.	  NRVM	  monolayer	  experiments	  showing	  
termination	  of	  reentry	  by	  nitrendipine	  but	  not	  TTX.	  Reenrty	  
were	  induced	  under	  BayK8644	  (50nM)	  and	  iso	  (1μM).	  A.	  A	  
reentry	  (~3	  Hz,	  left)	  was	  terminated	  by	  nitrendipine	  (5	  μM,	  right).	  B.	  
A	  reentry	  (~1.5	  Hz,	  left)	  remained	  after	  TTX	  (50	  μM,	  right)	  	  	  
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5 Flipping	  the	  Switch:	  KATP	  channel	  mediated	  conversion	  of	  ICa-‐

mediated	  to	  INa-‐mediated	  Cardiac	  Conduction	  

5.1	  Abstract	  

BACKGROUND:	  Under	  conditions	  promoting	  early	  afterdepolarizations	  

(EADs),	  ventricular	  tissue	  can	  become	  bi-‐excitable,	  i.e.	  capable	  of	  wave	  propagation	  

mediated	  by	  either	  the	  Na	  current	  (INa)	  or	  the	  L-‐type	  calcium	  current	  (ICa,L),	  raising	  

the	  possibility	  that	  ICa,L-‐mediated	  reentry	  may	  contribute	  to	  polymorphic	  ventricular	  

tachycardia	  (PVT)	  and	  Torsade	  de	  Pointes	  (TdP).	  ATP-‐sensitive	  K	  current	  (IKATP)	  

activation	  suppresses	  EADs,	  but	  the	  effects	  on	  ICa,L-‐mediated	  reentry	  are	  unknown.	  	  	  

OBJECTIVE	  AND	  METHODS:	  To	  investigate	  the	  effects	  of	  IKATP	  activation	  on	  

ICa,L-‐mediated	  reentry,	  we	  performed	  optical	  voltage	  mapping	  in	  cultured	  neonatal	  

rat	  ventricular	  myocyte	  	  monolayers	  exposed	  to	  BayK4688	  and	  isoproterenol.	  	  The	  

effects	  of	  pharmacologically	  activating	  IKATP	  with	  pinacidil	  were	  analyzed.	  

RESULTS:	  In	  13	  monolayers	  with	  anatomic	  ICa,L-‐mediated	  reentry	  around	  a	  

central	  obstacle,	  pinacidil	  (50	  mM)	  converted	  ICa,L-‐mediated	  reentry	  to	  INa-‐mediated	  

reentry.	  	  In	  33	  monolayers	  with	  functional	  ICa,L-‐mediated	  reentry	  (spiral	  waves),	  

pinacidil	  terminated	  reentry	  in	  17,	  converted	  reentry	  into	  more	  complex	  INa-‐

mediated	  reentry	  resembling	  fibrillation	  in	  12,	  and	  had	  no	  effect	  in	  4.	  	  In	  simulated	  

2D	  bi-‐excitable	  tissue	  in	  which	  ICa,L-‐	  and	  INa-‐mediated	  wavefronts	  coexisted,	  slow	  

IKATP	  activation	  (over	  minutes)	  reliably	  terminated	  rotors,	  but	  rapid	  IKATP	  activation	  
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(over	  seconds)	  often	  converted	  ICa,L-‐mediated	  reentry	  to	  INa-‐mediated	  reentry	  

resembling	  fibrillation.	  

CONCLUSIONS:	  IKATP	  activation	  can	  have	  pro-‐arrhythmic	  effects	  on	  EAD-‐

mediated	  arrhythmias	  if	  ICa,L-‐mediated	  reentry.	  
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5.2	  Introduction	  

In	  normal	  ventricular	  and	  atrial	  tissue,	  wavefront	  propagation	  is	  driven	  by	  

activation	  of	  the	  Na	  current	  (INa).	  	  Recently,	  we	  showed	  that	  under	  conditions	  

promoting	  early	  afterdepolarizations	  (EADs),	  ventricular	  tissue	  can	  become	  bi-‐

excitable,	  i.e.	  capable	  of	  wave	  propagation	  mediated	  by	  either	  the	  Na	  current	  (INa)	  or	  

the	  L-‐type	  calcium	  current	  (ICa,L),	  separately	  or	  simultaneously,	  in	  the	  same	  tissue	  

[129].	  This	  raises	  the	  possibility	  that,	  in	  addition	  to	  focal	  activations,	  ICa,L-‐mediated	  

reentry	  may	  contribute	  to	  EAD-‐mediated	  arrhythmias	  such	  as	  polymorphic	  

ventricular	  tachycardia	  (PVT)	  and	  Torsade	  de	  Pointes	  (TdP).	  	  Consistent	  with	  this	  

possibility,	  ICa,L-‐mediated	  rotors	  exhibit	  a	  much	  slower	  frequency	  than	  INa-‐mediated	  

rotors,	  more	  compatible	  with	  the	  typical	  rates	  of	  PVT	  and	  TdP,	  and	  their	  core	  

meandering	  reproduces	  characteristic	  electrocardiographic	  features	  of	  PVT	  and	  

TdP[129].	  	  	  

	   Many	  experimental	  and	  clinical	  studies	  [130-‐137]	  have	  shown	  that	  

pharmacological	  activation	  of	  sarcolemmal	  ATP-‐sensitive	  K	  (KATP)	  channels	  

shortens	  action	  potential	  (AP)	  duration	  and	  abolishes	  EADs,	  preventing	  EAD-‐

mediated	  triggered	  activity	  and	  suppressing	  PVT	  and	  TdP	  [130-‐137].	  	  Since	  

hypotension	  is	  a	  common	  consequence	  of	  PVT	  and	  TdP,	  the	  resulting	  ischemia-‐

related	  KATP	  channel	  activation	  may	  be	  a	  factor	  contributing	  to	  spontaneous	  

termination	  of	  PVT	  and	  TdP	  and	  restoration	  of	  sinus	  rhythm	  by	  abolishing	  EAD-‐

mediated	  focal	  excitations.	  	  Occasionally,	  however,	  TdP	  or	  PVT	  degenerate	  into	  
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ventricular	  fibrillation	  (VF),	  causing	  sudden	  cardiac	  death	  [108,	  109,	  138].	  	  Why	  

most	  episodes	  of	  TdP	  or	  PVT	  terminate	  spontaneously,	  but	  some	  degenerate	  into	  VF,	  

is	  poorly	  understood.	  	  To	  explore	  these	  issues,	  we	  investigated	  the	  effects	  of	  KATP	  

channel	  activation	  on	  ICa,L-‐mediated	  reentry,	  given	  its	  potential	  relevance	  to	  PVT	  and	  

TdP.	  	  Using	  optical	  voltage	  mapping	  in	  neonatal	  rat	  ventricular	  myocyte	  (NRVM)	  

monolayers,	  combined	  with	  computer	  simulations,	  we	  find	  that	  activation	  of	  KATP	  

channels	  often	  terminates	  ICa,L-‐mediated	  reentry,	  but	  also	  has	  a	  significant	  

probability	  of	  “flipping	  the	  switch”	  of	  bi-‐exctiable	  tissue	  converting	  ICa,L-‐mediated	  

reentry	  into	  INa-‐mediated	  reentry,	  which	  can	  then	  degenerate	  into	  multi-‐wavelet	  VF,	  

especially	  if	  IKATP	  activation	  occurs	  rapidly.	  	  

