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   Current	
  preclinical	
  methods	
  to	
  evaluate	
  drug	
  safety	
  fail	
  to	
  accurately	
  predict	
  

cardiotoxicity,	
  the	
  leading	
  cause	
  of	
  drug	
  withdrawal	
  from	
  the	
  market.	
  Human	
  stem	
  cell-­‐

derived	
  cardiomyocytes	
  represent	
  an	
  intriguing	
  new	
  source	
  of	
  cells	
  for	
  the	
  development	
  of	
  

in	
  vitro	
  drug	
  screening	
  platforms.	
  However,	
  questions	
  of	
  phenotypic	
  immaturity,	
  lack	
  of	
  

analytical	
  tools	
  to	
  monitor	
  critical	
  cardiomyocyte	
  functions	
  and	
  simplicity	
  of	
  current	
  

cardiac	
  tissue	
  models,	
  have	
  delayed	
  the	
  acceptance	
  of	
  these	
  new	
  stem	
  cell-­‐based	
  testing	
  

platforms.	
  	
  In	
  this	
  work,	
  we	
  surveyed	
  the	
  many	
  aspects	
  of	
  the	
  stem	
  cell-­‐derived	
  

cardiomyocyte	
  phenotype	
  and	
  contrasted	
  them	
  to	
  adult	
  cardiomyocytes.	
  Phasor	
  

fluorescent	
  lifetime	
  imaging	
  microscopy	
  (FLIM)	
  analysis	
  monitors	
  metabolism	
  of	
  cells	
  in	
  a	
  

nondestructive	
  and	
  noninvasive	
  manner.	
  Phasor	
  FLIM	
  analysis	
  was	
  used	
  to	
  assess	
  the	
  

transient	
  metabolic	
  signature	
  of	
  cardiac	
  spheroids	
  and	
  to	
  characterize	
  the	
  acute	
  effect	
  of	
  

cyanide	
  poisoning	
  on	
  cardiomyocyte	
  metabolism.	
  Future	
  cardiac	
  drug	
  testing	
  platforms	
  can	
  

be	
  used	
  in	
  conjunction	
  with	
  phasor	
  FLIM	
  analysis	
  to	
  elucidate	
  the	
  metabolic	
  effect	
  of	
  drugs.	
  

Finally,	
  the	
  effect	
  of	
  interstitial	
  flow	
  on	
  a	
  model	
  of	
  vascularized	
  cardiac	
  tissue	
  was	
  

examined.	
  Increased	
  interstitial	
  flow	
  rates	
  enhanced	
  vascular	
  network	
  formation	
  and	
  



x	
  
	
  	
  

significantly	
  increased	
  cardiomyocyte	
  growth	
  in	
  cardiac	
  tissues.	
  Methods	
  to	
  increase	
  the	
  

complexity	
  and	
  maturity	
  of	
  cardiac	
  tissue	
  can	
  potentially	
  improve	
  the	
  predictive	
  capability	
  

of	
  stem	
  cell-­‐based	
  drug	
  testing	
  platforms,	
  and	
  ultimately	
  prevent	
  unnecessary	
  mortality	
  by	
  

cardiac	
  drug	
  side	
  effects.	
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CHAPTER	
  1	
  

Introduction	
  

1.1	
   Prevalence	
  and	
  impact	
  of	
  heart	
  disease	
  

Advances	
  in	
  modern	
  medicine,	
  the	
  greater	
  prevalence	
  of	
  available	
  nutrition,	
  and	
  

improved	
  sanitation	
  in	
  the	
  past	
  century	
  have	
  allowed	
  humans	
  to	
  live	
  much	
  longer	
  lives	
  4.	
  

As	
  previously	
  common	
  fatal	
  diseases	
  such	
  as	
  pneumonia,	
  diarrhea	
  and	
  tuberculosis	
  have	
  

been	
  drastically	
  reduced	
  5,	
  the	
  incidence	
  of	
  heart	
  disease	
  has	
  continually	
  risen.	
  Deaths	
  from	
  

heart	
  disease	
  have	
  steadily	
  risen	
  from	
  137.4	
  deaths	
  per	
  100,000	
  in	
  the	
  year	
  1900	
  to	
  362.0	
  

per	
  100,000	
  in	
  1972.	
  Since	
  1972,	
  the	
  death	
  rate	
  due	
  to	
  heart	
  disease	
  has	
  slowly	
  declined	
  

due	
  to	
  improved	
  treatments	
  and	
  increased	
  public	
  prevention	
  of	
  cardiovascular	
  risk	
  factors	
  

such	
  as	
  smoking.	
  Nevertheless,	
  more	
  than	
  83	
  million	
  Americans	
  6	
  (~	
  25%	
  of	
  the	
  

population)	
  currently	
  live	
  with	
  cardiovascular	
  disease,	
  further	
  demonstrating	
  a	
  need	
  for	
  

improved	
  therapeutics	
  for	
  heart	
  disease.	
  	
  	
  

In	
  an	
  effort	
  to	
  reduce	
  cardiac	
  mortality	
  rates,	
  a	
  large	
  variety	
  of	
  medications	
  have	
  been	
  

developed	
  to	
  treat	
  known	
  risk	
  factors	
  such	
  as	
  high	
  blood	
  cholesterol,	
  high	
  blood	
  pressure,	
  

and	
  inflammation.	
  	
  High	
  cholesterol	
  levels	
  correlate	
  to	
  a	
  higher	
  risk	
  of	
  cholesterol	
  plaque	
  

buildup	
  within	
  the	
  arteries,	
  also	
  known	
  as	
  atherosclerosis,	
  which	
  may	
  rupture	
  and	
  cause	
  

stroke	
  or	
  myocardial	
  infarction.	
  The	
  drug	
  class	
  of	
  statins	
  has	
  been	
  shown	
  to	
  block	
  

cholesterol	
  formation	
  within	
  the	
  liver,	
  reducing	
  the	
  blood	
  level	
  concentration	
  of	
  cholesterol	
  

and	
  effectively	
  reducing	
  the	
  risk	
  of	
  a	
  cardiovascular	
  event	
  by	
  a	
  third	
  7.	
  

Another	
  key	
  regulator	
  of	
  atherosclerosis	
  is	
  the	
  immune	
  system.	
  Plaque	
  formation	
  is	
  

initiated	
  as	
  monocytes	
  and	
  T	
  cells	
  infiltrate	
  and	
  accumulate	
  within	
  the	
  arterial	
  wall	
  in	
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addition	
  to	
  cholesterol	
  8,9.	
  Statins	
  also	
  have	
  additional	
  beneficial	
  effects	
  of	
  modulating	
  the	
  

immune	
  system	
  and	
  stabilizing	
  plaques	
  in	
  order	
  to	
  prevent	
  plaque	
  rupture	
  and	
  stroke	
  or	
  

heart	
  attack	
  10.	
  High	
  blood	
  pressure,	
  also	
  known	
  as	
  hypertension,	
  places	
  additional	
  stress	
  

on	
  the	
  heart,	
  and	
  is	
  a	
  known	
  risk	
  factor	
  for	
  myocardial	
  infarction,	
  heart	
  failure,	
  stroke	
  and	
  

kidney	
  disease	
  11.	
  Antihypertensive	
  drugs	
  include	
  diuretics,	
  angiotensin-­‐converting-­‐

enzyme	
  (ACE)	
  inhibitors,	
  angiotensin-­‐receptor	
  blockers	
  (ARB),	
  beta-­‐blockers	
  and	
  calcium	
  

channel	
  blockers.	
  	
  

Even	
  with	
  a	
  large	
  array	
  of	
  treatments	
  available	
  to	
  treat	
  heart	
  disease	
  at	
  our	
  disposal,	
  

there	
  remains	
  a	
  great	
  need	
  for	
  improved	
  therapeutics	
  that	
  cost	
  less.	
  Treatment	
  of	
  heart	
  

disease	
  places	
  tremendous	
  strain	
  upon	
  the	
  economy.	
  The	
  cost	
  of	
  heart	
  disease	
  treatment	
  in	
  

2010	
  was	
  approximately	
  $200	
  billion	
  dollars	
  and	
  is	
  projected	
  to	
  rise	
  to	
  $918	
  billion	
  in	
  2030	
  

6.	
  More	
  effort	
  must	
  be	
  placed	
  towards	
  finding	
  new	
  treatments	
  that	
  are	
  cost	
  efficient	
  and	
  

have	
  improved	
  efficacy	
  towards	
  reducing	
  the	
  mortality	
  of	
  heart	
  disease.	
  

In	
  order	
  to	
  discover	
  safer	
  and	
  more	
  effective	
  cardioactive	
  drugs,	
  the	
  FDA	
  drug	
  approval	
  

process	
  may	
  need	
  to	
  change	
  12.	
  The	
  current	
  drug	
  developmental	
  process	
  from	
  clinical	
  

testing	
  to	
  market	
  approval	
  takes	
  on	
  average	
  7.5	
  years	
  13	
  and	
  costs	
  between	
  $500	
  million	
  

and	
  $2	
  billion	
  14.	
  	
  Before	
  clinical	
  trials	
  on	
  humans	
  begin,	
  preclinical	
  testing	
  of	
  experimental	
  

drugs	
  on	
  animals	
  is	
  performed	
  to	
  determine	
  preliminary	
  ranges	
  of	
  safety	
  and	
  efficacy.	
  

Animal	
  testing	
  has	
  the	
  advantages	
  of	
  being	
  multicellular,	
  three	
  dimensional,	
  and	
  possess	
  

multiple	
  organs	
  that	
  allows	
  for	
  monitoring	
  of	
  off-­‐target	
  side	
  effects,	
  pharmacokinetics	
  and	
  

pharmacodynamics	
  testing.	
  	
  Unfortunately,	
  animals	
  are	
  generally	
  ill-­‐suited	
  for	
  predicting	
  

drug	
  safety	
  and	
  efficacy	
  on	
  human	
  hearts.	
  For	
  example,	
  drugs	
  intended	
  to	
  treat	
  heart	
  

disease	
  15,16	
  have	
  been	
  shown	
  to	
  be	
  safe	
  in	
  animals,	
  yet	
  have	
  unintended	
  side	
  effects	
  in	
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humans,	
  while	
  other	
  non-­‐cardiac	
  drugs	
  that	
  are	
  safe	
  in	
  animals	
  have	
  toxic	
  cardiac	
  side	
  

effects	
  in	
  humans	
  17-­‐22.	
  Our	
  dependency	
  on	
  in	
  vivo	
  animal	
  testing	
  or	
  in	
  vitro	
  animal	
  

cardiomyocytes,	
  also	
  known	
  as	
  heart	
  cells,	
  is	
  due	
  to	
  the	
  fact	
  that	
  human	
  cardiomyocytes	
  do	
  

not	
  proliferate	
  nor	
  retain	
  their	
  phenotype	
  when	
  cultured	
  in	
  vitro.	
  Improving	
  the	
  preclinical	
  

process	
  could	
  prevent	
  potentially	
  dangerous	
  drugs	
  from	
  large-­‐scale	
  distribution	
  to	
  the	
  

public.	
  	
  

	
  

1.2	
   Promoting	
  adolescence	
  of	
  iPS-­‐derived	
  cardiomyocytes	
  

The	
  recent	
  development	
  of	
  human	
  induced	
  pluripotent	
  stem	
  (iPS)	
  cell	
  technology	
  as	
  a	
  

source	
  for	
  human	
  cardiomyocytes	
  provides	
  exciting	
  new	
  opportunities	
  for	
  drug	
  screening	
  

platforms	
  that	
  have	
  the	
  potential	
  to	
  replace	
  preclinical	
  animal	
  testing.	
  Human	
  iPS	
  cells	
  

were	
  first	
  derived	
  from	
  human	
  fibroblasts	
  in	
  2007	
  23	
  and	
  represent	
  a	
  renewable	
  non-­‐

embryonic	
  source	
  of	
  stem	
  cells	
  from	
  adult	
  humans	
  without	
  the	
  ethical	
  dilemma	
  of	
  

embryonic	
  stem	
  cells.	
  Human	
  iPS	
  cells	
  are	
  pluripotent,	
  with	
  the	
  ability	
  to	
  differentiate	
  into	
  

essentially	
  any	
  adult	
  cell	
  type.	
  This	
  includes	
  adult	
  cell	
  types	
  that,	
  in	
  general,	
  do	
  not	
  divide	
  

or	
  replicate,	
  such	
  as	
  heart	
  24	
  and	
  nerve	
  25	
  cells.	
  As	
  differentiation	
  methods	
  of	
  human	
  iPS	
  

cells	
  into	
  cardiomyocytes	
  have	
  improved	
  26,27,	
  research	
  has	
  been	
  focused	
  towards	
  

preliminary	
  use	
  of	
  human	
  iPS-­‐derived	
  cardiomyocytes	
  as	
  a	
  predictor	
  of	
  human	
  drug	
  

response	
  28-­‐31.	
  The	
  advent	
  of	
  iPS	
  cells	
  has	
  also	
  opened	
  the	
  future	
  of	
  patient-­‐specific	
  drug	
  

testing	
  platforms	
  as	
  iPS	
  cells	
  generated	
  from	
  a	
  patient	
  with	
  a	
  genetic	
  disease	
  retains	
  the	
  

person’s	
  genetic	
  material.	
  For	
  example,	
  iPS	
  cells	
  derived	
  from	
  patients	
  with	
  long	
  QT	
  

syndrome	
  (LQTS)	
  32-­‐36,	
  catecholaminergic	
  polymorphic	
  ventricular	
  tachycardia	
  type	
  1	
  

(CPVT1)	
  37	
  and	
  hypertrophic	
  cardiomyopathy	
  38	
  can	
  be	
  differentiated	
  into	
  cardiomyocytes	
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with	
  the	
  corresponding	
  phenotypic	
  characteristics	
  of	
  slow	
  repolarization,	
  mutated	
  

ryanodine	
  receptor	
  of	
  the	
  sarcoplasmic	
  reticulum	
  and	
  enlarged	
  morphology.	
  Although	
  

human	
  iPS	
  cell	
  technology	
  has	
  many	
  advantages,	
  more	
  must	
  be	
  done	
  to	
  fully	
  develop	
  iPS	
  

technology	
  to	
  supplant	
  animal	
  testing.	
  Human	
  in	
  vitro	
  iPS	
  testing	
  is	
  primarily	
  unicellular	
  

and	
  performed	
  on	
  a	
  simple	
  monolayer.	
  These	
  simple	
  systems	
  are	
  conducive	
  for	
  

rudimentary	
  dose-­‐response	
  and	
  mechanistic	
  studies,	
  but	
  do	
  not	
  replicate	
  the	
  3D	
  in	
  vivo	
  

environment.	
  	
  

Cardiomyocytes	
  derived	
  from	
  human	
  stem	
  cells	
  are	
  phenotypically	
  comparable	
  to	
  

immature	
  human	
  cardiomyocytes,	
  and	
  may	
  need	
  to	
  achieve	
  a	
  more	
  mature	
  state	
  in	
  order	
  to	
  

accurately	
  predict	
  in	
  vivo	
  drug	
  response.	
  	
  For	
  example,	
  adult	
  cardiomyocytes	
  are	
  large	
  and	
  

rectangular	
  shaped	
  (approximately	
  120	
  x	
  35	
  μm)	
  39	
  while	
  human	
  stem	
  cell-­‐derived	
  

cardiomyocytes	
  are	
  relatively	
  small	
  and	
  oblong	
  (15	
  x	
  10	
  μm)	
  40,41.	
  After	
  time	
  in	
  culture	
  

(>35	
  days),	
  stem-­‐cell	
  derived	
  cardiomyocytes	
  become	
  more	
  rectangular	
  shaped	
  (30	
  x	
  10	
  

μm)	
  41	
  but	
  still	
  do	
  not	
  reach	
  the	
  size	
  of	
  adult	
  cardiomyocytes,	
  as	
  shown	
  in	
  Figure	
  1.1.	
  

Human	
  stem	
  cell-­‐derived	
  cardiomyocytes	
  also	
  do	
  not	
  typically	
  form	
  a	
  t-­‐tubule	
  network,	
  

necessary	
  for	
  excitation-­‐contraction	
  coupling	
  in	
  heart	
  muscle	
  cells	
  40.	
  	
  Gene	
  expression	
  of	
  

iPS-­‐derived	
  cardiomyocytes	
  resembles	
  fetal	
  cardiac	
  tissue	
  rather	
  than	
  adult	
  cardiac	
  tissue,	
  

specifically	
  lacking	
  in	
  the	
  expression	
  of	
  contractile	
  proteins,	
  ion	
  channels	
  and	
  calcium	
  

handling	
  proteins	
  42	
  .	
  Consequently,	
  action	
  potential	
  characteristics	
  of	
  iPS-­‐derived	
  

cardiomyocytes	
  are	
  more	
  immature	
  when	
  compared	
  to	
  an	
  adult	
  action	
  potential,	
  such	
  as	
  

lower	
  maximum	
  diastolic	
  potential	
  43,	
  slow	
  depolarization	
  speed	
  24,43-­‐45	
  and	
  spontaneous	
  

beating	
  45-­‐47.	
  With	
  respect	
  to	
  metabolism,	
  stem	
  cell-­‐derived	
  cardiomyocytes	
  have	
  fewer	
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mitochondria	
  48,	
  and	
  therefore	
  rely	
  on	
  glycolytic	
  metabolism	
  rather	
  than	
  oxidative	
  

phosphorylation	
  28.	
  	
  

In	
  an	
  attempt	
  to	
  induce	
  maturation	
  of	
  stem	
  cell-­‐derived	
  cardiomyocytes,	
  researchers	
  

have	
  taken	
  inspiration	
  from	
  normal	
  cardiac	
  development	
  49	
  to	
  mimic	
  key	
  components	
  of	
  

the	
  native	
  cardiac	
  microenvironment.	
  Maintenance	
  of	
  cardiomyocytes	
  typically	
  consists	
  of	
  

two-­‐dimensional	
  cell	
  culture	
  on	
  rigid	
  polystyrene,	
  which	
  fails	
  to	
  recapitulate	
  the	
  native	
  

microenvironment	
  and	
  may	
  not	
  be	
  conducive	
  towards	
  cardiac	
  maturation.	
  Furthermore,	
  

transfer	
  of	
  primary	
  adult	
  heart	
  cells	
  to	
  tissue	
  culture	
  plastic	
  immediately	
  induces	
  

dedifferentiation	
  characterized	
  by	
  loss	
  of	
  sarcomeric	
  structure	
  50.	
  	
  

Similar	
  to	
  in	
  vivo	
  cardiomyocytes,	
  cardiomyocyte	
  maturation	
  in	
  vitro	
  can	
  be	
  stimulated	
  

simply	
  by	
  time	
  in	
  culture.	
  Stem	
  cell-­‐derived	
  cardiomyocytes	
  continually	
  cultured	
  elongate	
  

from	
  an	
  oblong	
  shape	
  into	
  a	
  rectangle	
  morphology	
  (>35	
  days)	
  46,51,	
  upregulate	
  

hypertrophic-­‐related	
  genes	
  (>60	
  days)	
  46,	
  multinucleate	
  (>80	
  days)	
  52,	
  exhibit	
  mature	
  

Figure	
  1.1	
  Phenotypic	
  comparison	
  of	
  stem	
  cell-­‐derived	
  cardiomyocyte	
  to	
  mature	
  adult	
  
cardiomyocyte.	
  Stem	
  cell-­‐derived	
  cardiomyocytes	
  are	
  initially	
  small	
  and	
  oblong-­‐shaped	
  (A)	
  and	
  
become	
  more	
  rectangular	
  (B)	
  after	
  time	
  in	
  culture.	
  In	
  contrast,	
  mature	
  adult	
  cardiomyocytes	
  (C)	
  are	
  
much	
  larger,	
  may	
  be	
  multinuclear,	
  contain	
  more	
  mitochondria,	
  and	
  develop	
  organized	
  sarcomeres.	
  
T-­‐tubule	
  formation	
  and	
  l-­‐type	
  calcium	
  channel	
  expression	
  permit	
  mature	
  electrophysiological	
  
phenotype.	
  Reprinted	
  by	
  permission	
  from	
  John	
  Wiley	
  and	
  Sons:	
  Stem	
  Cells	
  2,	
  copyright	
  2013.	
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action	
  potentials	
  (>110	
  days)	
  52,53,	
  develop	
  myofibrillar	
  Z,	
  A,	
  H	
  and	
  I-­‐bands	
  (>180	
  days)	
  54	
  

and	
  finally	
  M-­‐bands	
  (>360	
  days)	
  54.	
  These	
  studies	
  illustrate	
  the	
  ability	
  of	
  stem	
  cell-­‐derived	
  

cardiomyocytes	
  to	
  mature	
  into	
  adult-­‐like	
  heart	
  cells,	
  but	
  they	
  achieve	
  maturation	
  much	
  

more	
  slowly	
  in	
  comparison	
  to	
  the	
  human	
  embryo	
  cardiac	
  development	
  (full	
  heart	
  

formation	
  within	
  50	
  days	
  55).	
  In	
  order	
  to	
  accelerate	
  maturation,	
  more	
  complex	
  methods	
  of	
  

cell	
  culture	
  may	
  be	
  necessary.	
  

A	
  pacemaker	
  region,	
  also	
  known	
  as	
  the	
  sinoatrial	
  (SA)	
  node,	
  macroscopically	
  controls	
  

heart	
  muscle	
  contraction.	
  The	
  SA	
  node	
  initiates	
  an	
  action	
  potential	
  and	
  transmits	
  the	
  signal	
  

through	
  the	
  rest	
  of	
  the	
  heart	
  via	
  purkinje	
  fibers	
  56	
  to	
  coordinate	
  heart	
  contractions	
  in	
  a	
  

concerted	
  manner.	
  Previous	
  research	
  has	
  shown	
  the	
  importance	
  of	
  excitation-­‐contraction	
  

coupling	
  upon	
  natural	
  development	
  of	
  heart	
  tissue	
  57.	
  In	
  contrast,	
  stem	
  cell-­‐derived	
  

cardiomyocytes	
  differentiated	
  in	
  vitro	
  spontaneously	
  beat	
  without	
  external	
  stimulation.	
  

Application	
  of	
  electrical	
  stimulation	
  to	
  stem	
  cell-­‐derived	
  cardiac	
  tissues	
  leads	
  to	
  myofibril	
  

organization,	
  increased	
  conduction	
  velocity	
  and	
  improved	
  ion	
  handling	
  58,59.	
  Interestingly,	
  

an	
  applied	
  pacing	
  regimen	
  at	
  a	
  superphysiological	
  rate	
  (6	
  Hz)	
  further	
  improves	
  cardiac	
  

phenotype.	
  

	
  The	
  heart	
  is	
  composed	
  of	
  multiple	
  cell	
  types,	
  each	
  with	
  specific	
  roles	
  necessary	
  for	
  

normal	
  heart	
  function.	
  Non-­‐cardiomyocyte	
  cell	
  types	
  present	
  within	
  the	
  heart	
  include	
  

endothelial	
  cells,	
  smooth	
  muscle	
  cells,	
  nerve	
  cells,	
  and	
  cardiac	
  fibroblasts	
  60.	
  Although	
  

research	
  has	
  been	
  focused	
  towards	
  differentiating	
  stem	
  cells	
  into	
  cardiomyocytes	
  at	
  high	
  

purity	
  levels,	
  non-­‐cardiomyocyte	
  cells	
  may	
  be	
  necessary	
  for	
  cardiomyocyte	
  maturation	
  61.	
  	
  

For	
  example,	
  human	
  stem	
  cell-­‐derived	
  cardiomyocytes	
  isolated	
  from	
  a	
  fully	
  differentiated	
  

population	
  exhibit	
  stunted	
  electrophysiological	
  development	
  compared	
  to	
  cardiomyocytes	
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left	
  in	
  coculture	
  43.	
  Coculture	
  with	
  endothelial	
  cells	
  so	
  far	
  has	
  not	
  shown	
  induction	
  of	
  

hypertrophy,	
  but	
  rather	
  stimulates	
  cardiomyocyte	
  proliferation	
  62.	
  	
  Additional	
  studies	
  are	
  

needed	
  to	
  further	
  understand	
  the	
  role	
  of	
  non-­‐cardiomyocyte	
  cells	
  upon	
  the	
  maturation	
  of	
  

cardiomyocytes.	
  

The	
  heart	
  is	
  a	
  dynamic	
  organ,	
  continually	
  pumping	
  nutrients	
  throughout	
  the	
  body.	
  In	
  

contrast,	
  static	
  two-­‐dimensional	
  culture	
  does	
  not	
  appropriately	
  model	
  the	
  dynamic	
  in	
  vivo	
  

environment	
  of	
  the	
  heart	
  muscle.	
  Recapitulating	
  the	
  dynamic	
  microenvironment	
  is	
  

important	
  as	
  cells	
  contain	
  mechanosensing	
  transduction	
  pathways	
  that	
  react	
  to	
  stress,	
  

strain	
  and	
  stiffness	
  63.	
  	
  Optimization	
  of	
  substrate	
  stiffness	
  for	
  transmission	
  of	
  work	
  can	
  

modulate	
  the	
  ability	
  of	
  cardiomyocytes	
  to	
  beat	
  and	
  develop	
  striated	
  myofibrils	
  64.	
  Platforms	
  

that	
  cyclically	
  stretch	
  cells	
  in	
  vitro	
  attempt	
  to	
  capture	
  the	
  dynamic	
  strain	
  profile	
  of	
  the	
  

heart	
  and	
  demonstrate	
  accelerated	
  phenotypic	
  maturation.	
  Within	
  72	
  hours	
  of	
  cyclical	
  

mechanical	
  stimulation,	
  human	
  stem	
  cell-­‐derived	
  cardiomyocytes	
  hypertrophy	
  by	
  

elongating,	
  and	
  increase	
  expression	
  of	
  cardiac	
  contractile	
  proteins	
  46,62,65,66.	
  Mechanical	
  

stretching	
  also	
  induces	
  the	
  expression	
  of	
  cardiac	
  ion	
  channel	
  proteins	
  62,	
  corresponding	
  to	
  

faster	
  calcium	
  handling	
  function	
  66.	
  

In	
  addition	
  to	
  mechanical	
  cues,	
  the	
  native	
  cardiac	
  extracellular	
  matrix	
  contains	
  a	
  rich	
  

mixture	
  of	
  proteins,	
  glycoproteins	
  and	
  proteoglycans	
  67	
  that	
  may	
  support	
  specific	
  cellular	
  

responses.	
  These	
  include	
  collagen	
  type	
  I,	
  III,	
  IV,	
  V,	
  VI,	
  elastin,	
  fibrinogen,	
  fibulin,	
  laminin,	
  

lumican	
  and	
  perlecan.	
  	
  Fibronectin	
  is	
  a	
  key	
  component	
  of	
  matrigel	
  that	
  induces	
  efficient	
  

differentiation	
  of	
  stem	
  cells	
  into	
  cardiomyocytes	
  26.	
  Additionally,	
  a	
  combination	
  of	
  

fibronectin	
  and	
  laminin	
  can	
  increase	
  cardiac	
  lineage	
  specification	
  by	
  upregulation	
  of	
  

corresponding	
  integrin	
  expression	
  and	
  subsequent	
  activation	
  of	
  transduction	
  pathways	
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responsible	
  for	
  differentiation	
  68.	
  Decellularized	
  cardiac	
  extracellular	
  matrix	
  is	
  an	
  

intriguing	
  option	
  for	
  mimicking	
  the	
  native	
  microenvironment	
  as	
  it	
  retains	
  many	
  features	
  of	
  

the	
  extracellular	
  composition	
  of	
  the	
  native	
  heart	
  matrix	
  67.	
  Encapsulation	
  of	
  embryoid	
  

bodies	
  within	
  cardiac	
  extracellular	
  matrix	
  improves	
  cardiac	
  differentiation	
  of	
  the	
  embryoid	
  

bodies,	
  organization	
  of	
  sarcomeres,	
  and	
  cardiac	
  gene	
  expression	
  69.	
  	
  In	
  fact,	
  cardiac	
  

extracellular	
  matrix	
  alone	
  is	
  a	
  stronger	
  modulator	
  of	
  cardiomyocyte	
  differentiation	
  than	
  

growth	
  factors	
  or	
  small	
  molecules	
  traditionally	
  used	
  to	
  induce	
  differentiation.	
  Although	
  

these	
  results	
  are	
  promising,	
  further	
  research	
  should	
  evaluate	
  the	
  use	
  of	
  cardiac	
  matrix	
  

encapsulation	
  for	
  phenotypic	
  maturation.	
  

	
  

1.3	
   Microfluidic	
  platforms	
  for	
  drug	
  screening	
  

Microfluidic	
  technology	
  has	
  advanced	
  tremendously	
  over	
  the	
  past	
  two	
  decades	
  with	
  the	
  

advent	
  of	
  soft	
  lithography	
  70,	
  and	
  stands	
  to	
  revolutionize	
  current	
  methods	
  of	
  drug	
  

screening.	
  	
  This	
  methodology	
  allows	
  for	
  easier	
  fabrication	
  of	
  microchannels	
  with	
  rapid	
  

prototyping	
  capability.	
  Most	
  importantly,	
  the	
  primary	
  material	
  used	
  for	
  soft	
  lithography,	
  

polydimethylsiloxane	
  (PDMS),	
  is	
  cheap,	
  biocompatible	
  and	
  suitable	
  for	
  cell	
  culture.	
  Less	
  

reagents	
  and	
  cells	
  are	
  required	
  as	
  processes	
  are	
  miniaturized	
  using	
  microfluidics,	
  thus	
  

reduces	
  overall	
  cost	
  71.	
  Miniaturization	
  also	
  leads	
  to	
  a	
  higher	
  density	
  of	
  processes	
  and	
  

increases	
  spatial	
  efficiency	
  necessary	
  for	
  industry-­‐level	
  high-­‐throughput	
  screening.	
  	
  

A	
  primary	
  advantage	
  of	
  microfluidics	
  is	
  the	
  ability	
  to	
  recreate	
  complex	
  processes	
  in	
  a	
  

simple	
  manner.	
  The	
  spatial	
  resolution	
  of	
  soft	
  lithography	
  permits	
  tissues	
  to	
  be	
  formed	
  into	
  

specific	
  geometries	
  depending	
  on	
  the	
  application.	
  Channels	
  can	
  be	
  patterned	
  to	
  form	
  

gradients	
  72	
  of	
  chemical	
  or	
  biochemical	
  molecules	
  necessary	
  for	
  cell	
  signaling	
  73-­‐75.	
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Spatiotemporal	
  cues	
  such	
  as	
  paracrine	
  factors	
  are	
  important	
  in	
  altering	
  the	
  biological	
  

responses	
  of	
  cells.	
  Simple	
  changes	
  in	
  channel	
  design	
  can	
  control	
  pressure,	
  shear	
  stress,	
  

interstitial	
  flow	
  and	
  residence	
  time	
  76.	
  In	
  addition	
  to	
  channels,	
  other	
  features	
  able	
  to	
  be	
  

fabricated	
  include	
  valves	
  77-­‐79,	
  mixers	
  80-­‐83,	
  reactors	
  84,85	
  and	
  separators	
  86.	
  These	
  tools	
  

allow	
  miniaturization	
  of	
  complex	
  processes	
  such	
  as	
  electrophoresis,	
  chromatography,	
  

binding	
  assays,	
  patch	
  clamp,	
  low	
  signal	
  detection,	
  RNA	
  extraction	
  and	
  DNA	
  synthesis	
  87.	
  

An	
  increasing	
  amount	
  of	
  in	
  vitro	
  microfluidic	
  models	
  are	
  being	
  created	
  for	
  drug	
  efficacy	
  

and	
  toxicity	
  screening	
  88.	
  These	
  new	
  models	
  may	
  replace	
  current	
  in	
  vitro	
  testing	
  methods,	
  

which	
  are	
  typically	
  simple	
  monolayers,	
  and	
  do	
  not	
  accurately	
  replicate	
  in	
  vivo	
  tissue.	
  This	
  is	
  

important	
  as	
  the	
  success	
  of	
  in	
  vitro	
  models	
  is	
  based	
  on	
  how	
  well	
  they	
  mimic	
  the	
  human	
  

body’s	
  response.	
  Controlling	
  gradients	
  of	
  chemical	
  and	
  biochemical	
  cues	
  has	
  been	
  shown	
  to	
  

positively	
  influence	
  cell	
  phenotype	
  74.	
  Microfluidic	
  channels	
  are	
  designed	
  for	
  physiological	
  

delivery	
  of	
  nutrients	
  and	
  removal	
  of	
  metabolites	
  and	
  waste.	
  Proper	
  fluid	
  flow	
  has	
  been	
  

shown	
  to	
  promote	
  growth	
  of	
  tissues	
  within	
  a	
  microfluidic	
  device	
  89,90.	
  Devices	
  can	
  also	
  be	
  

designed	
  to	
  match	
  physiological	
  residence	
  time	
  of	
  drugs	
  delivered	
  to	
  tissue.	
  Recreating	
  

physiological	
  residence	
  times	
  permits	
  the	
  study	
  of	
  pharmacodynamics	
  in	
  vitro	
  91,92,	
  which	
  is	
  

typically	
  studied	
  only	
  in	
  animals.	
  In	
  combination	
  with	
  well-­‐designed	
  fluid	
  mechanics,	
  

microfluidic	
  chips	
  can	
  support	
  the	
  culture	
  of	
  three-­‐dimensional	
  tissues,	
  which	
  respond	
  and	
  

function	
  very	
  differently	
  than	
  typical	
  two-­‐dimensional	
  models	
  93-­‐98.	
  	
  

Microfluidic	
  technology	
  allows	
  for	
  precise	
  control	
  in	
  tissue	
  engineering	
  applications.	
  

Although	
  microfluidics	
  can	
  control	
  interstitial	
  flow	
  to	
  promote	
  functionalization	
  of	
  

microvasculature	
  in	
  tissue	
  90,99,	
  further	
  control	
  features	
  may	
  be	
  necessary	
  to	
  develop	
  more	
  

complex	
  tissues.	
  For	
  example,	
  cardiomyocyte	
  tissue	
  grown	
  within	
  a	
  microfluidic	
  device	
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may	
  benefit	
  from	
  electric	
  field	
  stimulation.	
  Electrical	
  stimulation	
  has	
  been	
  shown	
  to	
  mature	
  

both	
  mechanical	
  contraction	
  force	
  100	
  and	
  electrophysiology	
  of	
  stem	
  cell-­‐derived	
  

cardiomyocytes	
  58,101.	
  Currently,	
  the	
  most	
  common	
  technique	
  to	
  pace	
  3-­‐dimensional	
  

cardiac	
  tissue	
  cultured	
  within	
  microfluidic	
  devices	
  has	
  been	
  to	
  insert	
  large	
  platinum	
  101	
  or	
  

carbon	
  100	
  rods	
  into	
  the	
  device	
  to	
  serve	
  as	
  electrodes.	
  Physically	
  inserting	
  rods	
  into	
  a	
  fluidic	
  

device	
  may	
  work	
  for	
  large	
  devices	
  but	
  may	
  not	
  be	
  feasible	
  or	
  precise	
  when	
  scaling	
  down	
  to	
  

microfluidic	
  dimensions.	
  Another	
  method	
  to	
  control	
  electrical	
  field	
  within	
  microfluidic	
  

devices	
  has	
  been	
  the	
  use	
  of	
  low	
  melting	
  solders	
  into	
  surrounding	
  fluidic	
  chambers	
  102.	
  

Although	
  the	
  use	
  of	
  solder	
  electrodes	
  is	
  simple	
  and	
  easy	
  to	
  use,	
  solder	
  electrodes	
  must	
  be	
  

enclosed	
  as	
  typical	
  low	
  melting	
  point	
  solders	
  are	
  toxic	
  to	
  cells.	
  Electrical	
  resistivity	
  of	
  PDMS	
  

is	
  relatively	
  large	
  and	
  therefore	
  the	
  electrical	
  input	
  of	
  an	
  enclosed	
  solder	
  electrode	
  

correspondingly	
  requires	
  very	
  large	
  input	
  voltages	
  in	
  order	
  to	
  pace	
  nearby	
  cardiomyocyte	
  

cells.	
  Such	
  a	
  pacing	
  system	
  requires	
  expensive	
  electrical	
  equipment	
  and	
  is	
  potentially	
  

dangerous	
  when	
  handled.	
  Future	
  research	
  will	
  need	
  to	
  focus	
  on	
  recreating	
  additional	
  facets	
  

of	
  in	
  vivo	
  tissue,	
  such	
  as	
  electrical	
  pacing,	
  into	
  in	
  vitro	
  testing	
  platforms	
  to	
  better	
  model	
  in	
  

vivo	
  response.	
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1.4	
   Fluorescent	
  lifetime	
  imaging	
  for	
  metabolic	
  analysis	
  

PDMS	
  microfluidic	
  devices	
  are	
  optically	
  clear,	
  and	
  are	
  thus	
  amendable	
  to	
  optical-­‐based	
  

assays	
  to	
  probe	
  cellular	
  phenotype	
  and	
  response	
  103-­‐105.	
  	
  Fluorescent	
  lifetime	
  imaging	
  

microscopy	
  (FLIM)	
  is	
  based	
  on	
  the	
  length	
  of	
  time	
  a	
  fluorescent	
  molecule	
  is	
  excited	
  before	
  

returning	
  to	
  its	
  ground	
  state	
  1.	
  A	
  laser	
  scans	
  the	
  sample	
  on	
  a	
  pixel-­‐by-­‐pixel	
  basis	
  while	
  

photomultiplier	
  tubes	
  (PMTs)	
  record	
  fluorescence	
  intensity	
  over	
  time.	
  	
  A	
  fluorescence	
  

emission	
  is	
  shaped,	
  as	
  shown	
  in	
  Figure	
  1.2,	
  to	
  the	
  following	
  exponential	
  decay	
  equation:	
  

	
   	
   	
   	
   	
   	
  	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   I(t) = I0e
− t
τ
	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  (1.4.1)	
  

where	
  I(t)	
  is	
  the	
  intensity	
  with	
  respect	
  to	
  time,	
  I0	
  is	
  the	
  initial	
  intensity,	
  t	
  is	
  time	
  and	
  τ	
  is	
  the	
  

lifetime.	
  The	
  emission	
  lifetime	
  can	
  be	
  described	
  as:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
I(τ ) = I0

e 	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  (1.4.2)	
  

In	
  order	
  to	
  quantify	
  lifetime	
  of	
  an	
  emission,	
  FLIM	
  measurements	
  are	
  recorded	
  using	
  two	
  

modalities:	
  time	
  domain	
  and	
  the	
  frequency	
  domain.	
  

                     
Figure 1.2 Characteristic fluorescent emission as described in Equation 1.4.1. An excitation pulse (green) 
excites the fluorescent molecule to I0 and then decays over time (blue). The lifetime of the emission, τ, is 
described as the time for the intensity to reduce to I0/e. 
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For	
  the	
  time	
  domain	
  method,	
  a	
  very	
  short	
  excitation	
  is	
  pulsed	
  at	
  the	
  sample	
  and	
  the	
  

subsequent	
  emission	
  is	
  recorded	
  using	
  a	
  photo	
  multiplier	
  tube	
  (PMT).	
  The	
  PMT	
  can	
  only	
  

measure	
  photons	
  at	
  a	
  specific	
  time	
  and	
  therefore	
  many	
  scans	
  of	
  each	
  pixel	
  must	
  be	
  taken	
  to	
  

recreate	
  the	
  intensity	
  decay	
  of	
  the	
  emission	
  signal.	
  Although	
  this	
  method	
  is	
  relatively	
  

straight	
  forward,	
  there	
  are	
  several	
  drawbacks.	
  Acquiring	
  enough	
  photons	
  to	
  reconstruct	
  

each	
  emission	
  signal	
  is	
  relatively	
  slow.	
  If	
  the	
  pixel	
  contains	
  multiple	
  species	
  of	
  

fluorophores,	
  fitting	
  a	
  decay	
  profile	
  with	
  multiple	
  exponential	
  functions	
  is	
  computationally	
  

difficult,	
  and	
  requires	
  multiple	
  iterations	
  to	
  solve.	
  The	
  long	
  time	
  period	
  for	
  computation	
  is	
  

also	
  compounded	
  by	
  the	
  total	
  amount	
  of	
  pixels	
  to	
  be	
  fitted.	
  	
  

In	
  comparison,	
  the	
  frequency	
  domain	
  utilizes	
  a	
  sinusoidal	
  excitation	
  source.	
  As	
  shown	
  

in	
  Figure	
  1.3,	
  the	
  resulting	
  emission	
  is	
  also	
  sinusoidal	
  but	
  with	
  a	
  modulated	
  amplitude,	
  M,	
  

and	
  shifted	
  phase,	
  ϕ.	
  	
  Rather	
  than	
  laboriously	
  fitting	
  exponentials	
  to	
  recorded	
  emissions,	
  

                                           

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  
Figure	
  1.3	
  Fluorescence	
  emission	
  in	
  the	
  frequency	
  domain.	
  	
  The	
  fluorophore	
  is	
  excited	
  using	
  a	
  
sinusoidal	
  light	
  source	
  and	
  results	
  in	
  a	
  sinusoidal	
  emission.	
  The	
  fluorescence	
  emission	
  oscillates	
  at	
  the	
  
same	
  frequency	
  as	
  the	
  excitation,	
  but	
  with	
  an	
  altered	
  amplitude	
  and	
  shifted	
  phase.	
  Reprinted	
  and	
  adapted	
  
with	
  permission	
  from	
  Elselvier:	
  Methods	
  in	
  Cell	
  Biology	
  1,	
  copyright	
  2003.	
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analysis	
  of	
  the	
  frequency	
  domain	
  method	
  simply	
  converts	
  decay	
  emissions	
  into	
  a	
  phasor	
  

plot,	
  as	
  shown	
  in	
  Figure	
  1.4.	
  A	
  phase	
  vector	
  can	
  be	
  described	
  as	
  a	
  vector	
  defined	
  by	
  M	
  and	
  

ϕ,	
  with	
  the	
  corresponding	
  x	
  and	
  y	
  coordinates:	
  

	
  	
  	
   	
   	
   	
   	
   	
  	
  	
  	
  	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
   g = M *cos(Φ) 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1.4.3)	
  

	
  	
  	
  	
  	
  	
  	
   s = M *sin(Φ) 	
   	
   	
   	
   	
   	
   	
   	
   	
   (1.4.4)	
  	
  	
  

Each	
  fluorescent	
  species	
  has	
  a	
  distinct	
  representation	
  along	
  the	
  phasor	
  plot,	
  allowing	
  for	
  

quick	
  analysis.	
  	
  

Features	
  of	
  cellular	
  metabolism	
  can	
  be	
  analyzed	
  using	
  phasor	
  plot	
  analysis	
  of	
  FLIM	
  due	
  

to	
  the	
  autofluorescence	
  of	
  endogenous	
  NADH	
  molecules.	
  Under	
  two-­‐photon	
  excitation	
  at	
  

740	
  nm,	
  NADH	
  autofluoresces	
  and	
  emits	
  light	
  between	
  400	
  and	
  500	
  nm.	
  Interestingly,	
  the	
  

emission	
  lifetime	
  of	
  NADH	
  varies	
  greatly	
  depending	
  on	
  whether	
  the	
  NADH	
  species	
  is	
  bound	
  

to	
  protein	
  (3.4	
  nsec)	
  or	
  free	
  (0.4	
  nsec).	
  Application	
  of	
  phasor	
  plot	
  analysis,	
  as	
  shown	
  in	
  

Figure	
  1.5,	
  can	
  therefore	
  be	
  used	
  to	
  determine	
  the	
  ratio	
  of	
  free	
  NADH	
  to	
  bound	
  NADH.	
  This	
  

          
Figure	
  1.4	
  Example	
  phase	
  vector	
  in	
  phasor	
  plot.	
  A	
  phasor	
  is	
  defined	
  by	
  the	
  emission’s	
  modulation,	
  M,	
  
and	
  its	
  phase	
  shift,	
  ϕ.	
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technique	
  can	
  be	
  used	
  to	
  assay	
  whether	
  cells	
  shift	
  their	
  metabolism	
  in	
  favor	
  of	
  free	
  or	
  

bound	
  NADH	
  in	
  reaction	
  to	
  stimuli	
  106.	
  

	
  

The	
  primary	
  method	
  of	
  metabolism	
  for	
  proliferating	
  cells	
  is	
  glycolysis	
  107,	
  which	
  

supports	
  the	
  generation	
  of	
  biomass	
  but	
  inefficiently	
  generates	
  ATP.	
  A	
  byproduct	
  of	
  

glycolysis	
  is	
  the	
  formation	
  free-­‐floating	
  NADH	
  within	
  the	
  cytoplasm.	
  In	
  contrast,	
  mature	
  

cells	
  primarily	
  utilize	
  oxidative	
  phosphorylation	
  to	
  efficiently	
  create	
  ATP.	
  Oxidative	
  

phosphorylation	
  occurs	
  primarily	
  within	
  the	
  mitochondria.	
  NADH	
  participates	
  in	
  the	
  

electron	
  transport	
  chain	
  process	
  by	
  binding	
  to	
  the	
  transmembrane	
  protein	
  NADH	
  

dehydrogenase,	
  and	
  is	
  thus	
  protein-­‐bound.	
  By	
  analyzing	
  shifts	
  in	
  the	
  ratio	
  of	
  free	
  to	
  bound	
  

NADH	
  present	
  within	
  the	
  cell,	
  we	
  can	
  infer	
  changes	
  in	
  metabolism	
  within	
  the	
  cell.	
  