	  

5.3	  Methods	  

	   All	  protocols	  used	  conform	  to	  the	  standard	  set	  forth	  by	  the	  National	  Institutes	  

of	  Health	  in	  the	  Guide	  for	  the	  Care	  and	  Use	  of	  Animals	  (NIH	  publication	  No.	  85-‐23,	  

Revised	  1996).	  	  	  

	   Monolayer	  preparation.	  We	  created	  monolayers	  of	  neonatal	  rat	  ventricular	  

myocytes	  (NRVMs)	  by	  plating	  1x106	  cells	  on	  21	  mm	  fibronectin-‐coated	  plastic	  

coverslips,	  as	  previously	  described[50].	  Briefly,	  the	  hearts	  harvested	  from	  2-‐	  to	  3-‐

day-‐old	  neonatal	  Sprague-‐Dawley	  rats	  were	  digested	  with	  collagenase	  (0.02%;	  

Worthington	  Biochemical	  Corp,	  Lakewood,	  NJ)	  and	  pancreatin	  (0.06%;	  Sigma-‐

Aldrich,	  St	  Louis,	  Mo).	  Myocytes	  were	  isolated	  with	  the	  use	  of	  a	  Percoll	  (Pharmacia	  
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Biotech	  AB,	  Uppsala,	  Sweden)	  gradient	  and	  plated	  at	  a	  density	  of	  106	  cells/mm3	  per	  

coverslip.	  	  

	   Optical	  mapping.	  Arrhythmias	  were	  imaged	  by	  optical	  mapping	  performed	  

after	  11-‐14	  days	  in	  culture.	  	  Coverslips	  were	  visually	  inspected	  under	  a	  microscope	  

and	  monolayers	  with	  obvious	  gaps	  in	  confluence	  were	  discarded.	  Acceptable	  

coverslips	  were	  then	  stained	  with	  the	  voltage-‐sensitive	  dye	  di-‐4-‐ANEPPS	  (5	  µmol/L	  

for	  5	  min),	  after	  which	  they	  were	  continuously	  superfused	  with	  warm	  (36°C)	  

oxygenated	  (normal)	  Tyrode	  solution	  containing	  (in	  mM):	  135	  NaCl,	  5.4	  KCl,	  1.8	  

CaCl2,	  1	  MgCl2,	  0.33	  NaH2PO4,	  5	  HEPES,	  and	  5	  glucose.	  	  

	   Action	  potentials	  were	  recorded	  using	  a	  CCD-‐based	  optical	  imaging	  system	  

(Photometrics	  Cascade	  128+;	  128×128	  pixels).	  Voltage	  signals	  were	  acquired	  

continuously	  over	  10	  to	  180	  seconds	  at	  0.6	  to	  5	  ms	  per	  frame.	  Signals	  were	  digitized	  

with	  16	  bits	  of	  precision	  and	  processed	  offline	  as	  described	  previously[112].	  Data	  

were	  stored,	  displayed,	  and	  analyzed	  using	  custom	  software	  written	  in	  Visual	  C++	  

(Microsoft)	  and	  MATLAB	  (MathWorks).	  	  	  

Experimental	  Protocols.	  Reentrant	  arrhythmias	  were	  initiated	  by	  either	  

rapid	  pacing	  or	  incubating	  monolayers	  in	  the	  presence	  of	  the	  L-‐type	  Ca	  channel	  

agonist	  BayK8644	  (BayK,	  2.5	  µM)	  and	  the	  beta	  adrenergic	  receptor	  agonist	  

isoproterenol	  (Iso,	  1	  µM)	  for	  >	  2	  hours.	  	  The	  dependence	  of	  wave	  propagation	  on	  INa	  

versus	  ICa	  was	  tested	  in	  subset	  of	  monolayers	  exhibiting	  reentry	  (n=10)	  using	  the	  Na	  

channel	  blocker	  tetrodotoxin	  (TTX,	  50	  µM)	  or	  the	  Ca	  channel	  blocker	  nitrendipine	  
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(5	  µM).	  	  KATP	  channels	  were	  activated	  by	  adding	  pinacidil	  (100	  μM)	  to	  the	  

superfusate.	  	  

Data	  Analysis.	  The	  baseline	  drift	  due	  to	  photobleaching	  of	  potentiometric	  

dyes	  was	  reduced	  by	  subtracting	  a	  third	  order	  polynomial	  best	  fit	  curve	  of	  the	  

optical	  signals.	  To	  reduce	  noise	  in	  the	  optical	  signals,	  a	  seven	  point	  median	  filter	  was	  

applied	  to	  the	  de-‐trended	  data.	  Movies	  of	  electrical	  propagation	  were	  generated	  

from	  signals	  that	  were	  low-‐pass	  filtered	  between	  0	  and	  100	  Hz.	  The	  activation	  time	  

was	  defined	  as	  the	  instant	  of	  maximum	  positive	  slope.	  	  For	  each	  data	  set,	  the	  mean	  

and	  accompanying	  95%	  confidence	  intervals	  (CIs)	  are	  reported.	  The	  conventional	  

percentile	  bootstrap-‐resampling	  approach	  with	  10000	  replications	  was	  used	  for	  

estimating	  95%	  CI	  [139].	  A	  P	  value	  <0.05	  was	  considered	  statistically	  significant.	  	  

Conduction	  velocity	  was	  estimated	  as	  described	  previously	  [112,	  129].	  	  

Computer	  simulations.	  Computer	  simulations	  used	  the	  ventricular	  action	  

potential	  (AP)	  model	  by	  Mahajan	  et	  al.[82],	  modified	  to	  produce	  EADs	  and	  bi-‐

excitability[129].	  	  IKATP,	  based	  on	  the	  formulation	  by	  Ferrero	  et	  al.	  [140],	  was	  added	  

to	  the	  myocyte	  model	  with	  a	  density	  of	  3.8	  channels/mm2.	  To	  simulate	  the	  effects	  of	  

pinacidil,	  we	  increased	  the	  fraction	  of	  open	  KATP	  channels	  (fATP)	  from	  0	  to	  0.0025	  

(over	  time	  periods	  of	  50	  ms,	  10	  s	  or	  5	  min).	  	  All	  simulations	  were	  performed	  in	  a	  

monodomain	  2D	  tissue	  of	  300x300	  cells	  (4.5	  cm	  x	  4.5	  cm)	  as	  described	  previously	  

[129].	  A	  linear	  gradient	  in	  the	  maximum	  conductance	  of	  IKs	  from	  0.512	  to	  2.048	  

mS/cm2	  was	  imposed	  from	  center-‐to-‐periphery	  in	  the	  tissue	  to	  facilitate	  the	  joint	  
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appearance	  of	  both	  INa	  and	  ICa,L-‐mediated	  wavefronts	  as,	  described	  previously	  to	  

mimic	  the	  electrocardiographic	  appearance	  of	  TdP	  [129].	  	  Simulations	  were	  

performed	  on	  NVIDA	  Tesla	  C2050	  General	  Purpose	  Graphics	  Processing	  Units	  

(GPGPUs).	  