 

	
  	
  	
   	
   	
  	
  	
  	
  	
  	
  	
   	
  
Figure	
  1.5	
  Phasor	
  position	
  of	
  bound	
  NADH	
  and	
  free	
  NADH.	
  Bound	
  NADH	
  and	
  free	
  NADH	
  have	
  
characteristically	
  different	
  lifetime	
  emissions	
  and	
  therefore	
  reside	
  in	
  different	
  areas	
  of	
  the	
  phasor	
  plot	
  
(white	
  circles).	
  Depending	
  on	
  the	
  ratio	
  of	
  bound	
  to	
  free	
  NADH	
  species,	
  the	
  phasor	
  vector	
  will	
  lie	
  along	
  
the	
  dotted	
  line.	
  Samples	
  with	
  higher	
  bound	
  to	
  free	
  NADH	
  will	
  be	
  indicated	
  further	
  left	
  on	
  the	
  line	
  (red)	
  
while	
  samples	
  with	
  more	
  free	
  NADH	
  will	
  be	
  to	
  the	
  right	
  of	
  the	
  line	
  (blue).	
  Reprinted	
  and	
  adapted	
  with	
  
permission	
  from	
  Elsevier:	
  Biophysical	
  Journal 3,	
  copyright	
  2012.	
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   The	
  following	
  chapters	
  aim	
  to	
  further	
  develop	
  the	
  reliability	
  and	
  predictive	
  

capabilities	
  of	
  in	
  vitro	
  stem	
  cell-­‐derived	
  cardiomyocyte	
  drug	
  testing	
  platforms	
  to	
  replace	
  

the	
  use	
  preclinical	
  animal	
  testing.	
  Stem	
  cell-­‐derived	
  cardiomyocytes	
  represent	
  a	
  powerful	
  

new	
  source	
  of	
  cells	
  for	
  the	
  development	
  of	
  new	
  in	
  vitro	
  drug	
  screening	
  platforms,	
  but	
  

immediate	
  adoption	
  of	
  this	
  technology	
  is	
  hampered	
  by	
  questions	
  of	
  phenotypic	
  immaturity,	
  

lack	
  of	
  analytical	
  tools	
  to	
  monitor	
  critical	
  cardiomyocyte	
  functions	
  and	
  simplicity	
  of	
  current	
  

cardiac	
  tissue	
  models.	
  This	
  dissertation	
  begins	
  by	
  surveying	
  the	
  many	
  aspects	
  of	
  stem	
  cell-­‐

derived	
  cardiomyocyte	
  phenotype	
  and	
  contrast	
  them	
  to	
  adult	
  cardiomyocytes.	
  We	
  use	
  

phasor	
  FLIM	
  analysis	
  to	
  demonstrate	
  a	
  new	
  tool	
  for	
  the	
  assessment	
  of	
  cardiomyocyte	
  

metabolism	
  and	
  characterization	
  of	
  the	
  metabolic	
  effects	
  of	
  drugs.	
  We	
  then	
  explore	
  the	
  

effects	
  of	
  interstitial	
  flow	
  on	
  a	
  model	
  of	
  vascularized	
  cardiac	
  tissue	
  with	
  respect	
  to	
  vessel	
  

network	
  formation	
  and	
  cardiomyocyte	
  function.	
  Tools	
  that	
  better	
  characterize	
  

cardiomyocyte	
  response	
  and	
  methods	
  to	
  increase	
  the	
  complexity	
  and	
  maturity	
  of	
  cardiac	
  

tissue	
  can	
  potentially	
  improve	
  the	
  capability	
  of	
  stem	
  cell-­‐based	
  drug	
  testing	
  platforms,	
  and	
  

ultimately	
  prevent	
  unnecessary	
  mortality	
  by	
  cardiac	
  drug	
  side	
  effects.	
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CHAPTER	
  2	
  

Maturation	
  phases	
  of	
  human	
  pluripotent	
  stem	
  cell-­‐derived	
  
cardiomyocytes	
  

	
  
2.1	
  Abstract	
  

Human	
  pluripotent	
  stem	
  cell	
  derived	
  cardiomyocytes	
  (hPS-­‐CM)	
  may	
  offer	
  a	
  number	
  of	
  

advantages	
  over	
  previous	
  cardiac	
  models,	
  however	
  questions	
  of	
  their	
  immaturity	
  

complicate	
  their	
  adoption	
  as	
  a	
  new	
  in	
  vitro	
  model.	
  	
  hPS-­‐CM	
  differ	
  from	
  adult	
  

cardiomyocytes	
  with	
  respect	
  to	
  structure,	
  proliferation,	
  metabolism	
  and	
  electrophysiology,	
  

better	
  approximating	
  fetal	
  cardiomyocytes.	
  	
  Time	
  in	
  culture	
  appears	
  to	
  significantly	
  impact	
  

phenotype,	
  leading	
  to	
  what	
  can	
  be	
  referred	
  to	
  as	
  early	
  and	
  late	
  hPS-­‐CM.	
  	
  This	
  work	
  surveys	
  

the	
  phenotype	
  of	
  hPS-­‐CM,	
  including	
  structure,	
  bioenergetics,	
  sensitivity	
  to	
  damage,	
  gene	
  

expression,	
  and	
  electrophysiology,	
  including	
  action	
  potential,	
  ion	
  channels,	
  and	
  

intracellular	
  calcium	
  stores,	
  while	
  contrasting	
  fetal	
  and	
  adult	
  cardiomyocytes	
  with	
  hPS-­‐CM	
  

at	
  early	
  and	
  late	
  time	
  points	
  after	
  onset	
  of	
  differentiation.	
  	
  	
  

	
  
2.2	
  Introduction	
  

There	
  is	
  an	
  urgent	
  need	
  for	
  novel	
  cardiomyocyte	
  models:	
  	
  ischemic	
  heart	
  disease	
  

remains	
  the	
  number	
  one	
  killer	
  in	
  the	
  western	
  world	
  108,	
  congenital	
  cardiomyopathies	
  affect	
  

1-­‐2%	
  of	
  live	
  births	
  109,110,	
  and	
  drug-­‐induced	
  cardiotoxicity	
  is	
  a	
  leading	
  cause	
  of	
  market	
  

withdrawal	
  111.	
  	
  Human	
  pluripotent	
  stem	
  cell-­‐derived	
  cardiomyocytes	
  (hPS-­‐CM)	
  may	
  offer	
  

significant	
  advances	
  in	
  the	
  study	
  of	
  cardiac	
  disease	
  and	
  treatments	
  112,113.	
  Similar	
  to	
  

currently	
  available	
  cardiomyocyte	
  models,	
  hPS-­‐CM	
  contract	
  rhythmically	
  51	
  and	
  respond	
  

appropriately	
  to	
  numerous	
  cardioactive	
  drugs	
  112,114.	
  	
  In	
  addition,	
  hPS-­‐CM	
  can	
  also	
  be	
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manipulated	
  genetically115,	
  maintained	
  in	
  in	
  vitro	
  culture	
  long	
  term	
  (1+	
  yrs.)	
  116,	
  	
  and	
  be	
  

created	
  from	
  adult	
  patients	
  with	
  genetic	
  conditions	
  (in	
  the	
  case	
  of	
  cardiomyocytes	
  sourced	
  

from	
  induced	
  pluripotent	
  stem	
  cells,	
  hiPS-­‐CM)	
  117-­‐120,	
  and	
  may	
  engraft	
  into	
  damaged	
  hearts	
  

in	
  vivo	
  121-­‐123.	
  

Given	
  the	
  potential	
  of	
  these	
  cells,	
  and	
  the	
  excitement	
  surrounding	
  them	
  (>2000	
  

publications	
  since	
  the	
  first	
  report	
  a	
  decade	
  ago	
  124),	
  it	
  is	
  timely	
  to	
  address	
  the	
  similarity	
  of	
  

these	
  cells	
  to	
  adult	
  human	
  cardiomyocytes,	
  and	
  how	
  they	
  might	
  be	
  used	
  as	
  models	
  of	
  such.	
  

Open	
  questions	
  surrounding	
  these	
  cells	
  include:	
  	
  How	
  do	
  we	
  best	
  assess	
  cardiomyocyte	
  

maturity?	
  How	
  well	
  do	
  hPS-­‐CM	
  model	
  embryonic	
  or	
  adult	
  CM	
  in	
  vitro?	
  	
  How	
  does	
  maturity	
  

change	
  during	
  in	
  vitro	
  culture?	
  When	
  can	
  hPS-­‐CM	
  be	
  used	
  as	
  models	
  for	
  adult	
  CM?	
  

It	
  is	
  frequently	
  noted	
  that	
  hPS-­‐CM	
  resemble	
  human	
  fetal	
  cardiomyocytes	
  51;	
  however,	
  

no	
  previous	
  review	
  has	
  systematically	
  quantified	
  the	
  similarities.	
  	
  This	
  is	
  complicated	
  by	
  

high	
  variation	
  in	
  phenotype	
  between	
  hPS-­‐CM	
  studies,	
  partially	
  explained	
  by	
  differences	
  in	
  

cell	
  line	
  of	
  origin	
  and	
  culture	
  conditions.	
  	
  Furthermore,	
  evidence	
  suggests	
  that	
  hPS-­‐CM	
  

develop	
  a	
  more	
  mature,	
  adult-­‐like	
  phenotype	
  with	
  time	
  in	
  culture,	
  yet	
  differences	
  between	
  

early	
  and	
  late	
  phase	
  hPS-­‐CM	
  have	
  not	
  yet	
  been	
  described.	
  Therefore,	
  this	
  review	
  will	
  define	
  

“early”	
  and	
  “late”	
  phase	
  hPS-­‐CM	
  phenotype,	
  and	
  describe	
  how	
  hPS-­‐CM	
  resemble	
  embryonic	
  

and	
  adult	
  cardiomyocytes	
  with	
  respect	
  to	
  key	
  markers	
  of	
  maturity,	
  including	
  

ultrastructure,	
  metabolism,	
  gene	
  expression	
  and	
  electrophysiology.	
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2.3	
  hPS-­‐CM	
  structure	
  and	
  function	
  resemble	
  embryonic	
  cardiomyocytes	
  

2.3.1	
  Definition	
  of	
  early	
  and	
  late	
  phase	
  hPS-­‐CM	
  

	
   In	
  this	
  work,	
  hPS-­‐CM	
  will	
  be	
  defined	
  as	
  spontaneously	
  contractile	
  cells	
  derived	
  from	
  a	
  

human	
  pluripotent	
  cell	
  line,	
  to	
  the	
  exclusion	
  of	
  contractile	
  cells	
  derived	
  from	
  adult	
  

mesenchymal	
  stem	
  cells	
  125-­‐128	
  or	
  from	
  mouse	
  pluripotent	
  stem	
  cells,	
  which	
  have	
  been	
  

described	
  elsewhere	
  129-­‐131.	
  	
  Recent	
  reviews	
  have	
  covered	
  methods	
  to	
  create	
  123,132-­‐135	
  and	
  

purify	
  hPS-­‐CM	
  136,	
  as	
  well	
  as	
  their	
  electrophysiology	
  137,	
  drug	
  response	
  112,114,	
  and	
  function	
  

after	
  transplant	
  in	
  vivo	
  122,138.	
  	
  Cardiomyocytes	
  derived	
  from	
  hiPS	
  (hiPS-­‐CM)	
  and	
  human	
  

embryonic	
  stem	
  (hES-­‐CM)	
  cells	
  appear	
  to	
  be	
  relatively	
  similar,	
  but	
  will	
  be	
  compared	
  when	
  

data	
  describing	
  differences	
  is	
  available.	
  	
  	
  

hPS-­‐CM	
  vary	
  in	
  maturity,	
  thus,	
  we	
  will	
  define	
  hPS-­‐CM	
  as	
  either	
  early	
  phase,	
  defined	
  as	
  

contractile	
  cells,	
  with	
  some	
  proliferative	
  capacity	
  and	
  with	
  embryonic	
  like	
  

electrophysiology	
  (i.e.	
  small	
  negative	
  membrane	
  potential	
  and	
  small	
  action	
  potential	
  

amplitude),	
  or	
  late	
  phase,	
  defined	
  by	
  loss	
  of	
  proliferative	
  capacity	
  and	
  more	
  adult-­‐like	
  

electrophysiology.	
  hPS-­‐CM	
  show	
  early	
  phase	
  characteristics	
  for	
  generally	
  the	
  first	
  month	
  

after	
  initiation	
  of	
  contraction,	
  with	
  development	
  of	
  late	
  phase	
  characteristics	
  arising	
  

afterwards.	
  Different	
  elements	
  of	
  maturity	
  appear	
  to	
  be	
  affected	
  by	
  line	
  24,31,139,	
  time	
  in	
  

culture	
  24,140,	
  co-­‐cultured	
  cells	
  141	
  and	
  culture	
  conditions	
  142,143;	
  however,	
  the	
  factors	
  

affecting	
  maturity	
  remain	
  largely	
  unknown.	
  This	
  suggests	
  that	
  after	
  initiation	
  of	
  

contraction	
  genetic	
  and	
  environmental	
  factors	
  interact	
  leading	
  to	
  a	
  more	
  mature	
  

phenotype;	
  however,	
  the	
  process	
  is	
  incompletely	
  understood.	
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2.3.2	
  Morphology	
  

	
   It	
  has	
  been	
  widely	
  reported	
  that	
  hPS-­‐CM	
  structurally	
  resemble	
  embryonic	
  or	
  fetal	
  	
  

cardiomyocytes	
  144,145.	
  	
  However,	
  potentially	
  important	
  differences	
  are	
  seen	
  when	
  these	
  

cells	
  are	
  compared	
  to	
  embryonic	
  or	
  adult	
  cardiomyocytes.	
  Adult	
  cardiomyocytes	
  are	
  large	
  

and	
  cylindrical	
  (approximately	
  150	
  x	
  10	
  μm	
  for	
  ventricular	
  cells)	
  146,	
  while	
  embryonic	
  and	
  

fetal	
  cardiomyocytes	
  are	
  smaller	
  147.	
  	
  Similarly,	
  early	
  hPS-­‐CM	
  (initiation	
  of	
  contraction-­‐	
  21	
  

days)	
  are	
  small	
  and	
  round	
  to	
  slightly	
  oblong,	
  approximately	
  5-­‐10	
  μm	
  in	
  diameter	
  51,139,148	
  

(Fig.	
  1).	
  	
  Late	
  hPS-­‐CM	
  (>35	
  days)	
  develop	
  a	
  more	
  oblong	
  morphology	
  (30	
  μm	
  x10	
  μm),	
  

similar	
  to	
  the	
  dimensions	
  of	
  human	
  embryonic	
  cardiomyocytes,	
  but	
  remain	
  small	
  

compared	
  to	
  adult	
  51.	
  	
  In	
  addition,	
  most	
  adult	
  cardiomyocytes	
  are	
  bi-­‐	
  or	
  multi-­‐nucleated,	
  

whereas	
  hPS-­‐CM	
  are	
  mono-­‐nuclear,	
  similar	
  to	
  early	
  embryonic	
  cardiomyocytes	
  147.	
  	
  	
  

	
  
Figure	
  2.1	
  A	
  visual	
  comparison	
  of	
  early	
  hPS-­‐CM,	
  late	
  hPS-­‐CM,	
  and	
  adult	
  CM.	
  	
  Characteristics	
  of	
  early	
  
and	
  late	
  phase	
  hPS-­‐CM	
  depend	
  strongly	
  on	
  time	
  in	
  culture	
  since	
  the	
  initiation	
  of	
  contraction	
  (early-­‐
proliferative,	
  late-­‐	
  nonproliferative).	
  	
  Note	
  that	
  late	
  hPS-­‐CM	
  differ	
  from	
  early	
  hPS-­‐CM	
  with	
  respect	
  to	
  
shape,	
  sarcomeric	
  area	
  and	
  receptor	
  expression.	
  	
  Adult	
  CM	
  are	
  far	
  larger,	
  with	
  multiple	
  nuclei,	
  large	
  
sarcomeric	
  area,	
  and	
  large	
  numbers	
  of	
  mitochondria.	
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The	
  extensive	
  t-­‐tubule	
  network	
  present	
  in	
  adult	
  ventricular	
  cardiomyocytes	
  is	
  absent	
  in	
  

both	
  hPS-­‐CM	
  and	
  embryonic	
  cardiomyocytes	
  146.	
  	
  As	
  a	
  result,	
  excitation-­‐contraction	
  

coupling	
  is	
  slower,	
  and	
  calcium	
  primarily	
  enters	
  the	
  cell	
  through	
  the	
  sarcolemma	
  instead	
  of	
  

releasing	
  from	
  the	
  sarcoplasmic	
  reticulum	
  149-­‐152.	
  Thus,	
  early	
  hPS-­‐CM	
  structurally	
  resemble	
  

embryonic	
  cardiomyocytes.	
  	
  With	
  increasing	
  time	
  in	
  culture,	
  late	
  hPS-­‐CM	
  develop	
  a	
  more	
  

adult-­‐like	
  morphology,	
  but	
  do	
  not	
  appear	
  to	
  develop	
  t-­‐tubules	
  or	
  multi-­‐nucleation	
  as	
  

shown	
  in	
  Figure	
  2.1.	
  

	
  

2.3.3	
  Function:	
  Proliferation	
  	
  

Early	
  hPS-­‐CM	
  proliferate	
  51,143,153,	
  similar	
  to	
  embryonic	
  or	
  fetal	
  mammalian	
  

cardiomyocytes	
  154-­‐156.	
  	
  In	
  contrast,	
  adult	
  cardiomyocytes	
  are	
  amongst	
  the	
  most	
  slowly	
  

dividing	
  cell	
  types	
  157.	
  	
  Over	
  time	
  in	
  culture,	
  proliferative	
  capacity	
  of	
  hPS-­‐CM	
  decreases	
  

from	
  that	
  of	
  stem	
  cells	
  (24-­‐48	
  hr	
  doubling	
  time	
  158)	
  to	
  low	
  levels:	
  at	
  four	
  weeks,	
  only	
  10%	
  

cells	
  were	
  BrdU+	
  after	
  a	
  24	
  hr	
  incorporation	
  assay	
  143	
  and	
  no	
  Ki-­‐67+	
  cells	
  were	
  observed	
  51,	
  

similar	
  to	
  changes	
  seen	
  in	
  fetal	
  cardiac	
  development154	
  (Fig.	
  2).	
  	
  Atrial	
  natriuretic	
  factor	
  

(involved	
  in	
  cardiomyocyte	
  proliferation	
  159,160)	
  is	
  expressed	
  in	
  hPS-­‐CM	
  161,162.	
  	
  In	
  summary,	
  

early	
  hPS-­‐CM	
  proliferate	
  at	
  a	
  lower	
  rate	
  than	
  their	
  pluripotent	
  progenitors	
  whereas	
  late	
  

hPS-­‐CM	
  can	
  be	
  considered	
  non-­‐proliferating	
  cells.	
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Figure	
  2.2	
  Comparison	
  of	
  cardiomyocyte	
  phenotype.	
  a)	
  An	
  overview	
  of	
  major	
  changes	
  seen	
  with	
  
increasing	
  time	
  in	
  culture.	
  	
  Large	
  changes	
  in	
  action	
  potential	
  characteristics	
  (orange)	
  are	
  seen	
  with	
  time	
  
in	
  culture,	
  as	
  well	
  as	
  expression	
  of	
  key	
  ion	
  channels	
  (teal).	
  	
  Panel	
  B	
  shows	
  calcium	
  influx	
  profiles	
  for	
  
early	
  and	
  late	
  hPS-­‐CM	
  compared	
  with	
  adult	
  CM.	
  	
  Note	
  that	
  in	
  early	
  hPS-­‐CM,	
  almost	
  no	
  calcium	
  is	
  
released	
  from	
  the	
  sarcoplasmic	
  reticulum,	
  leading	
  to	
  slow,	
  diffusion-­‐limited	
  calcium	
  influx.	
  	
  Late	
  hPS-­‐CM	
  
perform	
  better,	
  but	
  still	
  show	
  slow	
  influx	
  compared	
  to	
  adult.	
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2.3.4	
  Function:	
  Gene	
  expression	
  

The	
  transcriptional	
  profile	
  of	
  hPS-­‐CM	
  is	
  starkly	
  different	
  from	
  their	
  originating	
  

pluripotent	
  stem	
  cells.	
  	
  Important	
  differences	
  include	
  loss	
  of	
  pluripotency	
  transcription	
  

factors	
  and	
  upregulation	
  of	
  mesodermal	
  and	
  cardiac	
  markers	
  163-­‐166.	
  	
  Once	
  differentiated,	
  

hPS-­‐CM	
  display	
  a	
  relatively	
  homogeneous,	
  cardiac-­‐like	
  gene	
  expression	
  program.	
  	
  

Interestingly,	
  gene	
  expression	
  of	
  hiPS-­‐CM	
  and	
  hES-­‐CM	
  is	
  surprisingly	
  similar,	
  with	
  only	
  

1.9%	
  of	
  genes	
  differentially	
  expressed	
  in	
  these	
  two	
  cell	
  types,	
  despite	
  dramatic	
  differences	
  

between	
  expression	
  profiles	
  in	
  the	
  undifferentiated	
  hiPS	
  and	
  hES	
  sources	
  167.	
  	
  	
  

hPS-­‐CM	
  expression	
  of	
  contractile	
  genes	
  was	
  not	
  discernibly	
  different	
  from	
  fetal	
  heart	
  

tissue	
  (20	
  week	
  gestation)	
  in	
  one	
  study	
  of	
  enriched	
  early	
  hPS-­‐CM(age	
  unknown)	
  163.	
  	
  Global	
  

gene	
  expression	
  profile	
  of	
  purified	
  early	
  hPS-­‐CM	
  is	
  more	
  similar	
  to	
  fetal	
  cardiac	
  tissue	
  (age	
  

unspecified)	
  than	
  to	
  adult	
  cardiac	
  tissue;	
  however	
  hPS-­‐CM	
  gene	
  expression	
  clustered	
  more	
  

closely	
  with	
  either	
  fetal	
  or	
  adult	
  cardiac	
  tissue	
  than	
  with	
  pluripotent	
  stem	
  cells	
  42.	
  Bigger	
  

differences	
  are	
  seen	
  when	
  comparing	
  hPS-­‐CM	
  and	
  adult	
  heart	
  tissue,	
  with	
  important	
  

differences	
  seen	
  in	
  a	
  number	
  of	
  cardiac	
  ion	
  channel	
  and	
  calcium	
  handling	
  genes,	
  once	
  again	
  

highlighting	
  the	
  immature	
  phenotype	
  of	
  hPS-­‐CM	
  165,168.	
  	
  

	
  

2.3.5	
  Function:	
  Metabolism	
  and	
  bioenergetics	
  

Contractile	
  machinery	
  and	
  mitochondria	
  fill	
  two-­‐thirds	
  of	
  the	
  cytoplasmic	
  volume	
  in	
  

adult	
  CM	
  (myofibril	
  cell	
  area-­‐	
  40%	
  169	
  to	
  52%	
  170	
  and	
  mitochondria-­‐	
  15%	
  169	
  to	
  25%	
  48,170).	
  	
  

In	
  contrast,	
  hPS-­‐CM	
  136	
  and	
  embryonic	
  CM	
  171	
  both	
  show	
  smaller	
  sarcomeric	
  regions	
  172,173,	
  

and	
  have	
  more	
  moderate	
  numbers	
  of	
  mitochondria	
  48	
  (Fig.	
  1).	
  	
  Similarly,	
  expression	
  of	
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contractile	
  and	
  cytoskeletal	
  genes	
  is	
  much	
  lower	
  in	
  hPS-­‐CM	
  (unknown	
  age)	
  compared	
  to	
  

fetal	
  (20	
  week)	
  or	
  adult	
  cardiomyocytes	
  163.42.	
  	
  	
  

Adult	
  cardiomyocytes	
  are	
  highly	
  metabolically	
  active	
  and	
  depend	
  on	
  oxidative	
  

metabolism	
  for	
  synthesis	
  of	
  ATP	
  (fatty	
  acid	
  oxidation	
  accounts	
  for	
  90%	
  of	
  acetyl-­‐CoA	
  

production	
  174,175).	
  	
  In	
  comparison,	
  embryonic	
  and	
  fetal	
  cardiomyocytes	
  rely	
  on	
  glycolysis	
  

for	
  production	
  of	
  ATP	
  171,176	
  (fatty	
  acid	
  oxidation<15%	
  of	
  acetyl-­‐CoA	
  production	
  177)	
  

resulting	
  in	
  a	
  relatively	
  hypoxia	
  resistant	
  phenotype	
  and	
  providing	
  substrates	
  for	
  protein	
  

production	
  171.	
  	
  hPS-­‐CM	
  showed	
  primarily	
  glycolytic	
  metabolism	
  in	
  one	
  study	
  (in	
  late,	
  

nonproliferative	
  hPS-­‐CM)	
  which	
  evaluated	
  oxygen	
  consumption	
  rates	
  178,	
  and	
  mixed	
  

glycolytic	
  and	
  oxidative	
  metabolism	
  in	
  another	
  which	
  assessed	
  incorporation	
  of	
  

radiolabeled	
  carbon	
  into	
  metabolites	
  (age	
  unknown)	
  48.	
  hPS-­‐CM	
  are	
  also	
  able	
  to	
  metabolize	
  

lactate,	
  unlike	
  hPS	
  48.	
  Higher	
  expression	
  of	
  oxidative	
  phosphorylation	
  genes	
  and	
  proteins	
  

are	
  seen	
  in	
  hPS-­‐CM	
  compared	
  to	
  pluripotent	
  stem	
  cells,	
  suggesting	
  that	
  these	
  cells	
  have	
  the	
  

potential	
  to	
  use	
  this	
  metabolic	
  pathway	
  48,179,180,	
  though	
  the	
  expression	
  level	
  lags	
  behind	
  

fetal	
  tissue	
  163.	
  	
  It	
  remains	
  unclear	
  whether	
  time	
  in	
  culture	
  can	
  alter	
  hPS-­‐CM	
  preferred	
  

energy	
  substrate.	
  	
  

	
  

2.3.6	
  Sensitivity	
  to	
  Damage	
  and	
  Apoptosis	
  

It	
  is	
  unclear	
  to	
  what	
  extent	
  in	
  vitro	
  adult	
  cardiomyocytes	
  mimic	
  the	
  in	
  vivo	
  response	
  to	
  

noxious	
  stimuli.	
  	
  	
  In	
  vivo,	
  adult	
  cardiomyocytes	
  may	
  survive	
  an	
  entire	
  lifetime	
  (>80	
  yrs.),	
  

while	
  in	
  vitro	
  adult	
  cardiomyocytes	
  rarely	
  survive	
  more	
  than	
  a	
  few	
  days	
  181.	
  In	
  stark	
  

contrast,	
  hPS-­‐CM	
  are	
  already	
  culture-­‐adapted,	
  with	
  reports	
  of	
  cells	
  maintaining	
  viability	
  

and	
  contractility	
  for	
  a	
  year	
  116,182.	
  	
  These	
  observations	
  clearly	
  complicate	
  comparisons	
  of	
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the	
  sensitivity	
  to	
  damaging	
  insults	
  of	
  hPS-­‐CM	
  with	
  both	
  in	
  vivo	
  and	
  in	
  vitro	
  adult	
  CM,	
  and	
  

additional	
  work	
  is	
  required	
  to	
  fully	
  understand	
  the	
  differences	
  in	
  apoptotic	
  cascades	
  

between	
  these	
  conditions.	
  

Despite	
  these	
  limitations,	
  some	
  evidence	
  suggests	
  that	
  hiPS-­‐CM	
  respond	
  similarly	
  to	
  

stimuli	
  that	
  cause	
  damage	
  to	
  adult	
  cardiomyocytes.	
  	
  For	
  example,	
  cardiotoxic	
  tyrosine	
  

kinase	
  inhibitors	
  such	
  as	
  sunitinib	
  and	
  sorafenib	
  demonstrate	
  arrhythmogenicity	
  and	
  

increased	
  apoptosis	
  in	
  hiPS-­‐CM	
  at	
  clinically	
  cardiotoxic	
  doses	
  of	
  the	
  drug	
  178,183.	
  	
  Likewise,	
  

doxorubicin,	
  a	
  cardiotoxic	
  chemotherapeutic	
  which	
  is	
  believed	
  to	
  act	
  through	
  oxidative	
  

stress	
  184,	
  can	
  induce	
  apoptosis	
  in	
  hiPS-­‐CM	
  185,	
  as	
  well	
  as	
  microtubule	
  derangement	
  186.	
  	
  

Similarly,	
  direct	
  application	
  of	
  oxidizers	
  such	
  as	
  hydrogen	
  peroxide,	
  induce	
  apoptotic	
  

responses	
  in	
  hPS-­‐CM	
  187,188.	
  	
  This	
  process	
  is	
  mediated	
  by	
  opening	
  of	
  the	
  mitochondrial	
  

permeability	
  transition	
  pore,	
  and	
  could	
  be	
  prevented	
  with	
  anesthetic	
  mediated	
  

preconditioning	
  187,188,	
  thus	
  recapitulating	
  the	
  behavior	
  seen	
  in	
  adult	
  cardiomyocytes	
  189.	
  	
  	
  

Embryonic	
  human	
  cardiomyocytes	
  are	
  resistant	
  to	
  hypoxia	
  190,	
  whereas	
  adult	
  

cardiomyocytes	
  are	
  highly	
  dependent	
  on	
  an	
  adequate	
  oxygen	
  supply	
  191.	
  	
  As	
  both	
  hPS-­‐CM	
  

and	
  embryonic	
  cardiomyocytes	
  are	
  predominantly	
  glycolytic	
  178,	
  it	
  may	
  be	
  inferred	
  that	
  

hPS-­‐CM	
  would	
  likewise	
  be	
  resistant	
  to	
  hypoxia.	
  	
  However,	
  the	
  sensitivity	
  of	
  hPS-­‐CM	
  to	
  

ischemic	
  stimuli	
  has	
  not	
  been	
  fully	
  established.	
  	
  In	
  summary,	
  despite	
  differences	
  in	
  

metabolism,	
  hPS-­‐CM	
  are	
  sensitive	
  to	
  oxidative	
  stress	
  and	
  cardiotoxic	
  agents	
  at	
  levels	
  

expected	
  from	
  clinical	
  use;	
  however,	
  their	
  sensitivity	
  to	
  ischemia	
  has	
  not	
  been	
  

characterized.	
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2.3.7	
  Cardiac-­‐specific	
  inotropic	
  and	
  chronotropic	
  receptors	
  

Several	
  key	
  chronotropic	
  responses	
  are	
  observed	
  in	
  hPS-­‐CM	
  and	
  may	
  be	
  affected	
  by	
  

time	
  in	
  culture.	
  	
  α,	
  β1,	
  and	
  β2	
  adrenoceptor	
  response	
  have	
  all	
  been	
  demonstrated	
  in	
  hPS-­‐

CM	
  192,193.	
  A	
  positive	
  response	
  to	
  isoprenaline	
  (β	
  receptor	
  agonist)	
  challenge	
  is	
  almost	
  

universally	
  performed	
  in	
  studies	
  of	
  hPS-­‐CM	
  24,31,124,172,192-­‐201,	
  suggesting	
  that	
  all	
  hPS-­‐CM	
  

have	
  some	
  β-­‐receptor	
  expression,	
  regardless	
  of	
  cell	
  line	
  of	
  origin,	
  differentiation	
  method.	
  	
  

As	
  in	
  vivo,	
  isoprenaline	
  increases	
  contraction	
  rate	
  (positive	
  chonotropy),	
  increases	
  the	
  

amplitude	
  of	
  the	
  calcium	
  transient	
  and	
  decreases	
  the	
  relaxation	
  time	
  193.	
  	
  Unlike	
  adult	
  

cardiomyocytes,	
  however,	
  isoprenaline	
  does	
  not	
  increase	
  contraction	
  force	
  201,	
  once	
  again	
  

demonstrating	
  the	
  immaturity	
  of	
  this	
  cell	
  type.	
  	
  β2	
  response	
  accounts	
  for	
  17-­‐37%	
  193	
  of	
  the	
  

total	
  response	
  to	
  isoprenaline,	
  akin	
  to	
  fetal	
  cardiomyocytes.	
  With	
  increased	
  time	
  in	
  culture,	
  

hPS-­‐CM	
  demonstrated	
  increased	
  chronotropic	
  β	
  agonist	
  response	
  193,200.	
  	
  In	
  summary,	
  β	
  

adrenoceptor	
  response	
  is	
  present	
  in	
  hPS-­‐CM,	
  and	
  shares	
  characteristics	
  with	
  fetal	
  

cardiomyocytes,	
  and	
  may	
  be	
  amplified	
  with	
  time	
  in	
  in	
  vitro	
  culture.	
  

Several	
  studies	
  have	
  demonstrated	
  a	
  chronotropic	
  response	
  to	
  carbacholine	
  192,194,195,	
  

thus	
  showing	
  muscarinic	
  receptor	
  activity.	
  	
  Finally,	
  increased	
  intracellular	
  cAMP	
  increases	
  

contraction	
  rate	
  in	
  hPS-­‐CM	
  via	
  the	
  phosphodiesterase	
  inhibitor	
  IBMX	
  124,172,	
  and	
  the	
  

adenylyl	
  cyclase	
  activator	
  forskolin	
  172,192.	
  	
  It	
  is	
  unclear	
  whether	
  in	
  vitro	
  maturation	
  time	
  

affects	
  the	
  magnitude	
  of	
  these	
  responses,	
  or	
  whether	
  these	
  responses	
  affect	
  force	
  of	
  hPS-­‐

CM	
  contraction.	
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2.3.8	
  Electrophysiology:	
  Spontaneous	
  beating	
  rate	
  

Spontaneous	
  and	
  synchronous	
  contraction	
  is	
  seen	
  as	
  early	
  as	
  5	
  days	
  after	
  the	
  initiation	
  	
  

of	
  differentiation	
  202,	
  and	
  can	
  be	
  maintained	
  for	
  over	
  one	
  year	
  in	
  culture	
  116	
  (in	
  stark	
  

contrast	
  to	
  adult	
  CM	
  181).	
  	
  Different	
  basal	
  rhythms	
  have	
  been	
  reported,	
  ranging	
  from	
  21	
  196	
  

to	
  52	
  beats	
  per	
  minute	
  (BPM)	
  193,	
  with	
  most	
  reporting	
  ~	
  40	
  BPM	
  24,195,203.	
  The	
  rate	
  of	
  

contraction	
  may	
  be	
  affected	
  by	
  cell	
  line,	
  cultures	
  conditions,	
  time	
  since	
  differentiation,	
  and	
  

time	
  since	
  the	
  onset	
  of	
  contraction.	
  	
  	
  hiPS-­‐CM	
  from	
  iPS	
  from	
  patients	
  with	
  long	
  QT	
  

syndrome	
  show	
  slower	
  repolarization,	
  thus	
  recapitulating	
  the	
  in	
  vivo	
  phenotype	
  117,118,204-­‐

206.	
  	
  	
  

Time	
  in	
  culture	
  affects	
  beating	
  rate,	
  though	
  magnitude	
  and	
  direction	
  of	
  this	
  change	
  

appears	
  to	
  vary	
  with	
  study.	
  	
  Several	
  studies	
  have	
  reported	
  moderate	
  increases	
  in	
  

contraction	
  rate	
  (30	
  to	
  75	
  BPM	
  at	
  70	
  days	
  193	
  and	
  40	
  to	
  85	
  BPM	
  at	
  60	
  days	
  24)	
  though	
  a	
  

decrease	
  has	
  also	
  been	
  reported	
  (45	
  to	
  5	
  BPM	
  over	
  the	
  course	
  of	
  63	
  days	
  195).	
  hES-­‐CM	
  show	
  

faster	
  and	
  stronger	
  rhythms	
  than	
  hiPS-­‐CM	
  24,	
  which	
  may	
  be	
  due	
  to	
  earlier	
  initiation	
  of	
  

contraction	
  or	
  the	
  differences	
  between	
  hiPS	
  and	
  hES	
  cells	
  167,207.	
  	
  In	
  summary,	
  spontaneous	
  

beating	
  is	
  the	
  principal	
  hallmark	
  of	
  differentiated	
  hPS-­‐CM,	
  and	
  beating	
  rate	
  is	
  affected	
  by	
  

line	
  of	
  origin	
  and	
  by	
  time	
  in	
  culture.	
  	
  

	
  

2.3.9	
  Electrical	
  Properties:	
  Action	
  potential	
  

	
   hPS-­‐CM	
  contract	
  spontaneously	
  and	
  synchronously,	
  as	
  noted	
  previously,	
  and	
  are	
  thus	
  

electrically	
  active.	
  Cells	
  displaying	
  atrial-­‐,	
  nodal-­‐,	
  and	
  ventricular-­‐like	
  APs	
  have	
  been	
  

reported	
  208-­‐210.	
  	
  In	
  addition,	
  hPS-­‐CM	
  action	
  potential	
  characteristics	
  vary	
  between	
  studies	
  

and	
  within	
  studies	
  with	
  different	
  cell	
  lines	
  24,	
  differentiation	
  methods	
  211,	
  and	
  time	
  in	
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culture	
  141.	
  	
  Variation	
  in	
  a	
  single	
  population	
  of	
  hPS-­‐CM	
  has	
  also	
  been	
  demonstrated,	
  

suggesting	
  that	
  even	
  using	
  the	
  same	
  cells,	
  methods,	
  and	
  at	
  the	
  same	
  time	
  point,	
  the	
  

electrophysiological	
  characteristics	
  of	
  hiPS-­‐CM	
  are	
  more	
  heterogeneous	
  than	
  those	
  in	
  an	
  

adult	
  heart	
  211.	
  	
  hPS-­‐CM	
  from	
  the	
  same	
  EB	
  (a	
  more	
  homogeneous	
  environment)	
  showed	
  

greater	
  homogeneity	
  in	
  action	
  potential	
  duration	
  than	
  hPS-­‐CM	
  from	
  same	
  population	
  but	
  

different	
  EBs	
  24,	
  highlighting	
  the	
  potential	
  important	
  role	
  of	
  a	
  common	
  extracellular	
  

environment	
  in	
  hPS-­‐CM	
  maturation.	
  

Most	
  reported	
  action	
  potential	
  characteristics	
  are	
  less	
  mature	
  than	
  adult	
  

cardiomyocytes:	
  maximum	
  diastolic	
  potential	
  (MDP)	
  for	
  adult	
  ventricular	
  myocytes	
  is	
  -­‐

85mV	
  212	
  whereas	
  early	
  hPS-­‐CM	
  MDP	
  is	
  approximately	
  -­‐30mV	
  141	
  which	
  improves	
  to	
  -­‐60	
  to	
  

-­‐75mV	
  in	
  late	
  hPS-­‐CM	
  24,205,213-­‐216.	
  	
  The	
  maximum	
  rate	
  of	
  depolarization	
  (dv/dtmax	
  or	
  Vmax)	
  

in	
  adult	
  cardiomyocytes	
  is	
  extremely	
  fast,	
  ranging	
  from	
  300	
  V/sec	
  in	
  healthy	
  hearts	
  212	
  to	
  

about	
  100V/sec	
  in	
  heart	
  failure	
  217.	
  	
  In	
  contrast,	
  early	
  hPS-­‐CM	
  show	
  extremely	
  slow	
  

depolarization	
  depolarization	
  speeds.	
  Early	
  hPS-­‐CM	
  depolarize	
  at	
  2V/sec	
  141,	
  improving	
  in	
  

late	
  hPS-­‐CM	
  to	
  10	
  to	
  40	
  V/sec	
  24,205,215,216	
  (with	
  2	
  studies	
  reporting	
  130-­‐150	
  V/sec	
  211,218	
  -­‐

Fig.	
  2).	
  	
  Similar	
  parameters	
  for	
  embryonic	
  or	
  fetal	
  cardiomyocytes	
  are	
  not	
  available.	
  	
  

	
  

2.3.10	
  Electrical	
  Properties:	
  Ion	
  channels	
  

	
   The	
  major	
  ionic	
  currents	
  normally	
  present	
  in	
  adult	
  cardiomyocytes	
  are	
  expressed	
  in	
  

hPS-­‐CM,	
  though	
  frequently	
  at	
  abnormal	
  levels	
  (Fig.	
  2).	
  	
  The	
  calcium	
  channels	
  are	
  necessary	
  

for	
  contractility,	
  as	
  is	
  NCX	
  219,220	
  and	
  HCN	
  213.	
  	
  In	
  early	
  hPS-­‐CM,	
  sodium	
  channel	
  inhibition	
  

does	
  not	
  prevent	
  spontaneous	
  contraction,	
  but	
  in	
  late	
  hPS-­‐CM	
  the	
  same	
  inhibition	
  blocked	
  

spontaneous	
  contraction	
  141.	
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The	
  potassium	
  currents	
  considered	
  to	
  be	
  responsible	
  for	
  arrhythmias	
  are	
  expressed	
  in	
  

hPS-­‐CM	
  118,205,221	
  	
  (Fig.	
  2).	
  As	
  a	
  result,	
  considerable	
  interest	
  in	
  using	
  hPS-­‐CM	
  for	
  anti-­‐

arrhythmic	
  drug	
  screening	
  exists	
  and	
  has	
  been	
  reviewed	
  31,114,204,222.	
  	
  Some	
  arrhythmias	
  in	
  

hPS-­‐CM	
  are	
  affected	
  by	
  time	
  in	
  culture,	
  and	
  thus	
  may	
  be	
  a	
  measure	
  of	
  in	
  vitro	
  maturity	
  

211,223.	
  

	
  

2.3.11	
  Electrical	
  Properties:	
  Intracellular	
  calcium	
  

	
   The	
  extent	
  of	
  the	
  sarcoplasmic	
  reticulum	
  (SR)	
  and	
  its	
  necessity	
  for	
  automaticity	
  in	
  hPS-­‐

CM	
  is	
  a	
  matter	
  of	
  debate.	
  	
  In	
  adult	
  cardiomyocytes,	
  calcium	
  induced	
  calcium	
  release	
  (CICR)	
  

from	
  the	
  SR	
  contributes	
  almost	
  70%	
  of	
  the	
  total	
  calcium	
  release	
  224.	
  	
  In	
  contrast,	
  hPS-­‐CM,	
  

which	
  have	
  very	
  little	
  SR	
  function	
  in	
  the	
  early	
  phase	
  150,225-­‐229,	
  demonstrate	
  calcium	
  

transients	
  that	
  are	
  smaller	
  and	
  slower	
  230,	
  with	
  most	
  cation	
  influx	
  is	
  through	
  the	
  cell	
  

membrane	
  228,231.	
  	
  This	
  results	
  in	
  abnormal	
  diffusion	
  of	
  calcium	
  into	
  the	
  cell	
  226,	
  and	
  

reduces	
  the	
  synchrony	
  in	
  contraction	
  necessary	
  for	
  large	
  force	
  generation	
  201.	
  (Fig.	
  2B)	
  	
  	
  

Reports	
  vary	
  as	
  to	
  the	
  presence	
  and	
  function	
  of	
  the	
  SR,	
  possibly	
  due	
  to	
  changes	
  with	
  

maturity	
  149-­‐151,225,228.	
  However	
  there	
  is	
  consensus	
  that	
  intracellular	
  calcium	
  stores	
  are	
  

smaller	
  than	
  in	
  adult	
  cardiomyocytes	
  225,232.	
  	
  Calcium	
  handling	
  and	
  response	
  to	
  compounds	
  

that	
  modify	
  calcium	
  handling	
  (e.g.,	
  nifedipine,	
  ryanodine)	
  appear	
  to	
  vary	
  significantly	
  

between	
  lines	
  226,233,	
  and	
  between	
  embryonic	
  and	
  induced	
  pluripotent	
  derived	
  CM	
  226,234,	
  

including	
  larger	
  intracellular	
  calcium	
  stores,	
  though	
  line	
  to	
  line	
  differences	
  dominate	
  

differences	
  between	
  hES	
  and	
  hiPS	
  class	
  24.	
  	
  Over	
  time	
  in	
  culture,	
  increased	
  sarcoplasmic	
  

reticulum	
  function	
  is	
  seen	
  as	
  assessed	
  by	
  caffeine-­‐induced	
  calcium	
  release	
  225.	
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When	
  paced,	
  adult	
  cardiomyocytes	
  show	
  a	
  positive	
  force-­‐frequency	
  relationship;	
  that	
  is,	
  

at	
  faster	
  pacing	
  rates,	
  greater	
  calcium	
  transients	
  and	
  force	
  of	
  contraction	
  are	
  seen	
  224.	
  	
  This	
  

relationship	
  requires	
  both	
  significant	
  intracellular	
  calcium	
  stores	
  and	
  electrical	
  

coordination	
  across	
  the	
  cell	
  (the	
  t-­‐tubule	
  network	
  again	
  ensures	
  that	
  the	
  entire	
  cell	
  

depolarizes	
  rapidly	
  and	
  homogeneously	
  224).	
  	
  In	
  contrast,	
  hPS-­‐CM	
  have	
  consistently	
  shown	
  

negative	
  force-­‐frequency	
  relationships	
  149,200,232.	
  	