	  

5.4	  Results	  

5.4.1	  Effects	  of	  pinacidil	  on	  ICa,L-‐mediated	  reentry	  in	  NRVM	  monolayers	  

	   To	  generate	  ICa,L-‐mediated	  wave	  propagation	  and	  reentry,	  we	  used	  our	  

previously	  characterized	  model	  of	  bi-‐excitability	  by	  superfusing	  NRVM	  monolayers	  

with	  BayK	  +	  Iso[129,	  141].	  	  When	  exposed	  to	  BayK	  +	  Iso,	  monolayers	  developed	  

bursts	  of	  EAD-‐mediated	  focal	  activity,	  typically	  arising	  from	  multiple	  sites,	  resulting	  

in	  a	  complex	  mixture	  of	  focal	  activity	  and	  reentry,	  as	  illustrated	  in	  Fig.	  5-‐1.	  The	  

accompanying	  optical	  voltage	  trace	  recorded	  from	  a	  representative	  site	  in	  the	  

monolayer	  during	  the	  initiation	  of	  a	  burst	  of	  focal	  activity	  illustrates	  the	  incomplete	  

repolarization	  between	  beats,	  consistent	  with	  EAD-‐mediated	  triggered	  activity	  as	  

described	  previously	  under	  these	  conditions	  [129].	  	  	  
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Figure	  5-‐1.	  EAD-‐mediated	  arrhythmias	  induced	  by	  BayK4688	  +	  
isoproterenol	  in	  NRVM	  monolayers.	  	  (A)	  Optical	  voltage	  trace	  (FV)	  
illustrating	  a	  burst	  of	  EAD-‐mediated	  triggered	  activity	  following	  a	  
paced	  beat.	  	  Note	  the	  incomplete	  repolarization	  between	  beats.	  (B)	  	  
Snapshots	  of	  voltage	  fluorescence	  (FV)	  on	  a	  gray	  scale	  (dep,	  
depolarized;	  rep,	  repolarized)	  at	  the	  times	  indicated	  following	  the	  
paced	  beat	  at	  1340	  ms,	  revealing	  a	  complex	  pattern	  of	  wavefronts	  
due	  to	  a	  mixture	  of	  focal	  activity	  and	  reentry.	  	  	  

	  

Since	  reentry	  during	  BayK	  +	  Iso-‐induced	  arrhythmias	  in	  NRVM	  monolayers	  

tended	  to	  be	  complex	  and	  frequently	  interrupted	  by	  focal	  activations,	  we	  pre-‐

fabricated	  monolayers	  with	  a	  hole	  in	  the	  center,	  which	  facilitated	  stable	  ICa,L-‐

mediated	  reentry	  by	  anchoring	  reentry	  and	  also	  preventing	  spontaneous	  

termination	  due	  to	  the	  core	  meandering	  and	  colliding	  with	  a	  tissue	  border.	  	  In	  these	  

monolayers,	  incubation	  with	  BayK	  +	  Iso	  frequently	  resulted	  in	  sustained	  
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arrhythmias,	  due	  to	  either	  sustained	  reentry	  around	  the	  central	  obstacle	  (Fig.	  5-‐2),	  

or	  more	  complex	  patterns	  in	  which	  rotors	  due	  to	  functional	  reentry	  were	  present	  

(Figs.	  5-‐3	  and	  5-‐4).	  	  Both	  forms	  of	  reentry	  were	  dependent	  on	  ICa,L-‐mediated	  wave	  

propagation,	  since	  reentry	  was	  consistently	  abolished	  by	  the	  L-‐type	  Ca	  channel	  

blocker	  nitrendipine	  (n=10),	  but	  not	  by	  the	  Na	  channel	  blocker	  TTX	  (n=13),	  as	  

illustrated	  in	  the	  example	  of	  reentry	  around	  the	  central	  obstacle	  in	  Fig.	  5-‐2.	  

	  

Figure	  5-‐2.	  EAD-‐mediated	  reentry	  around	  a	  central	  obstacle	  in	  
an	  NRVM	  monolayer.	  	  (A)	  Snapshot	  (left)	  and	  trace	  (right)	  of	  
voltage	  fluorescence	  (FV),	  illustrating	  that	  reentry	  around	  the	  central	  
obstacle	  was	  unaffected	  by	  TTX	  (50	  mM).	  	  (B)	  	  In	  contrast,	  
nitrendipine	  (5μM)	  terminated	  reentry.	  	  (C)	  	  Bar	  graph	  summarizing	  
incidence	  of	  termination	  of	  reentry	  by	  TTX	  vs	  nitrendipine	  in	  23	  
monolayers.	  
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Figure	  5-‐3.	  Effect	  of	  the	  KATP	  channel	  agonist	  pinacidil	  in	  NRVM	  
monolayers	  with	  complex	  sustained	  EAD-‐mediated	  arrhythmias.	  	  
(A)	  Histogram	  illustrating	  the	  outcomes	  of	  pinacidil	  (100	  mM)	  
treatment	  on	  complex	  EAD-‐mediated	  arrhythmias	  induced	  by	  
BayK4688	  +	  isoproterenol	  in	  33	  NRVM	  monolayers	  with	  a	  central	  
obstacle.	  (B)	  	  Representative	  optical	  trace	  (top)	  and	  snapshots	  
(below)	  of	  voltage	  fluorescence	  (FV)	  at	  the	  times	  indicated,	  
illustrated	  termination	  of	  a	  complex	  EAD-‐mediated	  arrhythmia	  by	  
pinacidil.	  	  In	  this	  example,	  the	  arrhythmia	  was	  driven	  primarily	  by	  a	  
functional	  rotor	  (spiral	  wave)	  at	  1	  o’clock.	  	  	  	  
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Figure	  5-‐4.	  Effects	  of	  the	  KATP	  channel	  agonist	  pinacidil	  in	  NRVM	  
monolayers	  with	  complex	  sustained	  EAD-‐mediated	  arrhythmias.	  	  
(A)	  Snapshots	  of	  voltage	  fluorescence	  (FV)	  at	  the	  times	  indicated	  in	  a	  
monolayer	  with	  a	  central	  obstacle	  in	  which	  BayK4688	  +	  
isoproterenol	  induced	  an	  arrhythmia	  driven	  primarily	  by	  functional	  
rotors	  (spiral	  waves)	  at	  6	  and	  8	  o’clock	  (left	  panels).	  	  Pinacidil	  (100	  
mM,	  right	  panels)	  did	  not	  significantly	  affect	  the	  complexity	  of	  the	  
arrhythmia.	  	  (B)	  Voltage	  snapshots	  from	  another	  monolayer	  with	  a	  
central	  obstacle,	  in	  which	  pinacidil	  (right	  panels)	  increased	  the	  
complexity	  of	  the	  BayK4688	  +	  isoproterenol-‐induced	  arrhythmia,	  as	  
evident	  from	  the	  greater	  number	  of	  wavefronts.	  	  	  