  In	
  these	
  cells,	
  calcium	
  primarily	
  enters	
  the	
  

cell	
  across	
  the	
  cell	
  membrane	
  and	
  diffuses	
  though	
  the	
  cytoplasm,	
  a	
  slower	
  process	
  235.	
  	
  

Similarly,	
  post-­‐rest	
  potentiation	
  (i.e.,	
  an	
  increased	
  uptake	
  in	
  calcium	
  in	
  resting	
  

cardiomyocytes	
  after	
  rapid	
  pacing)	
  is	
  not	
  seen	
  149,	
  or	
  seen	
  only	
  to	
  a	
  low	
  extent	
  200	
  in	
  hPS-­‐

CM.	
  	
  It	
  has	
  not	
  been	
  studied	
  whether	
  these	
  properties	
  improve	
  with	
  time	
  in	
  culture,	
  but	
  the	
  

increased	
  sarcoplasmic	
  reticulum	
  function	
  seen	
  in	
  late	
  hPS-­‐CM	
  suggests	
  they	
  may	
  be	
  more	
  

adult-­‐like.	
  	
  

	
   Some	
  evidence	
  suggests	
  that	
  non-­‐SR	
  calcium	
  stores	
  play	
  a	
  key	
  role	
  in	
  excitation-­‐

contraction	
  coupling	
  in	
  hPS-­‐CM	
  150.	
  	
  IP3	
  receptor	
  (IP3R)	
  is	
  expressed,	
  and	
  co-­‐localizes	
  with	
  

sarcomeres	
  and	
  the	
  cell	
  nucleus	
  225,228,	
  suggesting	
  it	
  may	
  play	
  a	
  role	
  in	
  release	
  of	
  non-­‐SR	
  

calcium	
  stores.	
  	
  In	
  adult	
  cardiomyocytes,	
  IP3R	
  appears	
  to	
  regulate	
  non-­‐contractile	
  calcium	
  

signaling	
  only	
  236-­‐238,	
  although	
  abnormal	
  IP3R	
  expression	
  can	
  cause	
  arrhythmia	
  236.	
  	
  In	
  hPS-­‐

CM,	
  IP3R	
  may	
  be	
  involved	
  in	
  contractility	
  as	
  contraction	
  rate	
  is	
  sensitive	
  to	
  IP3	
  and	
  IP3R	
  

antagonists	
  225,228;	
  however,	
  this	
  observation	
  may	
  depend	
  on	
  inhibition	
  of	
  ryanodine	
  

receptors	
  (RYRs)	
  141.	
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2.3.12	
  Structural	
  and	
  functional	
  sarcoplasmic	
  reticulum	
  proteins	
  

The	
  structural	
  and	
  functional	
  proteins	
  in	
  the	
  SR	
  show	
  low	
  and	
  varied	
  expression	
  as	
  

would	
  be	
  expected	
  from	
  the	
  evidence	
  provided	
  earlier	
  on	
  the	
  underdeveloped	
  SR	
  in	
  hPS-­‐

CM.	
  	
  Expression	
  of	
  the	
  ryanodine	
  receptor	
  (RYR)	
  is	
  noted	
  in	
  a	
  number	
  of	
  studies	
  141,239,	
  

though	
  at	
  only	
  a	
  small	
  fraction	
  (0.1%)	
  of	
  the	
  adult	
  level	
  225.	
  Most	
  reports	
  state	
  that	
  

application	
  of	
  ryanodine	
  slows	
  spontaneous	
  contraction	
  rate	
  120,146,200,225,228,231,240,241,	
  

though	
  two	
  studies	
  saw	
  no	
  such	
  change	
  226,229.	
  	
  Similarly,	
  one	
  study	
  reports	
  close	
  physical	
  

association	
  between	
  RYRs	
  and	
  L-­‐type	
  calcium	
  channels	
  231,	
  which	
  would	
  allow	
  for	
  efficient	
  

CICR	
  231,	
  though	
  other	
  studies	
  reported	
  no	
  such	
  association	
  146,239.	
  	
  It	
  should	
  be	
  noted	
  that	
  

the	
  co-­‐localization	
  of	
  these	
  two	
  proteins	
  in	
  adult	
  cardiomyocytes	
  is	
  debated	
  242.	
  	
  SERCA,	
  the	
  

sarcoplasmic	
  reticulum	
  Ca2+	
  ATPase	
  pump,	
  is	
  also	
  expressed	
  in	
  hPS-­‐CM	
  226,243	
  at	
  levels	
  

similar	
  to	
  fetal	
  cardiomyocytes	
  239,	
  but	
  a	
  variable	
  response	
  to	
  its	
  inhibitor	
  thaspargin	
  has	
  

been	
  reported	
  149,228.	
  	
  	
  

Not	
  surprisingly,	
  proteins	
  known	
  to	
  regulate	
  SR	
  function	
  are	
  also	
  abnormally	
  expressed	
  

in	
  hPS-­‐CM.	
  	
  Calsequestrin,	
  which	
  binds	
  calcium	
  and	
  allows	
  for	
  dense	
  packing	
  of	
  the	
  ion	
  in	
  

the	
  SR,	
  is	
  absent	
  in	
  a	
  number	
  of	
  studies	
  149,150,227,239	
  though	
  present	
  in	
  one	
  200.	
  	
  Interestingly,	
  

transgenic	
  calsequestrin	
  overexpression	
  was	
  enough	
  to	
  improve	
  calcium	
  handling	
  and	
  SR	
  

maturity	
  in	
  hiPS-­‐CM	
  227.	
  	
  Phospholamban,	
  an	
  endogenous	
  inhibitor	
  of	
  SERCA,	
  is	
  absent	
  in	
  

some	
  studies	
  149,150,	
  though	
  present	
  in	
  others	
  243,	
  and	
  its	
  presence	
  is	
  inferred	
  from	
  a	
  

positive	
  drug	
  response	
  193.	
  	
  Some	
  of	
  this	
  variability	
  may	
  be	
  due	
  to	
  variable	
  (widely	
  

unreported)	
  hPS-­‐CM	
  age	
  or	
  manual	
  selection	
  of	
  spontaneously	
  beating	
  cells,	
  as	
  more	
  

rapidly	
  beating	
  cells	
  may	
  have	
  less	
  phospholamban	
  expression	
  (in	
  vivo	
  phospholamban	
  is	
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known	
  to	
  repress	
  cardiac	
  contractility)	
  244,245.	
  	
  Junctin	
  and	
  triadin,	
  which	
  potentiate	
  RYR	
  

246,	
  were	
  expressed	
  at	
  low	
  levels	
  in	
  one	
  study	
  226,	
  and	
  absent	
  in	
  another	
  239.	
  	
  

	
  

2.4	
  Conclusions	
  

	
   hPS-­‐CM	
  are	
  a	
  heterogeneous	
  population	
  of	
  cells	
  that	
  recapitulate	
  some	
  features	
  of	
  

embryonic	
  and	
  adult	
  cardiomyocytes.	
  hPS-­‐CM	
  contract	
  spontaneously	
  and	
  synchronously,	
  

express	
  numerous	
  cardiac	
  specific	
  genes	
  and	
  proteins,	
  and	
  recapitulate	
  several	
  important	
  

electrophysiological	
  features	
  of	
  adult	
  cardiomyocytes.	
  	
  Recapitulation	
  of	
  fetal	
  or	
  adult	
  

cardiomyocyte	
  phenotype	
  may	
  require	
  novel	
  culture	
  methods	
  better	
  recapitulating	
  the	
  in	
  

vivo	
  niche.	
  Furthermore,	
  time	
  in	
  culture,	
  specifically	
  time	
  since	
  the	
  onset	
  of	
  differentiation	
  

or	
  time	
  since	
  spontaneous	
  contraction,	
  is	
  a	
  major	
  factor	
  affecting	
  proliferation,	
  structure,	
  

intracellular	
  calcium	
  stores,	
  and	
  ion	
  channel	
  expression.	
  It	
  is	
  unclear	
  why	
  time	
  in	
  culture	
  

should	
  have	
  such	
  profound	
  effects	
  on	
  hPS-­‐CM	
  phenotype,	
  though	
  several	
  studies	
  have	
  

emphasized	
  the	
  importance	
  of	
  paracrine	
  signaling	
  and	
  cellular	
  milieu	
  in	
  maturation,	
  

suggesting	
  better	
  recapitulation	
  of	
  the	
  cardiac	
  cellular	
  niche	
  will	
  improve	
  maturity.	
  	
  

Nonetheless,	
  it	
  is	
  convenient	
  to	
  define	
  early	
  and	
  late	
  phase	
  hPS-­‐CM	
  based	
  on	
  phenotypic	
  

markers	
  that	
  include	
  sarcomeric	
  organization,	
  sarcoplasmic	
  reticulum,	
  and	
  membrane	
  ion	
  

channels	
  that	
  impact	
  such	
  integrated	
  behaviors	
  as	
  cell	
  proliferation	
  and	
  the	
  action	
  

potential.	
  Despite	
  limitations,	
  hPS-­‐CM	
  demonstrate	
  significant	
  potential	
  as	
  a	
  tool	
  to	
  

enhance	
  basic	
  biological	
  understanding,	
  improve	
  in	
  vitro	
  drug	
  screening,	
  and	
  thus	
  create	
  

new	
  therapeutic	
  options.	
  	
  Remaining	
  challenges	
  include	
  improving	
  the	
  magnitude	
  and	
  

consistency	
  of	
  intracellular	
  calcium	
  stores,	
  improving	
  sarcomeric	
  volume	
  and	
  organization,	
  

creating	
  consistent	
  reproducible	
  cell	
  populations,	
  and	
  determining	
  the	
  mechanisms	
  of	
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increased	
  maturity	
  with	
  time	
  in	
  culture.	
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CHAPTER	
  3	
  

Transient	
  metabolic	
  and	
  functional	
  effects	
  of	
  extracellular	
  

matrix	
  on	
  human	
  stem	
  cell-­‐derived	
  cardiomyocytes	
  

3.1	
  Abstract	
  

Metabolism	
   of	
   stem	
   cell-­‐derived	
   cardiomyocytes	
   is	
   critical	
   to	
   their	
   function,	
   yet	
   a	
  

simple,	
  rapid,	
  and	
  nondestructive	
  method	
  to	
  characterize	
  cardiomyocyte	
  metabolism	
  is	
  not	
  

currently	
  available.	
  Here	
  we	
  describe	
  the	
  contractility,	
  calcium	
  handling	
  and	
  metabolism	
  of	
  

human	
   induced	
   pluripotent	
   stem	
   cell-­‐derived	
   cardiomyocyte	
   spheroids	
   encapsulated	
  

within	
   extracellular	
   matrix	
   (ECM).	
   ECM	
   composed	
   of	
   cardiac-­‐derived	
   ECM	
   (cECM)	
   or	
  

collagen	
   reduced	
   spontaneous	
   beating	
   rate	
   and	
   increased	
   calcium	
   transient	
   duration.	
  

Phasor	
   fluorescent	
   lifetime	
   imaging	
   microscopy	
   (FLIM)	
   analysis	
   demonstrates	
   that	
  

cardiomyocyte	
   metabolism	
   shifts	
   to	
   a	
   more	
   glycolytic	
   state,	
   rather	
   than	
   oxidative	
  

phosphorylation,	
  over	
  a	
  period	
  of	
  8	
  days,	
  irrespective	
  of	
  matrix	
  composition.	
  	
  FLIM	
  analysis	
  

characterized	
   the	
   acute	
   effect	
   of	
   cyanide	
   poisoning,	
   which	
   significantly	
   decreased	
   long	
  

lifetime	
  pixels	
   from	
  72.69%	
  to	
  40.13%	
  percent	
  of	
   total	
  pixels	
   in	
  30	
  minutes	
  of	
  exposure.	
  

We	
   conclude	
   that	
   Phasor	
   FLIM	
   analysis	
   can	
   be	
   applied	
   to	
   future	
   cardiac	
   drug	
   testing	
  

platforms	
  to	
  elucidate	
  metabolic	
  effects	
  of	
  drugs.	
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3.2	
  Introduction	
  

Accurately	
  predicting	
  adverse	
  cardiac	
  side	
  effects	
  of	
  new	
  pharmaceutical	
  drugs	
  is	
  

difficult,	
  and	
  currently	
  relies	
  heavily	
  on	
  animal	
  testing.	
  This	
  dependency	
  on	
  in	
  vivo	
  animal	
  

testing	
  or	
  in	
  vitro	
  animal	
  cardiomyocytes	
  is	
  due	
  to	
  the	
  fact	
  that	
  primary	
  human	
  

cardiomyocytes	
  do	
  not	
  proliferate	
  nor	
  retain	
  their	
  phenotype	
  when	
  cultured	
  in	
  vitro.	
  

Although	
  animal	
  models	
  allow	
  insight	
  into	
  pharmacokinetics	
  and	
  whole	
  organ	
  drug	
  

response,	
  some	
  drugs	
  have	
  been	
  shown	
  to	
  only	
  effect	
  cardiomyocytes	
  of	
  human	
  origin	
  247.	
  

Several	
  dangerous	
  cardiotoxic	
  drugs	
  have	
  subsequently	
  failed	
  during	
  costly	
  large	
  human	
  

clinical	
  trials	
  (e.g.	
  BMS-­‐986094)	
  248	
  or	
  after	
  FDA	
  approval	
  (e.g.,	
  Vioxx)	
  249.	
  Indeed,	
  

unwanted	
  cardiac	
  side	
  effects	
  are	
  one	
  of	
  the	
  top	
  reasons	
  for	
  drug	
  market	
  withdrawal.	
  	
  

The	
  advancement	
  of	
  human	
  induced	
  pluripotent	
  stem	
  (iPS)	
  cell	
  technology	
  provides	
  

exciting	
  new	
  opportunities	
  for	
  drug	
  screening	
  platforms	
  that	
  may	
  replace	
  animal	
  testing.	
  

Development	
  of	
  human	
  iPS-­‐derived	
  cardiomyocytes	
  (iPS-­‐CM)	
  as	
  a	
  viable	
  research	
  and	
  

therapeutic	
  tool	
  has	
  been	
  accelerated	
  by	
  recent	
  reports	
  describing	
  more	
  efficient	
  cardiac	
  

differentiation	
  in	
  defined	
  conditions	
  26,27	
  as	
  well	
  as	
  the	
  ability	
  to	
  differentiate	
  into	
  specific	
  

cardiomyocyte	
  lineages	
  including	
  ventricular	
  250,	
  atrial	
  251,	
  and	
  nodal	
  252	
  cells.	
  This	
  

technology	
  could	
  simultaneously	
  improve	
  the	
  success	
  rate	
  of	
  drugs	
  passing	
  human	
  clinical	
  

trials,	
  while	
  reducing	
  the	
  use	
  of	
  animals	
  in	
  research.	
  Human	
  iPS-­‐CM	
  offer	
  many	
  advantages	
  

over	
  animal	
  models,	
  including	
  human	
  origin,	
  culture	
  adaptation,	
  and	
  ability	
  to	
  create	
  

patient-­‐specific	
  lines	
  for	
  inherited	
  disorders	
  such	
  as	
  long	
  QT	
  syndrome	
  253,254.	
  Nonetheless,	
  

in	
  order	
  to	
  fully	
  replace	
  animal	
  testing	
  for	
  cardiac	
  safety,	
  human	
  iPS	
  drug	
  screening	
  

platforms	
  should	
  be	
  3D	
  tissues	
  rather	
  than	
  simple	
  monocultures	
  to	
  better	
  recapitulate	
  

heart	
  tissue.	
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   Various	
  tissue	
  engineering	
  methods	
  have	
  been	
  used	
  to	
  create	
  3D	
  cardiac	
  tissues,	
  

including	
  self	
  aggregation	
  of	
  iPS-­‐CM	
  into	
  scaffold-­‐free	
  3D	
  spheroids.	
  Cardiac	
  spheroids,	
  also	
  

known	
  as	
  cardiospheres,	
  can	
  be	
  generated	
  reproducibly	
  on	
  a	
  large	
  scale	
  and	
  the	
  

aggregation	
  process	
  enhances	
  the	
  purity	
  of	
  the	
  cardiomyocyte	
  population	
  to	
  80-­‐100%	
  255.	
  

To	
  demonstrate	
  applicability	
  of	
  cardiac	
  spheroids	
  as	
  an	
  in	
  vitro	
  cardiac	
  model,	
  cardiac	
  

spheroids	
  responded	
  normally	
  when	
  subjected	
  to	
  external	
  electrical,	
  pharmacological	
  and	
  

physical	
  stimuli	
  256.	
  Although	
  human	
  cardiac	
  spheroid	
  response	
  to	
  stimuli	
  has	
  been	
  

characterized	
  well	
  with	
  regards	
  to	
  contractile	
  function	
  and	
  protein	
  expression,	
  analysis	
  of	
  

hiPS-­‐CM	
  spheroid	
  metabolic	
  response	
  to	
  external	
  stimuli	
  has	
  yet	
  to	
  be	
  described.	
  

	
   Metabolic	
  phenotype	
  is	
  inextricably	
  connected	
  to	
  cardiomyocyte	
  function.	
  

Cardiomyocyte	
  cells	
  contain	
  relatively	
  large	
  amounts	
  of	
  mitochondria	
  (~35%	
  volume	
  257	
  

vs.	
  ~5%	
  volume	
  in	
  skeletal	
  muscle	
  258)	
  	
  in	
  order	
  to	
  handle	
  the	
  perpetually	
  large	
  energy	
  

demand	
  necessary	
  to	
  support	
  continuous	
  cyclical	
  contraction.	
  Abnormal	
  metabolic	
  

function	
  results	
  in	
  reduced	
  cardiac	
  contractile	
  function	
  259	
  and	
  ultimately	
  may	
  lead	
  to	
  heart	
  

failure	
  257.	
  Typical	
  methods	
  to	
  characterize	
  in	
  vitro	
  metabolism	
  require	
  cell	
  culture	
  as	
  a	
  

monolayer	
  260,	
  provide	
  indirect	
  measurements	
  via	
  gene	
  expression	
  261-­‐263,	
  utilize	
  

radioactive	
  isotopes	
  260,	
  or	
  require	
  cellular	
  lysis	
  264.	
  Phasor	
  fluorescent	
  lifetime	
  imaging	
  

microscopy	
  (FLIM)	
  represents	
  a	
  label-­‐free,	
  nondestructive	
  method	
  to	
  derive	
  a	
  metabolic	
  

signature	
  of	
  live	
  cells	
  and	
  tissues	
  by	
  measuring	
  the	
  endogenous	
  intracellular	
  fluorophore	
  

nicotinamide	
  adenine	
  dinucleotide	
  (NADH)	
  265-­‐268.	
  NADH	
  is	
  present	
  within	
  the	
  cell	
  in	
  either	
  

a	
  free	
  or	
  protein-­‐bound	
  state,	
  distinguishable	
  by	
  FLIM	
  as	
  either	
  a	
  short	
  or	
  long	
  fluorescent	
  

lifetime,	
  respectively.	
  Free	
  NADH	
  is	
  generally	
  a	
  byproduct	
  of	
  glycolysis,	
  while	
  protein-­‐

bound	
  NADH	
  primarily	
  occurs	
  in	
  the	
  electron	
  transport	
  chain	
  of	
  the	
  mitochondria.	
  Phasor	
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analysis	
  of	
  FLIM	
  can	
  quickly	
  discern	
  the	
  ratio	
  of	
  free:bound	
  NADH	
  on	
  a	
  pixel	
  by	
  pixel	
  basis	
  

269.	
  Therefore,	
  FLIM	
  has	
  the	
  potential	
  to	
  measure	
  transient	
  metabolic	
  changes	
  or	
  metabolic	
  

responses	
  to	
  a	
  wide	
  range	
  of	
  stimuli.	
  

In	
  this	
  study,	
  we	
  encapsulated	
  3D	
  human	
  iPS-­‐CM	
  spheroids	
  within	
  extracellular	
  matrix,	
  

and	
  characterized	
  contractile	
  function,	
  calcium	
  handling	
  and	
  metabolism	
  as	
  a	
  function	
  of	
  

time.	
  Metabolism	
  was	
  assessed	
  using	
  non-­‐destructive	
  fluorescent	
  lifetime	
  imaging	
  (FLIM)	
  

phasor	
  plot	
  analysis	
  266.	
  We	
  conclude	
  that	
  iPS-­‐CM	
  spheroids	
  encapsulated	
  within	
  

extracellular	
  matrix	
  shift	
  towards	
  a	
  more	
  glycolytic	
  phenotype	
  over	
  time	
  and	
  cardiac	
  

extracellular	
  matrix	
  both	
  reduces	
  spontaneous	
  beating	
  rate	
  and	
  increases	
  calcium	
  transient	
  

duration.	
  

	
  

3.3	
  Methods	
  

Human	
  iPS-­‐derived	
  Cardiomyocyte	
  Spheroid	
  Generation	
  

Wild-­‐type	
  human	
  iPS	
  cells	
  (WTC-­‐11	
  270,271)	
  were	
  provided	
  as	
  a	
  gift	
  from	
  Dr.	
  Bruce	
  

Conklin	
  at	
  the	
  Gladstone	
  Institute	
  of	
  Cardiovascular	
  Disease,	
  San	
  Francisco.	
  The	
  WTC-­‐11	
  

iPS	
  line	
  was	
  derived	
  from	
  a	
  healthy	
  male	
  volunteer	
  with	
  a	
  normal	
  electrocardiodiagram	
  

and	
  no	
  known	
  family	
  history	
  of	
  cardiac	
  disease	
  272.	
  For	
  non-­‐invasive	
  calcium	
  indication,	
  the	
  

WTC-­‐11	
  iPS	
  line	
  was	
  genetically	
  encoded	
  with	
  the	
  ultrasensitive	
  calcium	
  protein	
  sensor,	
  

GCaMP6f	
  273,	
  through	
  transcription	
  activator-­‐like	
  effector	
  nuclease	
  (TALEN)-­‐mediated	
  

genome	
  editing	
  274.	
  The	
  GcAMP6f	
  protein	
  consists	
  of	
  green	
  fluorescent	
  protein	
  (GFP),	
  the	
  

calcium-­‐binding	
  protein	
  calmodulin	
  (CaM),	
  and	
  the	
  CaM-­‐interacting	
  M13	
  peptide.	
  Calcium	
  

binding	
  to	
  the	
  CaM-­‐13	
  complex	
  causes	
  a	
  conformational	
  change	
  in	
  the	
  protein	
  complex,	
  

which	
  increases	
  the	
  fluorescent	
  intensity	
  of	
  the	
  GFP.	
  The	
  fast	
  green	
  fluorescent	
  indicator	
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GCaMP6f	
  under	
  control	
  of	
  the	
  constitutively	
  expressed	
  CAG	
  promoter,	
  and	
  puromycin	
  

antibiotic	
  resistance	
  gene	
  under	
  control	
  of	
  the	
  endogenous	
  promoter,	
  were	
  encoded	
  into	
  

the	
  AAVS1	
  locus	
  of	
  the	
  WTC-­‐11	
  iPS	
  genome.	
  Human	
  iPS	
  cells	
  containing	
  the	
  GCaMP6f	
  

cassette	
  were	
  subsequently	
  selected	
  by	
  puromycin	
  (0.5	
  μg/mL).	
  	