	  

	   We	  then	  examined	  the	  effects	  of	  KATP	  channel	  activation	  with	  5	  μM	  pinacidil	  in	  

monolayers	  with	  sustained	  anatomic	  or	  functional	  ICa,L-‐mediated	  reentry	  for	  >10	  

min.	  	  In	  13	  monolayers	  with	  sustained	  anatomic	  reentry	  around	  the	  central	  obstacle,	  

as	  in	  Fig.	  5-‐2,	  pinacidil	  did	  not	  terminate	  reentry,	  but	  changed	  its	  pharmacological	  
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profile.	  	  Before	  pinacidil,	  reentry	  was	  consistently	  terminated	  by	  nitrendipine	  (Fig.	  

5-‐2)	  but	  not	  by	  TTX.	  	  After	  pinacidil,	  however,	  the	  converse	  was	  true;	  reentry	  was	  

terminated	  by	  TTX	  in	  all	  monolayers	  tested,	  whereas	  nitrendipine	  terminated	  

reentry	  in	  only	  2	  of	  10	  monolayers	  tested	  (20%)	  (Fig	  5-‐5	  A	  &	  B).	  	  This	  result	  

indicates	  that	  pinacidil	  converted	  ICa,L-‐mediated	  wave	  propagation	  to	  INa-‐mediated	  

wave	  propagation.	  Consistent	  with	  this	  interpretation,	  conduction	  velocity	  after	  

pinacidil	  increased	  by	  an	  average	  of	  89	  ±	  82%	  (95%	  confidence	  interval,	  46%	  to	  

141%)	  (Fig.	  5-‐6A).	  	  This	  is	  illustrated	  by	  the	  increased	  spacing	  of	  the	  isochrone	  lines	  

post-‐pinacidil	  in	  the	  example	  shown	  in	  Fig.	  5-‐6B.	  	  
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Figure	  5-‐5.	  Effects	  of	  pinacidil	  on	  EAD-‐mediated	  reentry	  around	  
a	  central	  obstacle	  in	  an	  NRVM	  monolayer.	  	  (A)	  Optical	  trace	  
(above)	  and	  snapshots	  (below)	  of	  voltage	  fluorescence	  (FV)	  in	  a	  
monolayer	  in	  which	  BayK4688	  +	  isoproterenol	  induced	  sustained	  
reentry	  around	  a	  central	  obstacle.	  	  	  After	  pinacidil	  treatment,	  
addition	  of	  TTX	  (50	  μM)	  terminated	  reentry.	  	  (B)	  Same,	  but	  with	  
nitrendipine	  (5	  μM)	  	  added	  instead	  of	  TTX,	  showing	  that	  reentry	  
persists.	  	  (C)	  	  Bar	  graph	  summarizing	  incidence	  of	  termination	  of	  
reentry	  by	  TTX	  vs	  nitrendipine	  in	  23	  monolayers	  exposed	  to	  
BayK4688	  +	  isoproterenol	  +	  pinacidil.	  
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Figure	  5-‐6.	  Effects	  of	  pinacidil	  on	  conduction	  velocity	  of	  EAD-‐
mediated	  reentry	  around	  a	  central	  obstacle	  in	  NRVM	  
monolayers.	  	  (A)	  	  The	  percent	  increase	  in	  conduction	  velocity	  after	  
pinacidil	  in	  10	  monolayers	  (solid	  squares)	  in	  which	  BayK4688	  +	  
isoproterenol	  induced	  sustained	  reentry	  around	  a	  central	  obstacle.	  	  
Mean	  increase	  is	  indicated	  by	  the	  horizontal	  bar.	  	  	  (B)	  	  Isochrome	  
map	  during	  reentry	  in	  a	  representative	  monolayer,	  pre-‐	  and	  post-‐
pinacidil	  treatment.	  	  Increased	  spacing	  between	  80	  ms	  isochrome	  
lines	  post-‐pinacidil	  reflects	  increased	  conduction	  velocity.	  

	  

In	  contrast,	  among	  33	  monolayers	  with	  more	  complex	  arrhythmia	  patterns	  

involving	  functional	  ICa,L-‐mediated	  rotors	  as	  in	  Figs.	  5-‐3	  &	  5-‐4	  ,	  application	  of	  

pinacidil	  spontaneously	  terminated	  the	  arrhythmia	  in	  17	  (52%)	  (Fig	  5-‐3).	  	  In	  4	  

monolayers	  (12%),	  reentry	  was	  not	  significantly	  changed	  (Fig	  5-‐4A),	  and	  in	  12	  

(36%),	  reentry	  became	  more	  complex	  (Fig	  5-‐4B).	  	  	  

	  
5.4.2	  Computer	  simulations	  in	  2D	  tissue	  

	   To	  gain	  further	  insight	  into	  the	  experimental	  findings,	  we	  performed	  

simulations	  using	  the	  Mahajan	  et	  al	  ventricular	  AP	  model	  [82],	  with	  parameters	  

modified	  to	  produce	  EADs	  with	  bi-‐excitable	  wave	  propagation	  in	  tissue,	  as	  
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described	  previously[129].	  In	  homogeneous	  2D	  tissue,	  either	  INa-‐	  or	  ICa,L-‐mediated	  

reentry	  could	  be	  induced,	  depending	  on	  the	  stimulation	  protocol	  used	  to	  initiate	  

reentry,	  indicative	  of	  bi-‐excitability	  [129].	  	  To	  study	  the	  effects	  of	  IKATP	  activation	  on	  

functional	  reentry	  driven	  by	  an	  ICa,L-‐mediated	  rotor	  in	  which	  INa-‐mediated	  

wavefronts	  were	  also	  intermittently	  present	  (as	  previously	  documented	  in	  bi-‐

excitable	  monolayers[129]),	  we	  created	  a	  heterogeneous	  2D	  tissue	  with	  a	  linearly	  

increasing	  gradient	  in	  IKs	  from	  center-‐to-‐periphery,	  such	  that	  the	  center	  of	  the	  tissue	  

had	  a	  longer	  AP	  duration	  than	  the	  periphery.	  When	  an	  ICa,L-‐mediated	  rotor	  was	  

induced,	  the	  rotor	  meandered	  throughout	  the	  central	  region,	  with	  the	  arm	  of	  the	  

rotor	  in	  the	  outer	  tissue	  containing	  a	  mixture	  of	  ICa,L-‐	  and	  INa-‐mediated	  wave	  

propagation	  whose	  relative	  proportions	  varied	  in	  time	  (Fig.	  5-‐7).	  	  	  

	  

Figure	  5-‐7.	  Effect	  of	  IKATP	  activation	  on	  ICa,L-‐mediated	  reentry	  in	  
simulated	  2D	  heterogeneous	  cardiac	  tissue	  (300	  x	  300	  
myocytes).	  	  A.	  	  Outcomes	  of	  rapidly	  activating	  IKATP	  at	  various	  time	  
points	  during	  reentry	  driven	  by	  an	  ICa,L-‐mediated	  rotor	  in	  the	  center	  
of	  the	  tissue.	  	  Grey	  zones	  indicate	  that	  ICa,L-‐mediated	  reentry	  
converted	  to	  INa-‐mediated	  reentry	  after	  IKATP	  activation,	  white	  zones	  
that	  reentry	  terminated.	  	  The	  blue	  line	  shows	  INa	  amplitude	  averaged	  
over	  all	  cells	  in	  the	  tissue	  over	  time.	  	  IKATP	  activation	  terminated	  
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reentry	  only	  if	  no	  significant	  INa-‐mediated	  wavefronts	  were	  present.	  	  
Voltage	  snapshots	  (below)	  show	  the	  ICa,L-‐mediated	  rotor	  in	  the	  
center	  of	  the	  tissue,	  with	  INa-‐mediated	  wavefronts	  intermittently	  
present	  along	  the	  spiral	  arm	  (2nd	  and	  4th	  panels,	  white	  arrows).	  	  B.	  
Voltage	  snapshots	  showing	  termination	  of	  reentry	  by	  IKATP	  activation	  
at	  t=450	  ms	  (top	  row),	  but	  conversion	  to	  INa-‐mediated	  reentry	  at	  
t=500	  ms	  (bottom	  row).	  	  C.	  When	  the	  number	  KATP	  channels	  was	  
randomly	  varied	  from	  myocyte	  to	  myocyte	  (using	  a	  Gaussian	  
distribution	  with	  mean	  3.8	  channels/mm2	  and	  standard	  deviation	  
2.0),	  IKATP	  activation	  caused	  the	  stable	  ICa,L-‐mediated	  rotor	  to	  convert	  
to	  an	  INa-‐mediated	  rotor,	  which	  then	  broke	  up	  into	  multi-‐wavelet	  VF.	  	  

	  

To	  simulate	  the	  effects	  of	  pinacidil,	  we	  added	  a	  formulation	  of	  IKATP[140]	  

whose	  conductance	  throughout	  the	  tissue	  increased	  linearly	  to	  a	  maximum	  over	  a	  

specified	  time	  period.	  Under	  these	  conditions,	  the	  outcome	  of	  IKATP	  activation	  during	  

the	  arrhythmia	  was	  probabilistic	  in	  nature,	  sensitive	  to	  both	  the	  timing	  and	  speed	  of	  

IKATP	  activation.	  When	  IKATP	  was	  activated	  rapidly	  over	  50	  ms,	  reentry	  terminated	  

and	  the	  tissue	  repolarized	  to	  a	  quiescent	  state	  in	  41%	  of	  201	  trials.	  	  In	  the	  remaining	  

59%	  of	  trials,	  the	  ICa,L-‐mediated	  rotor	  was	  converted	  to	  an	  INa-‐mediated	  rotor	  (Fig.	  5-‐

7A).	  	  The	  specific	  outcome	  depended	  on	  whether	  INa-‐mediated	  wavefronts	  were	  

present	  in	  the	  tissue	  when	  IKATP	  was	  activated.	  	  If	  IKATP	  was	  activated	  at	  a	  time	  when	  

no	  INa	  wavefronts	  happened	  to	  be	  present	  in	  the	  arm	  of	  the	  rotor,	  reentry	  

terminated	  (Fig	  5-‐7A,	  unshaded	  areas)	  because	  no	  INa	  wavefronts	  were	  present	  to	  

form	  a	  new	  rotor	  after	  the	  ICa,L-‐mediated	  rotor	  terminated.	  	  In	  contrast,	  if	  IKATP	  was	  

activated	  at	  a	  time	  when	  INa	  wavefronts	  were	  present	  in	  the	  arm	  of	  the	  rotor	  (Fig.	  5-‐

7A,	  shaded	  areas),	  these	  INa	  wavefronts	  were	  unaffected	  by	  IKATP	  activation.	  	  

Transformation	  from	  an	  ICa,L-‐mediated	  into	  an	  INa-‐mediated	  rotor	  was	  achieved	  by	  
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the	  INa-‐mediated	  wavefronts	  whipping	  around	  the	  front	  end	  of	  the	  vanishing	  ICa,L-‐

mediated	  rotor,	  reactivating	  the	  fully	  repolarized	  tissue	  previously	  occupied	  by	  the	  

ICa,L-‐mediated	  wavefront	  (Fig.	  5-‐7B).	  

In	  this	  scenario,	  the	  speed	  of	  IKATP	  activation	  also	  played	  a	  critical	  role.	  	  When	  

IKATP	  was	  activated	  slowly,	  over	  10	  sec	  or	  5	  min,	  the	  incidence	  of	  termination	  

increased	  to	  54%	  (101	  trials)	  and	  100%	  (21	  trials),	  respectively.	  This	  is	  because	  

when	  IKATP	  reached	  a	  sufficient	  amplitude	  to	  terminate	  all	  ICa,L-‐mediated	  wavefronts,	  

the	  AP	  duration	  and	  wavelength	  were	  still	  too	  long	  to	  allow	  an	  INa-‐mediated	  rotor	  to	  

become	  sustained.	  That	  is,	  if	  an	  INa-‐mediated	  rotor	  formed	  at	  this	  point,	  it	  

meandered	  to	  the	  tissue	  border	  and	  self-‐terminated	  (Supplemental	  Movie	  5-‐1,	  

supplemental	  material).	  	  Only	  if	  IKATP	  continued	  to	  activate	  rapidly	  did	  the	  AP	  

duration	  and	  wavelength	  shorten	  sufficiently	  to	  allow	  the	  INa-‐mediated	  rotor	  to	  

become	  stable	  before	  it	  happened	  to	  collide	  with	  a	  tissue	  border	  and	  self-‐terminate	  