  

Differentiation	
  of	
  iPS	
  cells	
  into	
  cardiomyocytes	
  was	
  performed	
  using	
  a	
  small	
  molecule-­‐

based	
  Wnt	
  modulating	
  protocol	
  27.	
  Briefly,	
  iPS	
  cells	
  were	
  maintained	
  with	
  mTeSR1	
  

(STEMCELL	
  Technologies)	
  in	
  6-­‐well	
  plates	
  coated	
  with	
  Matrigel	
  (BD	
  Biosciences).	
  At	
  80%	
  

confluence,	
  iPS	
  cells	
  were	
  dissociated	
  with	
  Accutase	
  (Invitrogen)	
  for	
  4	
  minutes	
  at	
  37°C	
  and	
  

plated	
  (Day	
  -­‐4)	
  onto	
  12-­‐well	
  plates	
  coated	
  with	
  matrigel	
  at	
  a	
  density	
  of	
  33,000	
  cells/cm2	
  in	
  

mTeSR1	
  with	
  10	
  μM	
  Y-­‐27632	
  (Tocris).	
  The	
  medium	
  was	
  replaced	
  every	
  24	
  hours	
  for	
  3	
  days	
  

(Day	
  -­‐3	
  to	
  Day	
  -­‐1)	
  with	
  mTeSR1	
  only.	
  On	
  Day	
  0,	
  differentiation	
  of	
  cells	
  was	
  initiated	
  by	
  

canonical	
  WNT	
  activator	
  12	
  μM	
  CHIR99021	
  (Selleck	
  Chemicals)	
  in	
  RPMI	
  1640	
  medium	
  

supplemented	
  with	
  HEPES	
  (Life	
  Technologies)	
  and	
  B27	
  supplement	
  without	
  insulin	
  (Life	
  

Technologies).	
  After	
  24	
  hours	
  (Day	
  1),	
  media	
  was	
  replaced	
  with	
  RPMI	
  1640	
  with	
  B27	
  

minus	
  insulin	
  only.	
  On	
  Day	
  3,	
  cells	
  were	
  treated	
  with	
  Wnt	
  inhibitor	
  5	
  μM	
  IWP-­‐2	
  (Tocris)	
  in	
  

a	
  50:50	
  blend	
  of	
  conditioned	
  media	
  and	
  fresh	
  RPMI	
  1640	
  with	
  B27	
  minus	
  insulin.	
  On	
  Day	
  5,	
  

the	
  media	
  was	
  replenished	
  with	
  RPMI	
  1640	
  with	
  B27	
  minus	
  insulin	
  only.	
  On	
  Day	
  7	
  and	
  

every	
  2-­‐3	
  days,	
  the	
  media	
  was	
  changed	
  with	
  RPMI	
  1640	
  with	
  B27	
  with	
  insulin.	
  

	
   Beating	
  cardiomyocytes	
  (20-­‐45	
  days	
  old)	
  were	
  dissociated	
  into	
  single	
  cells	
  using	
  200	
  

U/mL	
  collagenase	
  in	
  Hank’s	
  balanced	
  salt	
  solution	
  (Life	
  Technologies)	
  for	
  1	
  hour	
  and	
  then	
  

0.25%	
  trypsin/EDTA	
  (Life	
  Technologies)	
  for	
  5	
  minutes	
  at	
  37°C.	
  Cells	
  were	
  then	
  

resuspended	
  and	
  seeded	
  into	
  AggreWell	
  400	
  (STEMCELL	
  Technologies)	
  plates	
  at	
  720,000	
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cells	
  per	
  well.	
  Cardiomyocyte	
  spheroids	
  were	
  allowed	
  to	
  aggregate,	
  and	
  then	
  self-­‐

assembled	
  for	
  two	
  days	
  before	
  encapsulation	
  within	
  extracellular	
  matrix.	
  

	
  

Decellularization	
  of	
  Cardiac	
  Extracellular	
  Matrix	
  (cECM)	
  

Myocardial	
  matrix	
  was	
  derived	
  from	
  porcine	
  hearts	
  using	
  previously	
  published	
  

protocols	
  [1,	
  2].	
  Hearts	
  were	
  harvested	
  from	
  pigs	
  immediately	
  after	
  euthanasia.	
  The	
  atria	
  

and	
  right	
  ventricle	
  were	
  removed	
  from	
  the	
  heart	
  and	
  the	
  remaining	
  left	
  ventricle	
  cut	
  into	
  

pieces	
  (~2	
  mm	
  in	
  thickness).	
  The	
  tissue	
  was	
  briefly	
  rinsed	
  with	
  deionized	
  water	
  followed	
  

by	
  1%	
  (wt/vol)	
  sodium	
  dodecyl	
  sulfate	
  (SDS)	
  in	
  phosphate	
  buffered	
  saline	
  (PBS)	
  for	
  4	
  days.	
  

Lastly,	
  tissue	
  pieces	
  were	
  stirred	
  overnight	
  in	
  deionized	
  water	
  to	
  remove	
  SDS.	
  After	
  

decellularization,	
  ECM	
  pieces	
  were	
  lyophilized	
  and	
  milled	
  with	
  a	
  Wiley	
  Mini	
  Mill	
  (Thomas	
  

Scientific)	
  to	
  create	
  a	
  powder.	
  To	
  generate	
  the	
  hydrogel,	
  pepsin	
  (Sigma)	
  was	
  dissolved	
  in	
  

0.1	
  N	
  HCl	
  at	
  1	
  mg/mL	
  and	
  added	
  to	
  the	
  myocardial	
  matrix	
  powder	
  at	
  10	
  mg/mL.	
  After	
  48	
  

hours	
  of	
  constant	
  stirring,	
  the	
  partially	
  digested	
  liquid	
  matrix	
  was	
  brought	
  to	
  pH	
  7.4	
  using	
  

sodium	
  hydroxide	
  (NaOH)	
  and	
  10x	
  PBS.	
  Neutralized	
  matrix	
  was	
  then	
  aliquoted,	
  lyophilized,	
  

and	
  stored	
  at	
  -­‐80C	
  for	
  later	
  use.	
  

	
  

Hydrogel	
  Encapsulation	
  of	
  Human	
  iPS-­‐CM	
  Spheroids	
  

	
   Cardiomyocyte	
  spheroids	
  were	
  suspended	
  in	
  different	
  ratios	
  of	
  extracellular	
  matrix.	
  

The	
  combinations	
  of	
  extracellular	
  matrix	
  included	
  10	
  mg/mL	
  bovine	
  fibrinogen	
  (Sigma-­‐

Aldrich)	
  dissolved	
  in	
  Dulbecco’s	
  phosphate	
  buffered	
  saline	
  (DPBS,	
  Life	
  Technologies),	
  9	
  

mg/mL	
  rat	
  tail	
  collagen	
  (BD	
  Biosciences),	
  and	
  10	
  mg/mL	
  cardiac	
  extracellular	
  matrix.	
  All	
  

matrices	
  denoted	
  as	
  a	
  partial	
  percentage	
  had	
  the	
  remaining	
  volume	
  completed	
  with	
  fibrin.	
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Varying	
  volumes	
  of	
  50U/mL	
  thrombin	
  was	
  used	
  corresponding	
  to	
  the	
  percentage	
  of	
  

fibrinogen	
  mixed	
  within	
  the	
  ECM	
  mixture.	
  Spheroids	
  resuspended	
  in	
  ECM	
  mixture	
  were	
  

then	
  pipetted	
  into	
  a	
  glass	
  bottom	
  dish	
  (World	
  Precision	
  Instruments)	
  with	
  three	
  

polydimethylsiloxane	
  (PDMS,	
  Dow	
  Corning)	
  retention	
  rings	
  attached,	
  each	
  with	
  a	
  diameter	
  

of	
  8mm	
  and	
  an	
  approximate	
  height	
  of	
  1	
  mm.	
  The	
  tissues	
  were	
  incubated	
  for	
  30	
  minutes	
  at	
  

37°C	
  to	
  allow	
  full	
  polymerization	
  and	
  then	
  fed	
  RPMI	
  1640	
  supplemented	
  with	
  B27	
  with	
  

insulin.	
  The	
  media	
  was	
  collected	
  and	
  replaced	
  every	
  2	
  days.	
  

	
  

Intracellular	
  Calcium	
  Imaging	
  and	
  Analysis	
  

	
   Calcium	
  transients	
  of	
  cardiomyocyte	
  spheroids	
  were	
  analyzed	
  by	
  visually	
  recording	
  

fluorescent	
  activity	
  of	
  GCaMP6	
  during	
  spheroid	
  contractions.	
  Videos	
  were	
  taken	
  at	
  15.65	
  

Hz	
  using	
  MetaMorph	
  software	
  (Molecular	
  Devices)	
  with	
  an	
  Olympus	
  IX83	
  inverted	
  

microscope	
  (Olympus)	
  connected	
  to	
  a	
  black	
  and	
  white	
  CCD	
  digital	
  camera	
  (Hamamatsu).	
  

Videos	
  were	
  saved	
  as	
  a	
  TIFF	
  stack	
  and	
  imported	
  into	
  ImageJ	
  (NIH).	
  A	
  ROI	
  was	
  applied	
  over	
  

each	
  frame	
  of	
  the	
  video	
  to	
  measure	
  the	
  average	
  intensity.	
  The	
  data	
  was	
  imported	
  into	
  

MATLAB	
  (MathWorks).	
  An	
  automated	
  script	
  identified	
  the	
  start	
  and	
  peak	
  of	
  each	
  

contraction,	
  then	
  applied	
  an	
  n-­‐th	
  order	
  (n=2-­‐10)	
  polynomial	
  fit	
  to	
  normalize	
  the	
  decay	
  of	
  

signal	
  due	
  to	
  photobleaching.	
  The	
  script	
  then	
  calculated	
  beating	
  rate,	
  calcium	
  transient	
  

duration	
  90%	
  (CTD90)	
  and	
  calcium	
  transient	
  amplitude.	
  CTD90	
  was	
  defined	
  as	
  the	
  

duration	
  of	
  time	
  that	
  the	
  calcium	
  transient	
  exceeds	
  10%	
  of	
  the	
  maximum	
  or	
  peak	
  intensity	
  

depolarization	
  and	
  repolarization.	
  Calcium	
  transient	
  amplitude	
  was	
  defined	
  as	
  the	
  

difference	
  between	
  basal	
  fluorescence	
  intensity	
  during	
  relaxation	
  and	
  maximum	
  calcium	
  

intensity	
  during	
  contraction.	
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FLIM	
  and	
  Phasor	
  Analysis	
  	
  

FLIM	
  was	
  performed	
  on	
  a	
  Zeiss	
  LSM	
  710	
  microscope	
  (Carl	
  Zeiss).	
  A	
  tunable	
  

titanium:sapphire	
  Mai	
  Tai	
  laser	
  (Spectra-­‐Physics)	
  was	
  used	
  for	
  2-­‐photon	
  NADH	
  excitation	
  

at	
  740nm.	
  Image	
  scan	
  speed	
  was	
  25.21	
  µs/pixel	
  at	
  an	
  image	
  size	
  of	
  256	
  ×	
  256	
  pixels.	
  For	
  

separation	
  of	
  excitation	
  from	
  emission	
  signal,	
  a	
  dichroic	
  at	
  690	
  nm	
  was	
  employed.	
  Photons	
  

were	
  detected	
  by	
  a	
  Hamamatsu	
  H7422P-­‐40	
  photomultiplier	
  tube	
  with	
  a	
  bandpass	
  emission	
  

filter	
  of	
  460/80	
  nm.	
  FLIM	
  data	
  was	
  acquired	
  using	
  an	
  A320	
  FastFLIM	
  FLIMbox	
  (ISS).	
  For	
  

acquisition	
  and	
  FLIM	
  data	
  processing,	
  SimFCS	
  software	
  developed	
  at	
  the	
  Laboratory	
  of	
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Figure	
  3.1:	
  Characterization	
  of	
  GCaMP6-­‐reported	
  Ca2+	
  Function	
  within	
  human	
  iPS-­‐CM	
  spheroids.	
  
Representative	
  image	
  of	
  cardiac	
  spheroid	
  at	
  a	
  (a)	
  relaxed	
  state	
  and	
  (b)	
  contracted	
  state	
  (scale	
  bar	
  =	
  50	
  
μm).	
  c)	
  Representative	
  calcium	
  transient	
  intensity	
  plot	
  of	
  cardiac	
  spheroids	
  within	
  different	
  matrix	
  
compositions.	
  d)	
  Spontaneous	
  beating	
  rate	
  significantly	
  decreased	
  with	
  respect	
  to	
  time	
  in	
  culture	
  (two-­‐
way	
  ANOVA,	
  P	
  <0.0001)	
  and	
  matrix	
  composition	
  (two-­‐way	
  ANOVA,	
  P	
  <0.0001).	
  e)	
  Calcium	
  transient	
  
duration	
  (CTD90)	
  of	
  cardiac	
  spheroids	
  was	
  significantly	
  effected	
  by	
  matrix	
  composition	
  (two-­‐way	
  ANOVA,	
  
P<0.0001).	
  f)	
  Calcium	
  amplitude,	
  indicative	
  of	
  the	
  difference	
  between	
  the	
  relaxed	
  and	
  contracted	
  state,	
  
grew	
  in	
  magnitude	
  from	
  Day	
  1	
  to	
  Day	
  3,	
  and	
  then	
  subsequently	
  leveled	
  off	
  or	
  decreased.	
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Fluorescence	
  Dynamics	
  (LFD)	
  was	
  used.	
  Fluorescent	
  lifetime	
  images	
  were	
  calibrated	
  with	
  

Rhodamine	
  110.	
  	
  

	
   For	
  analysis	
  of	
  fluorescence	
  lifetime	
  data,	
  a	
  phasor	
  transformation	
  approach	
  was	
  

employed	
  269.	
  As	
  a	
  fit-­‐free	
  method,	
  the	
  lifetime	
  decay	
  of	
  each	
  pixel	
  within	
  the	
  image	
  was	
  

converted	
  into	
  a	
  point	
  in	
  the	
  phasor	
  plot	
  by	
  applying	
  phasor	
  transformation	
  as	
  has	
  been	
  

described	
  previously	
  265.	
  

	
  

Statistical	
  significance	
  

	
   Student’s	
  t-­‐test	
  and	
  one-­‐way	
  ANOVA	
  was	
  performed	
  where	
  a	
  p-­‐value	
  <	
  0.05	
  was	
  

considered	
  significant.	
  The	
  data	
  are	
  expressed	
  as	
  mean	
  ±	
  standard	
  deviation.	
  

	
  

3.4	
  Results	
  

We	
  characterized	
  human	
  iPS-­‐CM	
  spheroid	
  function	
  once	
  they	
  were	
  embedded	
  into	
  

various	
  extracellular	
  matrices.	
  Beating	
  rate	
  and	
  calcium	
  handling	
  were	
  measured	
  by	
  

recording	
  videos	
  of	
  the	
  green	
  fluorescent	
  calcium	
  indicator	
  protein	
  GCaMP6	
  genetically	
  

encoded	
  into	
  the	
  iPS	
  cells.	
  The	
  iPS-­‐CM	
  spheroids	
  have	
  low	
  basal	
  fluorescence	
  when	
  relaxed	
  

(Fig.	
  3.1a)	
  and	
  fluoresce	
  bright	
  green	
  when	
  contracted	
  (Fig.	
  3.1b).	
  Fluorescent	
  intensities	
  

were	
  plotted	
  as	
  a	
  function	
  of	
  time	
  to	
  characterize	
  beating	
  rate	
  and	
  calcium	
  handling	
  (Fig.	
  

3.1c).	
  Matrix	
  composition	
  significantly	
  reduced	
  spontaneous	
  beating	
  rate,	
  where	
  spheroids	
  

in	
  matrix	
  composed	
  of	
  collagen	
  or	
  cECM	
  beat	
  at	
  a	
  markedly	
  slower	
  rate	
  than	
  in	
  fibrin	
  (two-­‐

way	
  ANOVA,	
  P	
  <0.0001,	
  Fig.	
  3.1d).	
  With	
  time	
  in	
  culture,	
  cardiac	
  spheroids	
  exhibited	
  

reduced	
  contraction	
  rates	
  (two-­‐way	
  ANOVA,	
  P	
  <0.0001).	
  	
  	
  Calcium	
  transient	
  duration	
  

(CTD90)	
  was	
  markedly	
  longer	
  with	
  more	
  variability	
  when	
  spheroids	
  were	
  encapsulated	
  in	
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cECM	
  (two-­‐way	
  ANOVA,	
  P	
  <0.0001,	
  Fig.	
  3.1d).	
  Cardiac	
  spheroids	
  in	
  all	
  conditions	
  began	
  

beating	
  with	
  a	
  relatively	
  small	
  calcium	
  transient	
  amplitude,	
  defined	
  as	
  the	
  max	
  intensity	
  

subtracted	
  by	
  basal	
  intensity,	
  which	
  then	
  increased	
  by	
  Day	
  3	
  and	
  subsequently	
  decreased	
  

over	
  time	
  (Fig.	
  3.1e). 	
  

We	
  performed	
  label	
  free	
  FLIM	
  imaging	
  of	
  endogenous	
  autofluorescent	
  NADH	
  on	
  human	
  

iPS-­‐CM	
  spheroids	
  encapsulated	
  in	
  extracellular	
  matrix	
  (Fig.	
  3.2a).	
  Figure	
  2b	
  depicts	
  a	
  

representative	
  two-­‐photon	
  fluorescent	
  intensity	
  profile	
  of	
  a	
  cardiac	
  spheroid	
  excited	
  at	
  740	
  

nm.	
  The	
  entire	
  image	
  was	
  subject	
  to	
  phasor	
  transformation	
  on	
  a	
  pixel	
  by	
  pixel	
  basis	
  as	
  

previously	
  described	
  266.	
  Depending	
  on	
  the	
  ratio	
  of	
  free	
  to	
  bound	
  NADH	
  present,	
  a	
  pixel	
  will	
  

be	
  transformed	
  into	
  different	
  positions	
  along	
  the	
  phasor	
  plot	
  (Fig.	
  3.2c).	
  The	
  pattern	
  of	
  the	
  

a)

b)

c)

d)Intensity FLIM Map Long:Short

Bound 
NADH Free

NADH

e)

Long Short

f )

 
Figure	
  3.2:	
  Phasor	
  FLIM	
  analysis	
  of	
  cardiomyocyte	
  spheroid	
  metabolism.	
  a)	
  Bright	
  field	
  image	
  of	
  human	
  iPS-­‐
CM	
  spheroid	
  b)	
  Two-­‐photon	
  fluorescent	
  intensity	
  image	
  of	
  endogenous	
  NADH	
  excited	
  at	
  740	
  nm.	
  c)	
  Phasor	
  
histogram	
  of	
  FLIM	
  image	
  of	
  cardiac	
  spheroid.	
  A	
  linear	
  color	
  scheme	
  (red	
  to	
  cyan-­‐white)	
  corresponds	
  to	
  
relative	
  concentrations	
  of	
  free	
  NADH	
  to	
  bound	
  NADH.	
  d)	
  NADH	
  FLIM	
  map	
  of	
  cardiac	
  spheroid.	
  e)	
  Division	
  of	
  
FLIM	
  pixels	
  into	
  long	
  and	
  short	
  lifetime	
  groups	
  for	
  quantification.	
  f)	
  Corresponding	
  FLIM	
  map	
  with	
  long	
  and	
  
short	
  lifetime.	
  (scale	
  bar	
  =	
  25	
  μm)	
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metabolic	
  signature	
  within	
  the	
  phasor	
  plot	
  represents	
  a	
  distribution	
  of	
  different	
  ratios	
  of	
  

free	
  and	
  protein-­‐bound	
  NADH.	
  The	
  pixels	
  are	
  colored	
  based	
  on	
  their	
  relative	
  composition	
  

of	
  free:bound	
  NADH	
  and	
  then	
  mapped	
  spatially	
  onto	
  the	
  FLIM	
  image	
  to	
  indicate	
  areas	
  of	
  

predominantly	
  free	
  NADH	
  (cyan)	
  and	
  areas	
  of	
  primarily	
  bound	
  NADH	
  (red)	
  (Fig.	
  3.2d).	
  For	
  

quantification,	
  we	
  divided	
  all	
  pixels	
  into	
  two	
  groups	
  with	
  half	
  of	
  the	
  pixels	
  designated	
  as	
  a	
  

long	
  lifetime	
  and	
  the	
  other	
  half	
  as	
  short	
  lifetime	
  for	
  quantification	
  (Fig.	
  3.2e,f).	
  

We	
   measured	
   transient	
   metabolic	
   changes	
   of	
   human	
   iPS-­‐CM	
   spheroids	
   by	
   performing	
  

time-­‐lapse	
  FLIM	
  of	
  NADH.	
  After	
  encapsulation,	
   the	
  metabolism	
  of	
  cardiac	
  spheroids	
  shifted	
  

over	
   a	
   period	
   of	
   seven	
  days	
   towards	
   a	
  more	
   glycolytic	
   phenotype	
  with	
   higher	
   free/bound	
  

NADH	
   ratios	
   (Fig.	
   3a).	
   Encapsulation	
   of	
   cardiac	
   spheroids	
   within	
   different	
   extracellular	
  

matrix	
  compositions	
  did	
  little	
  to	
  effect	
  the	
  metabolic	
  signature	
  and	
  did	
  not	
  reverse	
  the	
  shift	
  

towards	
   a	
   more	
   glycolytic	
   state.	
   Over	
   time	
   in	
   culture,	
   cardiac	
   spheroids	
   demonstrated	
   a	
  

decrease	
   in	
   long	
   lifetime	
  pixels	
  at	
  a	
   rate	
  of	
   -­‐7.78%	
  ±	
  1.53%	
  of	
  pixels/day	
  and	
  significantly	
  

decreased	
  from	
  84.94%	
  ±	
  11.50%	
  of	
  total	
  pixels	
  on	
  Day	
  1	
  to	
  28.61%	
  ±	
  15.91%	
  on	
  Day	
  8	
  	
  (t-­‐

test,	
  P<0.0001;	
  Fig.	
  3.3b).	
  

Human	
  iPS-­‐CM	
  spheroids	
  were	
  exposed	
  to	
  potassium	
  cyanide	
  (KCN),	
  a	
  known	
  inhibitor	
  of	
  

cellular	
  respiration.	
  	