(Supplemental	  Movie	  5-‐2,	  supplemental	  material).	  	  If	  the	  tissue	  size	  was	  increased	  

to	  prolong	  the	  lifetime	  of	  the	  INa-‐mediated	  rotor	  when	  the	  ICa,L-‐mediated	  rotor	  

terminated,	  the	  percentage	  of	  trials	  that	  resulted	  in	  termination	  for	  the	  same	  time	  

course	  of	  IKATP	  activation	  decreased.	  
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Supplemental	  Movie	  5-‐1	  

Supplemental	  Movie	  5-‐1.	  	  Termination	  of	  ICa,L-‐mediated	  reentry	  
by	  slow	  activation	  of	  IKATP	  over	  5	  minutes	  (first	  90	  s	  shown).	  A	  
stable	  ICa,L-‐mediated	  spiral	  wave	  is	  initially	  present	  in	  the	  center	  of	  
heterogeneous	  bi-‐excitable	  tissue	  (4.5	  x	  4.5	  cm),	  with	  intermittent	  
INa-‐mediated	  wavefronts	  appearing	  in	  the	  periphery,	  as	  indicated	  by	  
the	  transient	  rapidly-‐conducting	  bulges	  along	  the	  spiral	  arm.	  	  Slow	  
IKATP	  activation	  gradually	  converts	  the	  stable	  ICa,L-‐mediated	  spiral	  to	  a	  
meandering	  INa,L-‐mediated	  spiral	  wave,	  which	  eventually	  terminates	  
by	  collision	  with	  the	  tissue	  border	  (near	  86,000	  ms).	  	  	  

	  

	  

Supplemental	  Movie	  5-‐2	  

Supplemental	  Movie	  5-‐2.	  	  Conversion	  of	  ICa,L-‐mediated	  reentry	  
to	  INa-‐mediated	  reentry	  by	  rapid	  activation	  of	  IKATP	  over	  50	  ms.	  A	  
stable	  ICa,L-‐mediated	  spiral	  wave	  is	  initially	  present	  in	  the	  center	  of	  
heterogeneous	  bi-‐excitable	  tissue	  (4.5	  x	  4.5	  cm),	  with	  intermittent	  
INa-‐mediated	  wavefronts	  appearing	  in	  the	  periphery,	  as	  indicated	  by	  
the	  transient	  rapidly-‐conducting	  bulges	  along	  the	  spiral	  arm.	  	  Rapid	  
IKATP	  activation	  over	  50	  ms	  (beginning	  at	  500	  ms)	  rapidly	  shortens	  
APD	  and	  converts	  the	  stable	  ICa,L-‐mediated	  spiral	  to	  a	  stable	  INa,L-‐
mediated	  spiral	  wave.	  	  	  
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If	  random	  cell-‐to-‐cell	  variability	  in	  the	  number	  of	  KATP	  channels	  was	  

introduced	  into	  the	  tissue	  model	  to	  simulate	  a	  heterogeneous	  distribution	  of	  KATP	  

channels	  among	  cardiac	  myocytes,	  then	  for	  the	  cases	  in	  which	  INa-‐mediated	  rotors	  

did	  not	  terminate	  during	  IKATP	  activation,	  the	  increased	  dispersion	  of	  repolarization	  

led	  to	  unidirectional	  conduction	  block,	  causing	  the	  INa-‐mediated	  rotor	  to	  break	  up	  

into	  multi-‐wavelet	  VF	  (Fig	  7C).	  This	  was	  similar	  to	  the	  finding	  in	  monolayers	  in	  

which	  pinacidil	  increased	  arrhythmia	  complexity	  (Fig.	  4B).	  	  

In	  summary,	  these	  simulations	  show	  that	  IKATP	  activation	  can	  either	  terminate	  

ICa,L-‐mediated	  reentry	  or	  convert	  it	  to	  more	  complex	  INa-‐mediated	  reentry	  in	  

heterogeneous	  tissue,	  depending	  on	  the	  timing	  and	  speed	  of	  IKATP	  activation,	  with	  

slower	  IKATP	  activation	  favoring	  termination.	  	  	  

	  

5.5	  Discussion	  and	  conclusions	  

	   Activation	  of	  sarcolemmal	  KATP	  channels	  shortens	  the	  cardiac	  AP	  duration	  and	  

generally	  suppresses	  EAD’s	  by	  increasing	  repolarization	  reserve,	  as	  demonstrated	  

previously	  in	  many	  studies	  [130-‐137].	  	  Therefore,	  when	  ventricular	  arrhythmias	  

such	  as	  PVT	  and	  TdP	  are	  caused	  by	  EAD-‐mediated	  triggered	  activity	  arising	  from	  

one	  or	  more	  focal	  sites,	  IKATP	  activation	  tends	  to	  be	  antiarrhythmic	  by	  suppressing	  

EAD	  formation.	  	  However,	  the	  extent	  to	  which	  EAD-‐mediated	  arrhythmias	  are	  focal	  

or	  reentrant	  remains	  controversial	  [142,	  143].	  	  We	  recently	  demonstrated	  that	  

under	  EAD-‐promoting	  conditions,	  cardiac	  tissue	  can	  become	  bi-‐excitable,	  i.e.	  
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capable	  of	  supporting	  both	  INa-‐	  and	  ICa,L-‐mediated	  wavefronts	  [129].	  	  Moreover,	  ICa,L-‐

mediated	  rotors	  which	  can	  form	  under	  these	  conditions	  exhibit	  

electrocardiographic	  features	  and	  cycle	  lengths	  resembling	  PVT	  and	  TdP	  [129].	  	  

Given	  the	  possibility	  that	  ICa,L-‐mediated	  reentry	  may	  be	  involved	  in	  the	  pathogenesis	  

of	  PVT	  or	  TdP,	  the	  question	  arises	  as	  to	  whether	  IKATP	  activation	  has	  exclusively	  

antiarrhythmic	  effects	  on	  this	  form	  of	  reentry	  (as	  it	  does	  on	  EAD-‐mediated	  triggered	  

activity),	  or	  whether	  it	  can	  be	  pro-‐arrhythmic	  as	  well.	  	  This	  is	  an	  important	  question,	  

because	  IKATP	  activation	  agonists	  have	  been	  proposed	  as	  therapeutic	  agents	  for	  TdP,	  

and	  also	  because	  hypotension	  associated	  with	  prolonged	  episodes	  of	  PVT	  and	  TdP	  

may	  result	  in	  IKATP	  activation	  physiologically.	  	  We	  hoped	  that	  investigation	  of	  this	  

issue	  might	  provide	  insight	  into	  why	  PVT	  and	  TdP	  episodes,	  which	  usually	  self-‐

terminate,	  occasionally	  degenerate	  to	  VF	  to	  cause	  sudden	  cardiac	  death	  [108,	  109,	  

138].	   	  

	  

5.5.1	  Pro-‐	  and	  Anti-‐Arrhythmic	  Effects	  of	  IKATP	  Activation	  on	  EAD-‐mediated	  

Arrhythmias	  

Using	  pinacidil	  to	  activate	  IKATP	  in	  NRVM	  monolayers,	  we	  found	  IKATP	  

activation	  often	  converted	  ICa,L-‐mediated	  anatomic	  or	  functional	  reentry	  to	  INa-‐

mediated	  reentry	  with	  faster	  conduction	  velocity,	  accelerating	  the	  rate	  of	  the	  

tachycardia.	  	  These	  findings	  imply	  that	  if	  ICa,L-‐mediated	  reentry	  is	  present	  during	  

PVT	  or	  TdP,	  activation	  of	  IKATP	  by	  drugs	  or	  ischemia	  might	  accelerate	  the	  
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tachycardia,	  potentially	  resulting	  in	  wavebreak	  and	  precipitating	  multi-‐wavelet	  or	  

mother	  rotor	  VF.	  	  We	  consistently	  observed	  that	  anatomic	  ICa,L-‐mediated	  reentry	  

around	  a	  central	  obstacle	  was	  converted	  to	  anatomic	  INa-‐mediated	  reentry.	  	  For	  

functional	  ICa,L-‐mediated	  rotors	  in	  which	  ICa,L-‐	  and	  INa-‐mediated	  wavefronts	  co-‐

existed,	  however,	  the	  effects	  of	  IKATP	  activation	  were	  probabilistic.	  	  As	  elucidated	  in	  

computer	  simulations,	  if	  IKATP	  was	  activated	  during	  an	  epoch	  when	  no	  INa-‐mediated	  

wavefronts	  happened	  to	  be	  present	  in	  the	  tissue,	  reentry	  terminated.	  	  However,	  if	  

IKATP	  was	  activated	  when	  both	  ICa,L-‐	  and	  INa-‐mediated	  wavefronts	  were	  present,	  the	  

ICa,L-‐mediated	  wavefronts	  were	  eliminated,	  but	  the	  INa-‐mediated	  wavefronts	  were	  

unaffected,	  allowing	  INa-‐mediated	  rotors	  to	  form	  and	  potentially	  break	  up	  into	  

multiwavelet	  VF	  (Fig.	  7).	  	  An	  important	  factor	  influencing	  whether	  functional	  ICa,L-‐

mediated	  rotors	  terminated	  or	  were	  converted	  to	  INa-‐mediated	  reentry	  and	  VF	  was	  

the	  rapidity	  with	  which	  IKATP	  was	  activated.	  As	  IKATP	  was	  activated	  more	  slowly,	  the	  

probability	  of	  termination	  progressively	  increased	  and	  the	  probability	  of	  

degeneration	  to	  VF	  concomitantly	  decreased.	  	  This	  was	  because	  the	  tissue	  size	  was	  

not	  large	  enough	  to	  support	  a	  stable	  INa-‐mediated	  rotor	  when	  IKATP	  first	  became	  

large	  enough	  to	  eliminate	  the	  ICa,L-‐mediated	  rotor.	  	  Only	  if	  subsequent	  IKATP	  

activation	  was	  rapid	  did	  the	  APD	  and	  wavelength	  subsequently	  shorten	  quickly	  

enough	  to	  stabilize	  the	  INa-‐mediated	  rotor	  before	  it	  meandered	  to	  a	  tissue	  border	  

and	  self-‐terminated.	  	  This	  implies	  that	  tissue	  size,	  relative	  to	  wavelength,	  is	  also	  an	  

important	  determinant	  of	  whether	  functional	  ICa,L-‐mediated	  rotors	  terminate	  or	  are	  
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converted	  to	  sustained	  INa-‐mediated	  reentry,	  with	  termination	  being	  favored	  by	  

smaller	  tissue	  size.	  	  However,	  even	  for	  the	  large	  tissue	  size	  (4.5	  x	  4.5	  cm)	  that	  we	  

simulated,	  the	  incidence	  of	  termination	  was	  still	  41%	  even	  with	  very	  rapid	  IKATP	  

activation	  over	  50	  ms,	  and	  100%	  for	  slow	  activation	  over	  5	  mins.	  	  Given	  that	  

spontaneous	  IKATP	  activation	  due	  to	  systemic	  hypotension	  during	  PVT	  or	  TdP	  occurs	  

gradually	  over	  minutes,	  our	  findings	  suggest	  that	  hypotension	  in	  this	  setting	  is	  more	  

likely	  to	  favor	  termination	  of	  these	  arrhythmias	  than	  promote	  degeneration	  to	  VF,	  

but	  the	  latter	  still	  has	  a	  finite	  probability.	  In	  addition,	  there	  are	  many	  other	  reasons	  

why	  episodes	  of	  PVT	  or	  TdP	  due	  to	  ICa,L-‐mediated	  reentry	  might	  spontaneously	  

terminate	  before	  IKATP	  activation	  becomes	  significant,	  including	  heterogeneity-‐

induced	  spiral	  drifting,	  wave	  collision,	  and	  dynamical	  instabilities	  [144-‐147].	  Also,	  

under	  conditions	  in	  which	  PVT	  or	  TdP	  are	  maintained	  primarily	  by	  focal	  activation,	  

rather	  than	  ICa,L-‐mediated	  reentry,	  IKATP	  activation	  would	  be	  expected	  to	  suppress	  

the	  arrhythmia,	  whether	  activated	  rapidly	  or	  slowly.	  	  However,	  our	  findings	  raise	  

the	  possibility	  that	  acute	  intravenous	  administration	  of	  an	  IKATP	  agonist	  to	  terminate	  

PVT	  or	  TdP	  in	  the	  clinical	  setting	  could	  run	  a	  significant	  risk	  of	  converting	  the	  

arrhythmia	  to	  VF,	  if	  the	  arrhythmia	  involved	  ICa,L-‐mediated	  reentry	  and	  the	  drug	  was	  

administered	  rapidly.	  Our	  study	  shows	  that	  this	  occurs	  as	  a	  result	  of	  “flipping	  of	  the	  

switch”	  of	  bi-‐excitable	  tissue,	  converting	  low	  frequency	  ICa-‐mediated	  reentries	  to	  

high	  frequency	  INa-‐mediated	  reentries.	  	  	  
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5.5.2	  Limitations	  