  Interference	
  of	
  cellular	
  respiration	
  by	
  potassium	
  cyanide	
  shifts	
  the	
  FLIM	
  

phasor	
  distribution	
  by	
  increasing	
  the	
  free/bound	
  NADH	
  ratio	
  indicated	
  by	
  the	
  phasor	
  FLIM	
  

color	
  map	
  (Fig.	
  3.4a).	
  Exposure	
  to	
  KCN	
  (4mM)	
  for	
  30	
  minutes	
  altered	
  the	
  metabolic	
  signature	
  

quickly	
  by	
  decreasing	
  the	
  long	
  lifetime	
  pixels	
  from	
  72.69%	
  to	
  40.13%	
  percent	
  of	
  total	
  pixels	
  

(t-­‐test,	
  P<0.01,	
  Fig.	
  3.4b).	
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Figure	
  3.3:	
  a)	
  Phasor	
  time-­‐lapse	
  FLIM	
  captures	
  the	
  transient	
  metabolic	
  nature	
  of	
  cardiomyocyte	
  spheroids	
  
embedded	
  into	
  extracellular	
  matrix.	
  Over	
  time,	
  iPS-­‐CM	
  spheroids	
  shift	
  towards	
  a	
  more	
  glycolytic	
  
phenotype	
  signified	
  by	
  a	
  higher	
  free/bound	
  NADH	
  ratio.	
  Encapsulation	
  within	
  different	
  types	
  of	
  matrices	
  
did	
  not	
  significantly	
  effect	
  the	
  ratio	
  of	
  free:bound	
  NADH.	
  	
  b)	
  iPS-­‐CM	
  spheroids	
  in	
  all	
  conditions	
  shifted	
  
towards	
  more	
  free	
  NADH	
  as	
  demonstrated	
  by	
  an	
  average	
  decrease	
  of	
  7.78±1.53%	
  long	
  lifetime	
  pixels/day.	
  
Long	
  lifetime	
  pixels	
  significantly	
  decreased	
  from	
  84.94%	
  ±	
  11.50%	
  on	
  Day	
  1	
  to	
  28.61%	
  ±	
  15.91%	
  on	
  Day	
  8	
  
(t-­‐test,	
  P<0.0001;	
  F	
  =	
  Fibrin,	
  Col	
  =	
  Collagen;	
  scale	
  bar	
  =	
  25	
  μm)	
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3.5	
  Discussion	
  

As	
  in	
  vitro	
  testing	
  platforms	
  become	
  more	
  advanced,	
  it	
  is	
  important	
  to	
  understand	
  how	
  

different	
  methodologies	
  may	
  affect	
  cellular	
  response.	
  Switching	
  from	
  2D	
  cell	
  culture	
  to	
  3D	
  

culture	
   has	
   been	
   previously	
   shown	
   to	
   strongly	
   alter	
   in	
   vitro	
   function	
   96,97,275	
   and	
   drug	
  

response	
  93-­‐95,98,276.	
  As	
  we	
  improve	
  the	
  complexity	
  of	
  our	
  cardiac	
  drug	
  screening	
  platforms,	
  

it	
  will	
   be	
   important	
   to	
  monitor	
   the	
   effects	
   of	
   different	
   tissue	
   engineering	
   choices.	
   In	
   this	
  

work	
  we	
   transformed	
  human	
   iPS-­‐CM	
  grown	
   in	
  2D	
  monolayers	
   into	
  3D	
  cardiac	
  spheroids	
  

and	
  then	
  embedded	
  the	
  spheroids	
  into	
  different	
  compositions	
  of	
  extracellular	
  matrices	
  to	
  

monitor	
   their	
   phenotype.	
   Our	
   results	
   demonstrate	
   the	
   effects	
   of	
   extracellular	
   matrix	
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Figure	
   3.4:	
   FLIM	
   phasor	
   characterization	
   of	
   metabolic	
   poisoning	
   by	
   cyanide.	
   a)	
   FLIM	
   phasor	
   map	
   of	
  
representative	
  human	
  iPS-­‐CM	
  spheroid	
  before	
  and	
  after	
  exposure	
  to	
  KCN	
  (4mM).	
  b)	
  Corresponding	
  FLIM	
  
map	
   and	
   phasor	
   plot	
   after	
   thresholding	
   pixels	
   to	
   long	
   and	
   short	
   lifetime.	
   C)	
   KCN	
   exposure	
   significantly	
  
altered	
  cardiac	
  spheroid	
  metabolism	
  as	
  long	
  lifetime	
  pixels	
  decreased	
  from	
  72.69%	
  ±	
  12.36%	
  to	
  40.13%	
  ±	
  
17.26%	
  percent	
  of	
  total	
  pixels	
  (t-­‐test,	
  P<0.001).	
  (scale	
  bar	
  =	
  25	
  μm)	
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composition	
   and	
   time	
   in	
   culture	
   on	
   contractility,	
   calcium	
   handling	
   and	
   metabolism	
   of	
  

cardiac	
  spheroids.	
  	
  

Past	
   research	
   has	
   shown	
   that	
   cardiomyocyte	
   function	
   improved	
  when	
   cultured	
   in	
   an	
  

environment	
   similar	
   to	
   its	
   native	
   in	
   vivo	
   microenvironment	
   64,277.	
   Chemical	
  

decellularization	
  of	
  cardiac	
  tissue	
  creates	
  a	
  biomaterial	
  with	
  properties	
  (e.g.,	
  composition)	
  

that	
   more	
   closely	
   resembles	
   the	
   in	
   vivo	
   cardiac	
   extracellular	
   matrix	
   that	
   is	
   composed	
  

primarily	
  of	
  collagen,	
  laminin	
  and	
  elastin	
  67.	
  Collagen	
  and	
  fibrin	
  gels	
  were	
  used	
  as	
  controls	
  

as	
  collagen	
  is	
  the	
  primary	
  component	
  of	
  cECM	
  with	
  similar	
  stiffness,	
  while	
  fibrin	
  is	
  notably	
  

absent	
  from	
  the	
  heart.	
  Collagen	
  matrix	
  reduced	
  cardiac	
  spheroid	
  beating	
  rate	
  and	
  slightly	
  

increased	
  CTD90	
   in	
   comparison	
   to	
   spheroids	
  within	
  pure	
   fibrin	
  gels,	
  while	
   cECM	
   further	
  

reduced	
  beating	
  rate	
  and	
  greatly	
  increased	
  CTD90.	
  Although	
  contractility	
  rates	
  and	
  calcium	
  

duration	
  were	
  altered	
  by	
  collagen	
  and	
  cECM,	
  calcium	
  amplitude	
  of	
  cardiac	
  spheroids	
  was	
  

not	
   significantly	
   affected	
  by	
  matrix	
   composition.	
  These	
   results	
  may	
   suggest	
   that	
   stiffness	
  

and	
   chemical	
   cues	
   of	
   extracellular	
  matrix	
  may	
   not	
   play	
   a	
   role	
   in	
   l-­‐type	
   calcium	
   channel	
  

expression	
  or	
  sarcoplasmic	
  reticulum	
  calcium	
  storage.	
  	
  

	
   Stem	
  cell-­‐derived	
  cardiomyocyte	
  phenotype	
  has	
  been	
  widely	
  reported	
   to	
  change	
  over	
  

time.	
   For	
   drug	
   screening	
   purposes,	
   it	
   is	
   crucial	
   to	
   understand	
   the	
   nature	
   in	
   which	
  

cardiomyocyte	
   phenotype	
   changes	
   over	
   time	
   within	
   each	
   testing	
   platform	
   in	
   order	
   to	
  

properly	
  interpret	
  and	
  compare	
  cardiac	
  drug	
  response.	
  Our	
  results	
  show	
  iPS-­‐CM	
  function	
  

can	
   change	
  within	
   a	
   relatively	
   short	
   period	
  of	
   time	
   (<2	
  Days)	
   compared	
   to	
   the	
   length	
  of	
  

time	
   at	
   which	
   iPS-­‐CM	
   can	
   be	
   cultured	
   (>360	
   Days	
   278).	
   It	
   may	
   be	
   necessary	
   to	
   allow	
  

cardiomyocyte	
   phenotype	
   to	
   become	
   stable	
   when	
   creating	
   an	
   iPS-­‐CM-­‐based	
   platform	
   to	
  

accurately	
  model	
  a	
  response	
  to	
  external	
  stimuli.	
  Future	
  work	
  may	
  be	
  focused	
  on	
  creating	
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new	
   tissue	
   engineering	
   methods	
   to	
   control	
   and	
   stabilize	
   iPS-­‐CM	
   phenotype	
   for	
   in	
   vitro	
  

cardiac	
  drug	
  screening.	
  	
  

	
   Phasor	
   FLIM	
   is	
   a	
   promising	
   tool	
   to	
   measure	
   metabolic	
   signatures	
   for	
   cardiac	
   tissue	
  

applications.	
   Current	
   reports	
   of	
   stem	
   cell-­‐derived	
   cardiomyocytes	
   agree	
   that	
  

cardiomyocytes	
   resemble	
  an	
   immature	
  phenotype,	
  especially	
  with	
   respect	
   to	
  metabolism	
  

48,279,	
   while	
   adult	
   cardiomyocytes	
   heavily	
   depend	
   on	
   oxidative	
   phosphorylation	
   for	
   ATP	
  

production	
   174,175.	
   iPS-­‐CM	
   cultured	
   as	
   monolayers	
   were	
   reported	
   to	
   increase	
   ATP	
  

production	
  and	
  levels	
  of	
  mitochondrial	
  oxidative	
  phosphorylation	
  over	
  a	
  period	
  of	
  21	
  days	
  

178.	
   In	
   contrast,	
   our	
   phasor	
   FLIM	
   results	
   indicated	
   that	
   human	
   iPS-­‐CM	
   spheroids	
  

encapsulated	
  in	
  extracellular	
  matrix	
  increasingly	
  rely	
  on	
  glycolysis	
  for	
  ATP	
  production	
  over	
  

a	
   period	
   of	
   8	
   days.	
   Different	
  matrix	
   compositions	
   had	
   little	
   effect	
   on	
   the	
  metabolic	
   shift	
  

towards	
   more	
   glycolysis,	
   similar	
   to	
   calcium	
   amplitude	
   being	
   unaffected.	
   Recreating	
   the	
  

cardiac	
   niche	
   with	
   cECM	
   did	
   not	
   induce	
   metabolic	
   maturation	
   towards	
   more	
   oxidative	
  

phosphorylation	
  and	
  did	
  not	
  prevent	
  the	
  glycolytic	
  shift	
  within	
  the	
  time	
  frame	
  examined.	
  

Future	
   experiments	
   may	
   be	
   done	
   to	
   evaluate	
   iPS-­‐CM	
   metabolism	
   with	
   FLIM	
   phasor	
  

analysis	
  over	
  longer	
  periods	
  of	
  time	
  to	
  compare	
  culture	
  in	
  2D	
  to	
  3D.	
  

	
   In	
  summary,	
  we	
  have	
  characterized	
  the	
  effects	
  of	
  extracellular	
  matrix	
  encapsulation	
  on	
  

human	
   iPS-­‐CM	
   spheroid	
   function	
   with	
   respect	
   to	
   contractility,	
   calcium	
   handling	
   and	
  

metabolism	
  over	
  a	
  period	
  of	
  1	
  week.	
  We	
  conclude	
  that	
  collagen	
  and	
  cardiac	
  ECM	
  reduced	
  

beating	
   rate	
   and	
   increased	
  CTD90.	
   Cardiac	
   spheroid	
  metabolism	
   shifted	
   towards	
   a	
  more	
  

glycolytic	
   phenotype	
   after	
   encapsulation	
   within	
   extracellular	
   matrix,	
   which	
   was	
   not	
  

affected	
   by	
  matrix	
   composition.	
   FLIM	
   phasor	
   analysis	
   can	
   therefore	
   be	
   used	
   to	
  monitor	
  

transient	
   changes	
   in	
  metabolic	
   signature	
   in	
   cardiac	
   tissue	
  engineering	
  applications.	
  FLIM	
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analysis	
  characterized	
  the	
  acute	
  effect	
  of	
  cyanide	
  poisoning,	
  and	
  therefore	
  FLIM	
  could	
  be	
  

used	
  as	
  a	
  tool	
  to	
  understand	
  whether	
  cardioactive	
  drugs	
  that	
  affect	
  contractility	
  do	
  so	
  by	
  

modulating	
  metabolism.	
  The	
  predictive	
  capability	
  of	
  new	
  cardiac	
  drug	
  screening	
  platforms	
  

will	
   depend	
   on	
   the	
   ability	
   to	
   assay	
   all	
   effects	
   of	
   unknown	
   drugs	
   on	
   important	
   facets	
   of	
  

cardiomyocyte	
  function.	
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CHAPTER	
  4	
  

Effects	
  of	
  interstitial	
  flow	
  on	
  a	
  model	
  of	
  vascularized	
  	
  

cardiac	
  tissue	
  	
  

4.1	
  Abstract	
  

	
   A	
  method	
   to	
   rapidly	
  mature	
   stem	
   cell-­‐derived	
   cardiomyocytes	
   to	
   an	
   adult	
   phenotype	
  

remains	
  elusive.	
  Recreation	
  of	
  the	
  in	
  vivo	
  microenvironment	
  may	
  potentially	
  transform	
  the	
  

immature	
  phenotype	
  of	
  stem-­‐derived	
  cardiomyocytes.	
  Endothelial	
  cells	
  play	
  a	
  crucial	
  role	
  

in	
  the	
  in	
  vivo	
  development	
  of	
  cardiomyocytes	
  and	
  may	
  be	
  the	
  key	
  to	
  in	
  vitro	
  maturation	
  of	
  

cardiomyocytes.	
  Here	
  we	
  demonstrate	
  a	
  microfluidic	
  device	
  that	
  supports	
  the	
  formation	
  of	
  

a	
   vascularized	
   beating	
   cardiac	
   tissue.	
   We	
   examined	
   the	
   effect	
   of	
   interstitial	
   flow	
   on	
  

vascularization	
  of	
  cardiac	
  tissue	
  and	
  the	
  simultaneous	
  effect	
  on	
  cardiomyocyte	
  phenotype.	
  

Interstitial	
  flow	
  increased	
  the	
  vascularized	
  network	
  area	
  and	
  increased	
  the	
  rate	
  of	
  cardiac	
  

spheroid	
  growth,	
  but	
  did	
  not	
  significantly	
  effect	
  cardiomyocyte	
  calcium	
  handling.	
  Although	
  

interstitial	
  flow	
  improved	
  the	
  phenotype	
  of	
  the	
  vascularized	
  cardiac	
  tissue,	
  the	
  mechanism	
  

may	
  not	
  be	
  due	
  to	
  NO	
  signaling.	
  Our	
  results	
  suggest	
  a	
  synergistic	
  effect	
  of	
  interstitial	
  flow	
  

and	
  vascular	
  network	
  formation	
  on	
  cardiomyocyte	
  phenotype.	
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4.2	
  Introduction	
  

In	
  vitro	
  maturation	
  of	
  stem	
  cell-­‐derived	
  cardiomyocytes	
  remains	
  a	
  necessary	
  goal	
  in	
  

order	
  to	
  realize	
  their	
  full	
  potential	
  for	
  use	
  in	
  tissue	
  engineering,	
  disease	
  modeling,	
  

biological	
  studies	
  and	
  drug	
  toxicity	
  screening	
  280.	
  Cardiomyocytes	
  derived	
  from	
  human	
  

stem	
  cells	
  phenotypically	
  resemble	
  fetal	
  cardiomyocytes	
  2	
  which	
  may	
  less	
  accurately	
  

replicate	
  physiological	
  response	
  for	
  drug	
  screening	
  purposes.	
  Although	
  simply	
  culturing	
  

stem-­‐cell	
  derived	
  cardiomyocytes	
  for	
  an	
  extended	
  period	
  (>360	
  days)	
  develops	
  some	
  facets	
  

of	
  the	
  adult	
  phenotype	
  54,	
  this	
  method	
  is	
  impractical	
  and	
  more	
  complex	
  culture	
  methods	
  

may	
  be	
  necessary	
  to	
  accelerate	
  maturation.	
  Novel	
  methods	
  to	
  recapitulate	
  the	
  in	
  vivo	
  

cardiac	
  niche	
  have	
  induced	
  maturation,	
  including	
  electrical	
  stimulation	
  58,59,	
  mechanical	
  

stimulation	
  46,62,65,66,	
  and	
  coculture	
  43.	
  

Endothelial	
  cells	
  have	
  been	
  shown	
  to	
  be	
  crucial	
  for	
  in	
  vivo	
  development	
  of	
  the	
  heart.	
  

Both	
  endothelial	
  cells	
  and	
  cardiomyocytes	
  differentiate	
  from	
  a	
  common	
  progenitor	
  cell	
  and	
  

develop	
  concurrently	
  within	
  the	
  embryo	
  281.	
  Reciprocal	
  signaling	
  between	
  endothelial	
  cells	
  

and	
  cardiomyocytes	
  influences	
  myocardial	
  growth,	
  metabolism,	
  contractility	
  and	
  

rhythmicity	
  282.	
  In	
  addition,	
  deletion	
  of	
  endothelial-­‐specific	
  genes	
  causes	
  myocardial	
  

developmental	
  defects	
  including	
  noncompaction,	
  cardiomyopathy,	
  thinned	
  myocardium,	
  

chamber	
  dilation	
  and	
  septal	
  defects	
  283.	
  

Endothelial	
  cells	
  are	
  also	
  important	
  in	
  the	
  modulation	
  of	
  cardiomyocyte	
  function.	
  

Damaging	
  intact	
  cardiac	
  vascular	
  endothelium	
  reduces	
  ventricular	
  function	
  by	
  decreasing	
  

twitch	
  duration,	
  decreasing	
  total	
  tension	
  and	
  lowering	
  the	
  maximum	
  velocity	
  of	
  muscle	
  

shortening	
  284.	
  In	
  response	
  to	
  increased	
  flow,	
  coronary	
  endothelial	
  cells	
  release	
  endothelin	
  

which	
  can	
  increase	
  the	
  contractility	
  of	
  cardiac	
  tissue	
  285.	
  Neuregulin	
  production	
  by	
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endothelial	
  cells	
  promotes	
  cardiomyocyte	
  proliferation,	
  survival	
  and	
  growth	
  286.	
  Coculture	
  

of	
  stem	
  cell-­‐derived	
  cardiomyocytes	
  with	
  endothelial	
  cells	
  improves	
  electrophysiology	
  by	
  

upregulation	
  of	
  connexin43	
  287.	
  	
  

A	
  key	
  component	
  of	
  the	
  signaling	
  pathway	
  between	
  endothelial	
  cells	
  and	
  

cardiomyocytes	
  is	
  the	
  reactive	
  oxygen	
  species	
  nitric	
  oxide	
  (NO)	
  288.	
  Endothelial	
  cells	
  are	
  

mechanically	
  sensitive	
  and	
  increase	
  NO	
  production	
  in	
  response	
  to	
  increased	
  shear	
  stress	
  

289-­‐291.	
  	
  Cardiomyocytes	
  are	
  inherently	
  sensitive	
  to	
  NO	
  and	
  respond	
  differently	
  depending	
  

on	
  the	
  concentration	
  of	
  NO	
  present	
  292.	
  Normal	
  in	
  vivo	
  cardiac	
  function	
  relies	
  on	
  NO	
  

secreted	
  by	
  endothelial	
  coronary	
  cells,	
  which	
  increases	
  diastolic	
  volume	
  and	
  decreases	
  

duration	
  of	
  contraction	
  necessary	
  for	
  high	
  frequency	
  pumping	
  293.	
  On	
  a	
  cellular	
  level,	
  NO	
  

induces	
  relaxation	
  of	
  cardiomyocytes	
  that	
  is	
  necessary	
  for	
  normal	
  diastole	
  function	
  61,294,295	
  

and	
  promotes	
  cardiomyocytes	
  to	
  follow	
  the	
  frank-­‐starling	
  law	
  296.	
  Increased	
  distensibility	
  

also	
  activates	
  endogenous	
  autocrine	
  eNOS,	
  which	
  increases	
  sarcoplasmic	
  reticulum	
  calcium	
  

release,	
  elevates	
  intracellular	
  calcium	
  transient	
  and	
  strengthens	
  contraction	
  force	
  297.	
  

Furthermore,	
  endothelial	
  angiogenesis	
  promotes	
  cardiomyocyte	
  hypertrophy	
  through	
  an	
  

NO-­‐mediated	
  mechanism	
  298.	
  Endothelial	
  NO	
  promotes	
  degradation	
  of	
  RGS4,	
  a	
  protein	
  that	
  

inhibits	
  the	
  Gβy/PI3Kγ/AKT/mTORC1	
  pathway	
  known	
  to	
  control	
  cardiomyocyte	
  

hypertrophy.	
  	
  

We	
  hypothesized	
  increased	
  interstitial	
  flow	
  would	
  increase	
  endothelial	
  NO	
  production	
  

in	
  an	
  in	
  vitro	
  model	
  of	
  vasculogenesis.	
  Consequently,	
  increased	
  NO	
  availability	
  would	
  

induce	
  hypertrophy	
  of	
  human	
  induced	
  pluripotent	
  stem	
  (iPS)	
  cell-­‐derived	
  cardiomyocytes	
  

cocultured	
  within	
  the	
  developing	
  vascular	
  network.	
  Here,	
  we	
  designed	
  a	
  microfluidic	
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device	
  capable	
  of	
  controlling	
  interstitial	
  flow	
  in	
  an	
  in	
  vitro	
  3D	
  co-­‐culture	
  model	
  of	
  

vascularized	
  human	
  iPS	
  cell-­‐derived	
  cardiomyocytes.	
  	
  

	
  

4.3	
  Methods	
  

Device	
  fabrication	
  

	
   The	
  device	
  is	
  constructed	
  of	
  a	
  polydimethylsiloxane	
  (PDMS)	
  slab	
  plasma	
  bonded	
  to	
  a	
  

glass	
  slide	
  similar	
  to	
  previous	
  experiments	
  89.	
  Briefly,	
  traditional	
  photolithography	
  

techniques	
  were	
  used	
  to	
  create	
  a	
  patterned	
  SU-­‐8	
  design	
  on	
  a	
  silicon	
  wafer.	
  The	
  silicon	
  

wafer	
  was	
  silanized	
  using	
  trichlorosilane.	
  A	
  layer	
  of	
  PDMS	
  was	
  cast	
  using	
  the	
  master	
  mold	
  

on	
  the	
  silicon	
  wafer	
  to	
  create	
  a	
  PDMS	
  slab	
  with	
  desired	
  features.	
  The	
  PDMS	
  slab	
  was	
  

removed	
  from	
  the	
  wafer	
  and	
  holes	
  were	
  punched	
  using	
  a	
  23G	
  needle.	
  A	
  glass	
  slide	
  	
  then	
  

was	
  then	
  plasma	
  bonded	
  to	
  the	
  bottom	
  of	
  the	
  PDMS	
  slab	
  to	
  enclose	
  the	
  channels.	
  