In	  extrapolating	  to	  the	  clinical	  relevance	  of	  the	  present	  findings,	  however,	  a	  

number	  of	  caveats	  and	  limitations	  should	  be	  recognized.	  	  ICa,L-‐mediated	  reentry	  was	  

induced	  using	  BayK	  +	  Iso	  in	  NRVM	  monolayers,	  which,	  despite	  the	  advantages	  for	  

optical	  mapping,	  have	  important	  electrophysiological	  differences	  with	  human	  

myocardium.	  	  BayK	  +	  Iso	  are	  an	  artificial	  means	  of	  inducing	  EADs,	  with	  arguably	  

limited	  direct	  physiological	  relevance,	  although	  Iso	  alone	  has	  been	  shown	  to	  

generate	  EAD	  bursting	  in	  this	  preparation	  [141],	  and	  is	  well-‐known	  to	  be	  a	  

potentiating	  arrhythmogenic	  factor	  in	  long	  QT	  syndromes	  [59,	  60].	  	  Among	  many	  

other	  effects,	  BayK	  and	  Iso	  both	  accentuate	  mode	  2	  gating	  of	  L-‐type	  Ca	  channels,	  

which	  is	  believed	  to	  the	  genetic	  defect	  in	  LQT8	  [148].	  	  In	  addition,	  ICa,L-‐mediated	  

rotors	  due	  to	  bi-‐excitability	  have	  yet	  to	  be	  documented	  experimentally	  in	  intact	  

native	  animal	  or	  human	  cardiac	  tissues	  subjected	  to	  more	  physiologically-‐relevant	  

stressors	  causing	  EADs.	  	  The	  experimental	  model	  (NVRM)	  and	  computer	  AP	  model	  

(rabbit	  ventricle)	  also	  represented	  different	  species.	  	  On	  the	  other	  hand,	  the	  

observation	  that	  different	  experimental	  and	  computer	  models	  yielded	  consistent	  

results	  increases	  our	  confidence	  that	  these	  findings	  are	  generalizable,	  and	  may	  have	  

relevance	  to	  clinical	  EAD-‐mediated	  arrhythmias	  such	  as	  TdP	  and	  PVT.	  	  	  
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6 Concluding	  Remarks	  

	   The	  purpose	  of	  this	  dissertation	  is	  to	  provide	  its	  readers	  with	  a	  new	  

perspective	  on	  EAD-‐mediated	  arrhythmias.	  It	  is	  my	  hope	  that	  in	  the	  process	  of	  doing	  

so,	  it	  has	  given	  its	  readers	  a	  newfound	  appreciation	  for	  nonlinear	  dynamics	  in	  

answering	  questions	  related	  to	  medicine	  and	  the	  biological	  sciences.	  If	  only	  this	  is	  

accomplished,	  the	  time	  and	  effort	  taken	  to	  write	  this	  dissertation	  was	  well	  worth	  it.	  

	   If	  there	  is	  one	  major	  theme	  I	  would	  like	  to	  leave	  the	  reader	  with	  is	  the	  

importance	  of	  timing	  in	  EAD-‐mediated	  arrhythmias.	  	  

	   In	  the	  case	  of	  the	  EAD	  burst	  study	  (Chapter	  3),	  it	  is	  clear	  that	  conventional	  

explanations	  based	  on	  magnitude	  are	  insufficient	  to	  explain	  the	  occurrence	  of	  EADs,	  

but	  rather,	  the	  time	  constants	  (and	  magnitude)	  of	  the	  ion	  channels	  have	  to	  be	  in	  the	  

correct	  resonance	  relations	  to	  each	  other.	  Take	  the	  analogy	  of	  two	  people	  arm	  

wrestling.	  Oscillations	  do	  not	  occur	  when	  one	  individual	  massively	  overpowers	  the	  

other.	  Rather,	  oscillations	  can	  only	  occur	  when	  the	  strengths	  of	  the	  individuals	  

fluctuate	  out	  of	  phase	  with	  one	  another.	  That	  is	  the	  essence	  of	  the	  Hopf-‐Homoclinic	  

bifurcation	  mechanism	  for	  EADs	  

	   In	  the	  case	  of	  the	  biexcitability	  study	  (Chapter	  4),	  the	  timing	  (and	  magnitude)	  

of	  the	  stimulus	  is	  important	  in	  the	  initiation	  of	  either	  a	  INa-‐dependent	  or	  ICa-‐

dependent	  (ie.	  EAD-‐mediated)	  spiral	  wave	  in	  certain	  pathological	  tissue	  substrates.	  

While	  EADs	  are	  self-‐limited	  at	  the	  single	  cell	  level,	  the	  timing	  (and	  magnitude)	  of	  the	  

electrotonic	  current	  present	  in	  tissue	  as	  a	  result	  of	  cell-‐to-‐cell	  coupling,	  facilitates	  
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the	  maintenance	  of	  EADs	  (ie.	  ICa-‐dependent	  spiral	  waves)	  at	  the	  tissue	  level.	  In	  

heterogeneous	  tissue,	  these	  ICa-‐dependent	  spiral	  waves	  meander	  while	  "spewing"	  

both	  ICa-‐	  and	  INa-‐mediated	  wavefronts	  along	  the	  arm	  of	  the	  spiral	  wave,	  giving	  rise	  to	  

the	  classic	  heart	  rate	  and	  ECG	  appearance	  of	  TdP.	  	  

	  In	  the	  case	  of	  the	  KATP	  channel	  activation	  "flipping	  the	  switch"	  study	  (Chapter	  

5),	  whether	  a	  ICa-‐dependent	  reentry	  either	  spontaneously	  terminates	  or	  converts	  to	  

a	  INa-‐dependent	  reentry	  is	  dependent	  on	  the	  timing	  of	  KATP	  channel	  activation.	  More	  

specifically,	  the	  outcome	  is	  dependent	  on	  the	  presence	  of	  INa-‐dependent	  wavefronts	  

being	  present	  in	  the	  tissue	  at	  the	  time	  of	  KATP	  channel	  activation.	  These	  results	  are	  

consistent	  with	  clinical	  observations	  of	  PVT	  and	  TdP,	  suggesting	  that	  in	  the	  clinical	  

setting,	  KATP	  channels	  may	  serve	  to	  not	  only	  spontaneously	  terminate	  these	  ICa-‐

dependent	  arrhythmias,	  but	  also	  to	  facilitate	  their	  degeneration	  to	  INa-‐dependent	  

VT/VF.	  	  

	   I	  hope	  that	  this	  new	  perspective	  of	  EADs	  ("born	  by	  Hopf	  and	  die	  by	  

Homoclinic")	  that	  emphasizes	  timing,	  will	  lead	  to	  new	  therapeutic	  targets,	  and	  a	  

new	  paradigm	  for	  drug	  development	  to	  prevent	  cardiac	  arrhythmias	  by	  targeting	  

the	  time	  dependent	  properties	  of	  specific	  channels,	  rather	  than	  focusing	  on	  blocking	  

their	  magnitude,	  often	  times	  with	  lackluster	  clinical	  efficacy,	  severe	  systemic	  side	  

effects,	  and	  significant	  consequences	  related	  to	  excitation-‐contraction	  coupling	  
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