	
   For	
  electrical	
  pacing	
  experiments,	
  the	
  PDMS	
  slab	
  was	
  bonded	
  to	
  a	
  glass	
  slide	
  patterned	
  

with	
  a	
  thin	
  film	
  of	
  interdigitated	
  electrodes	
  made	
  of	
  gold	
  or	
  indium	
  tin	
  oxide	
  (ITO).	
  The	
  

glass	
  slides	
  were	
  coated	
  with	
  titanium	
  (200	
  Å)	
  and	
  gold	
  (1000	
  Å).	
  The	
  gold-­‐covered	
  slides	
  

were	
  patterned	
  using	
  AZ	
  4620	
  photoresist.	
  The	
  titanium	
  and	
  gold	
  layers	
  were	
  selectively	
  

removed	
  with	
  wet	
  etching,	
  and	
  then	
  subsequently	
  the	
  remaining	
  photoresist	
  was	
  removed	
  

to	
  reveal	
  features	
  of	
  the	
  interdigitated	
  gold	
  electrodes.	
  An	
  electrical	
  pacing	
  signal	
  was	
  

generated	
  using	
  a	
  Myopacer	
  Cell	
  Stimulator	
  (Ion	
  Optix).	
  Biphasic	
  square	
  pulses	
  of	
  1	
  ms	
  

duration	
  at	
  1-­‐5	
  V	
  were	
  used	
  to	
  control	
  rhythmic	
  contraction	
  of	
  the	
  cardiac	
  tissue.	
  	
  

	
   The	
  device	
  design	
  consists	
  of	
  a	
  central	
  tissue	
  chamber	
  (1	
  mm	
  x	
  3	
  mm	
  x	
  0.1	
  mm)	
  with	
  

adjacent	
  100	
  μm	
  wide	
  microfluidic	
  channels	
  for	
  delivery	
  of	
  growth	
  medium.	
  The	
  central	
  

tissue	
  chamber	
  is	
  connected	
  to	
  the	
  microfluidic	
  channels	
  via	
  three	
  30	
  μm	
  wide	
  pores	
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spaced	
  2	
  mm	
  apart.	
  Large	
  reservoirs	
  were	
  attached	
  to	
  the	
  ends	
  of	
  the	
  microfluidic	
  channels	
  

to	
  create	
  a	
  hydrostatic	
  pressure	
  drop	
  to	
  control	
  the	
  rate	
  and	
  direction	
  of	
  convective	
  

interstitial	
  flow.	
  Flow	
  within	
  the	
  device	
  was	
  calculated	
  by	
  finite	
  element	
  modeling	
  in	
  

COMSOL	
  Multiphysics	
  4.4.	
  	
   The	
  pressure	
  drop	
  across	
  the	
  tissue	
  and	
  interstitial	
  velocity	
  

ranged	
  from	
  8.9	
  mm	
  H2O	
  and	
  3.4	
  μm/s	
  (supraphysiological)	
  for	
  the	
  condition	
  of	
  high	
  flow	
  

(HF)	
  and	
  4.2	
  mm	
  H2O	
  and	
  1.72	
  μm/s	
  (physiological)	
  for	
  the	
  condition	
  of	
  low	
  flow	
  (LF).	
  	
  

a)

b) ∆P= 10 mm Water

∆P= 20 mm Water
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Figure	
  4.1:	
  Microfluidic	
  device	
  design	
  for	
  vascularized	
  cardiac	
  tissue.	
  (a)	
  The	
  microfluidic	
  design	
  consists	
  of	
  
a	
  central	
  microtissue	
  chamber	
  (beige)	
  with	
  media	
  delivered	
  via	
  adjacent	
  microfluidic	
  channels	
  (solid	
  pink	
  
lines)	
  that	
  are	
  connected	
  by	
  three	
  communication	
  pores.	
  Removable	
  “jumper”	
  connections	
  (dotted	
  pink	
  
lines)	
  can	
  be	
  removed	
  later	
  to	
  assist	
  in	
  tissue	
  characterization	
  with	
  immunohistochemistry.	
  (b)	
  Finite	
  
element	
  modeling	
  of	
  fluid	
  velocity	
  within	
  the	
  central	
  chamber	
  demonstrates	
  change	
  in	
  velocity	
  profile	
  with	
  
respect	
  to	
  change	
  in	
  transverse	
  pressure	
  gradient	
  across	
  the	
  microtissue	
  chamber. 
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Cardiac	
  tissue	
  formation	
  and	
  growth	
  

Wild-­‐type	
  human	
  iPS	
  cells	
  (WTC-­‐11	
  270,271)	
  were	
  provided	
  as	
  a	
  gift	
  from	
  Dr.	
  Bruce	
  

Conklin	
  at	
  the	
  Gladstone	
  Institute	
  of	
  Cardiovascular	
  Disease,	
  San	
  Francisco.	
  The	
  WTC-­‐11	
  

iPS	
  line	
  was	
  derived	
  from	
  a	
  healthy	
  male	
  volunteer	
  with	
  a	
  normal	
  electrocardiodiagram	
  

and	
  no	
  known	
  family	
  history	
  of	
  cardiac	
  disease	
  272.	
  For	
  non-­‐invasive	
  calcium	
  indication,	
  the	
  

WTC-­‐11	
  iPS	
  line	
  was	
  genetically	
  encoded	
  with	
  the	
  ultrasensitive	
  calcium	
  protein	
  sensor,	
  

GCaMP6f	
  273,	
  through	
  transcription	
  activator-­‐like	
  effector	
  nuclease	
  (TALEN)-­‐mediated	
  

genome	
  editing	
  274.	
  The	
  GcAMP6f	
  protein	
  consists	
  of	
  green	
  fluorescent	
  protein	
  (GFP),	
  the	
  

calcium-­‐binding	
  protein	
  calmodulin	
  (CaM),	
  and	
  the	
  CaM-­‐interacting	
  M13	
  peptide.	
  Calcium	
  

binding	
  to	
  the	
  CaM-­‐13	
  complex	
  causes	
  a	
  conformational	
  change	
  in	
  the	
  protein	
  complex,	
  

which	
  increases	
  the	
  fluorescent	
  intensity	
  of	
  the	
  GFP.	
  The	
  fast	
  green	
  fluorescent	
  indicator	
  

GCaMP6f	
  under	
  control	
  of	
  the	
  constitutively	
  expressed	
  CAG	
  promoter	
  and	
  puromycin	
  

antibiotic	
  resistance	
  gene	
  under	
  control	
  of	
  the	
  endogenous	
  promoter,	
  were	
  encoded	
  into	
  

the	
  AAVS1	
  locus	
  of	
  the	
  WTC-­‐11	
  iPS	
  genome.	
  Human	
  iPS	
  cells	
  containing	
  the	
  GCaMP6f	
  

cassette	
  were	
  subsequently	
  selected	
  by	
  puromycin	
  (0.5	
  μg/mL).	
  Differentiation	
  of	
  iPS	
  cells	
  

into	
  cardiomyocytes	
  was	
  performed	
  using	
  a	
  small	
  molecule-­‐based	
  Wnt	
  modulating	
  

protocol	
  27.	
  Briefly,	
  iPS	
  cells	
  were	
  maintained	
  with	
  mTeSR1	
  (STEMCELL	
  Technologies)	
  in	
  6-­‐

well	
  plates	
  coated	
  with	
  Matrigel	
  (BD	
  Biosciences).	
  At	
  80%	
  confluence,	
  iPS	
  cells	
  were	
  

dissociated	
  with	
  Accutase	
  (Invitrogen)	
  for	
  4	
  minutes	
  at	
  37°C	
  and	
  plated	
  (Day	
  -­‐4)	
  onto	
  12-­‐

well	
  plates	
  coated	
  with	
  matrigel	
  at	
  a	
  density	
  of	
  33,000	
  cells/cm2	
  in	
  mTeSR1	
  with	
  10	
  μM	
  Y-­‐

27632	
  (Tocris).	
  The	
  medium	
  is	
  replaced	
  every	
  24	
  hours	
  for	
  3	
  days	
  (Day	
  -­‐3	
  to	
  Day	
  -­‐1)	
  with	
  

mTeSR1	
  only.	
  On	
  Day	
  0,	
  differentiation	
  of	
  cells	
  was	
  initiated	
  by	
  canonical	
  WNT	
  activator	
  12	
  

μM	
  CHIR99021	
  (Selleck	
  Chemicals)	
  in	
  RPMI	
  1640	
  medium	
  supplemented	
  with	
  HEPES	
  (Life	
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Technologies)	
  and	
  B27	
  supplement	
  without	
  insulin	
  (Life	
  Technologies).	
  After	
  24	
  hours	
  

(Day	
  1),	
  media	
  is	
  replaced	
  with	
  RPMI	
  1640	
  with	
  B27	
  minus	
  insulin	
  only.	
  On	
  Day	
  3,	
  cells	
  are	
  

treated	
  with	
  Wnt	
  inhibitor	
  5	
  μM	
  IWP-­‐2	
  (Tocris)	
  in	
  a	
  50:50	
  blend	
  of	
  conditioned	
  media	
  and	
  

fresh	
  RPMI	
  1640	
  with	
  B27	
  minus	
  insulin.	
  On	
  Day	
  5,	
  the	
  media	
  was	
  replenished	
  with	
  RPMI	
  

1640	
  with	
  B27	
  minus	
  insulin	
  only.	
  On	
  Day	
  7	
  and	
  every	
  2-­‐3	
  days,	
  the	
  media	
  is	
  changed	
  with	
  

RPMI	
  1640	
  with	
  B27	
  with	
  insulin.	
  Beating	
  cardiomyocytes	
  (15-­‐45	
  days	
  old)	
  were	
  

dissociated	
  into	
  single	
  cells	
  using	
  200	
  U/mL	
  collagenase	
  in	
  Hank’s	
  balanced	
  salt	
  solution	
  

(Life	
  Technologies)	
  for	
  1	
  hour	
  and	
  then	
  0.25%	
  trypsin/EDTA	
  (Life	
  Technologies)	
  for	
  5	
  

minutes	
  at	
  37°C.	
  Cells	
  were	
  then	
  resuspended	
  and	
  seeded	
  into	
  AggreWell	
  400	
  (STEMCELL	
  

Technologies)	
  plates	
  at	
  300,000	
  cells	
  per	
  well.	
  Human	
  iPS-­‐derived	
  cardiomyocyte	
  (iPS-­‐CM)	
  

spheroids	
  were	
  allowed	
  to	
  aggregate,	
  and	
  then	
  self-­‐assembled	
  for	
  two	
  days	
  before	
  seeding	
  

into	
  the	
  microfluidic	
  device.	
  

The	
  cardiac	
  tissue	
  was	
  formed	
  similar	
  to	
  previous	
  methods	
  to	
  create	
  an	
  in	
  vitro	
  vessel	
  

network	
  within	
  a	
  device	
  89	
  with	
  the	
  addition	
  of	
  cardiac	
  spheroids.	
  Bovine	
  fibrinogen	
  

(Sigma-­‐Aldrich)	
  was	
  dissolved	
  in	
  Dulbecco’s	
  Phosphate	
  Buffered	
  Saline	
  to	
  a	
  concentration	
  

of	
  10	
  mg	
  fibrinogen/mL	
  of	
  solution.	
  An	
  Aggrewell	
  of	
  cardiac	
  spheroids	
  was	
  split	
  at	
  a	
  1:8	
  

ratio	
  for	
  each	
  microfluidic	
  device	
  seeding.	
  Normal	
  human	
  lung	
  fibroblasts	
  (NHLFs)	
  and	
  

cord	
  blood	
  endothelial	
  colony-­‐forming	
  cell-­‐derived	
  endothelial	
  cells	
  (ECFC-­‐ECs)	
  were	
  

mixed	
  with	
  the	
  fibrinogen	
  solution	
  at	
  a	
  2:1	
  ratio	
  with	
  a	
  concentration	
  of	
  7.5	
  x	
  106	
  cells/mL	
  

solution.	
  The	
  cellular-­‐matrix	
  mixture	
  was	
  used	
  to	
  resuspend	
  the	
  cardiac	
  spheroids	
  and	
  

then	
  briefly	
  mixed	
  with	
  thrombin	
  for	
  a	
  final	
  concentration	
  of	
  3	
  U/mL	
  before	
  injection	
  into	
  

the	
  central	
  tissue	
  chamber	
  to	
  polymerize.	
  The	
  cardiac	
  tissue	
  chamber	
  was	
  maintained	
  with	
  

fully	
  supplemented	
  endothelial	
  growth	
  medium-­‐2	
  (EGM-­‐2,	
  Lonza)	
  for	
  12	
  hours	
  in	
  a	
  20%	
  O2	
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incubator.	
  The	
  cardiac	
  tissue	
  chamber	
  was	
  switched	
  to	
  maintenance	
  with	
  EGM-­‐2	
  media	
  

without	
  basic	
  fibroblast	
  growth	
  factor	
  (bFGF)	
  and	
  vascular	
  endothelial	
  growth	
  factor	
  

(VEGF)	
  for	
  two	
  weeks	
  in	
  a	
  5%	
  O2	
  incubator.	
  To	
  modulate	
  cellular	
  NO	
  production	
  and	
  NO	
  

availability,	
  certain	
  conditions	
  were	
  maintained	
  with	
  EGM-­‐2	
  without	
  bFGF	
  and	
  VEGF	
  

supplemented	
  with	
  combinations	
  of	
  L-­‐NG-­‐nitroarginine	
  methyl	
  ester	
  (L-­‐NAME)	
  and	
  S-­‐

Nitroso-­‐L-­‐glutathione	
  (GSNO,	
  Cayman	
  Chemical).	
  

	
  

Nitric	
  oxide	
  quantification	
  

	
   Device	
  media	
  was	
  collected	
  regularly	
  to	
  monitor	
  cardiac	
  tissue	
  nitric	
  oxide	
  production.	
  

Media	
  accumulated	
  in	
  the	
  outlet	
  reservoir	
  for	
  two	
  days	
  before	
  collection.	
  A	
  fluorometric	
  

nitric	
  oxide	
  assay	
  kit	
  (Abcam)	
  was	
  used	
  to	
  prepare	
  collected	
  media	
  for	
  quantification.	
  A	
  

fluorescent	
  plate	
  reader	
  (SpectraMax)	
  was	
  used	
  to	
  measure	
  the	
  fluorescent	
  intensity	
  of	
  

nitric	
  oxide	
  probe.	
  Nitric	
  oxide	
  generation	
  rate	
  was	
  calculated	
  with	
  the	
  following	
  steady-­‐

state	
  equation:	
  

!VtissCNO, in − !VtissCNO, out + rNOVtissue = 0 	
  

where	
   !Vtiss  is	
  the	
  volumetric	
  flow	
  through	
  the	
  tissue,	
  CNO 	
  is	
  the	
  NO	
  concentration	
  entering	
  

the	
  tissue	
  or	
  leaving	
  the	
  tissue,	
   rNO is	
  the	
  volumetric	
  generation	
  rate	
  of	
  NO	
  within	
  the	
  tissue	
  

and	
  Vtiss 	
  is	
  the	
  volume	
  of	
  the	
  tissue.	
  The	
  equation	
  can	
  be	
  rearranged	
  to:	
  

rNO =
!VtissCNO, out

Vtiss .	
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As	
  simulated	
  by	
  COMSOL,	
  the	
  volumetric	
  flows	
  under	
  LF	
  and	
  HF	
  conditions	
  were	
  35	
  and	
  70	
  

μL/day,	
  respectively.	
  	
  The	
  volume	
  of	
  the	
  tissue	
  was	
  measured	
  to	
  be	
  0.6	
  mm3.	
  Mass	
  flow	
  

balance	
  of	
  the	
  outlet	
  reservoir	
  can	
  be	
  described	
  as:	
  

!VtissCNO, out = !VresCNO, res 	
  

where	
   !Vres 	
  is	
  the	
  volumetric	
  flow	
  of	
  liquid	
  accumulating	
  in	
  the	
  reservoir,	
  and	
  CNO, res is	
  the	
  

concentration	
  of	
  NO	
  in	
  the	
  reservoir	
  that	
  is	
  collected	
  an	
  analyzed.	
  The	
  volumetric	
  

generation	
  of	
  NO	
  within	
  the	
  cardiac	
  tissue	
  can	
  therefore	
  be	
  reduced	
  to:	
  

rNO =
!VresCNO, res

Vtiss .	
  

Volumetric	
  flows	
  of	
  for	
  LF	
  and	
  HF	
  conditions	
  as	
  simulated	
  by	
  COMSOL	
  were	
  114.91	
  and	
  

252.29	
  μL/day,	
  respectively.	
  

	
  

Cardiomyocyte	
  calcium	
  transient	
  analyses	
  

Calcium	
  transients	
  of	
  cardiomyocyte	
  spheroids	
  were	
  analyzed	
  by	
  visually	
  recording	
  

fluorescent	
  activity	
  of	
  GCaMP6	
  during	
  spheroid	
  contractions.	
  Videos	
  were	
  taken	
  at	
  15.65	
  

Hz	
  using	
  MetaMorph	
  software	
  (Molecular	
  Devices)	
  with	
  an	
  Olympus	
  IX83	
  inverted	
  

microscope	
  (Olympus)	
  connected	
  to	
  a	
  black	
  and	
  white	
  CCD	
  digital	
  camera	
  (Hamamatsu).	
  

Videos	
  were	
  saved	
  as	
  a	
  TIFF	
  stack	
  and	
  imported	
  into	
  ImageJ	
  (NIH).	
  A	
  ROI	
  was	
  applied	
  over	
  

each	
  frame	
  of	
  the	
  video	
  to	
  measure	
  the	
  average	
  pixel	
  intensity	
  of	
  only	
  the	
  spheroid.	
  Excel	
  

was	
  used	
  to	
  quantify	
  calcium	
  amplitude,	
  which	
  is	
  defined	
  as	
  the	
  difference	
  between	
  

intensity	
  of	
  the	
  spheroid	
  in	
  a	
  relaxed	
  state	
  and	
  the	
  maximum	
  intensity	
  when	
  contracted.	
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Immunofluorescent	
  staining	
  and	
  image	
  analyses	
  

	
   Vascularized	
  cardiac	
  tissues	
  were	
  immunofluorescently	
  stained	
  using	
  rabbit	
  anti-­‐

human	
  cTnT	
  antibody	
  (Abcam),	
  mouse	
  anti-­‐human	
  CD31	
  antibody	
  (Dako),	
  goat	
  anti-­‐rabbit	
  

IgG	
  Alexa	
  Fluor	
  488	
  secondary	
  antibody	
  (Life	
  Technologies)	
  and	
  goat	
  anti-­‐mouse	
  IgG	
  Alexa	
  

Fluor	
  555	
  secondary	
  antibody	
  (Life	
  Technologies).	
  The	
  tissues	
  were	
  prepared	
  for	
  

immunostaining	
  by	
  fixing	
  the	
  tissues	
  with	
  formalin	
  for	
  8	
  hours.	
  Blocking,	
  washing	
  and	
  

antibody	
  incubation	
  were	
  performed	
  by	
  flowing	
  corresponding	
  solutions	
  through	
  the	
  

microfluidic	
  channels	
  for	
  1-­‐2	
  days.	
  The	
  devices	
  were	
  imaged	
  using	
  an	
  Olympus	
  IX83	
  

inverted	
  microscope.	
  Vessel	
  networks	
  were	
  characterized	
  and	
  quantified	
  using	
  the	
  

software	
  Angiotool	
  299.	
  

	
  

Statistical	
  significance	
  

	
   Student’s	
  t-­‐test	
  was	
  performed	
  where	
  a	
  p-­‐value	
  <	
  0.05	
  was	
  considered	
  significant.	
  The	
  

data	
  are	
  expressed	
  as	
  mean	
  ±	
  standard	
  deviation.	
  

	
  



59	
  
	
  
	
  

D
ay

 1
D

ay
 7

D
ay

 1
4

a)

b)

c)

d)
CD31

 
Figure	
  4.2:	
  Growth	
  of	
  a	
  vascular	
  network	
  surrounding	
  human	
  iPS-­‐derived	
  cardiomyocyte	
  spheroids	
  within	
  
the	
  central	
  microfluidic	
  chamber.	
  a)	
  Human	
  iPS-­‐CM	
  spheroids	
  were	
  seeded	
  with	
  ECFCs	
  and	
  NHFLs	
  on	
  day	
  
1.	
  Dark	
  spots	
  indicate	
  dense	
  human	
  iPS	
  cardiac	
  spheroids.	
  b)	
  By	
  week	
  1,	
  cardiac	
  spheroids	
  grew	
  in	
  place	
  
while	
  surrounding	
  cells	
  underwent	
  vasculogenesis.	
  c)	
  By	
  week	
  2,	
  a	
  fully	
  interconnected	
  vascular	
  network	
  
formed	
   in	
   the	
   presence	
   of	
   the	
   human	
   cardiomyocyte	
   spheroids.	
   (scale	
   bar	
   =	
   250	
   μm)	
   d)	
  
Immunofluorescent	
   image	
   of	
   CD31	
  positive	
   cells	
   demonstrate	
   a	
   developed	
   vessel	
   network	
  which	
   spans	
  
the	
  entire	
  device	
  after	
  14	
  days	
  overlayed	
  with	
  a	
  bright	
  field	
  image.	
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4.4	
  Results	
  

We	
  designed	
  and	
  constructed	
  a	
  PDMS	
  microfluidic	
  device	
  with	
  outer	
  microfluidic	
  

channels	
  delivering	
  media	
  to	
  a	
  central	
  tissue	
  chamber	
  via	
  three	
  communication	
  pores	
  each	
  

side	
  (Fig.	
  4.1a).	
  To	
  analyze	
  the	
  effects	
  of	
  interstitial	
  flow	
  on	
  vascular	
  development	
  of	
  the	
  

cardiac	
  tissue,	
  a	
  hydrostatic	
  pressure	
  gradient	
  across	
  the	
  tissue	
  chamber	
  was	
  varied	
  

between	
  a	
  low	
  flow	
  condition	
  (LF)	
  of	
  10	
  mm	
  of	
  H2O	
  and	
  a	
  high	
  flow	
  condition	
  (HF)	
  of	
  

20mm	
  of	
  H2O	
  to	
  generate	
  an	
  average	
  interstitial	
  velocity	
  of	
  1.72	
  and	
  3.43	
  μm/s,	
  

respectively	
  (Fig.	
  4.1b).	
  Over	
  14	
  days,	
  the	
  ECFC-­‐ECs,	
  cocultured	
  with	
  NHLFs,	
  developed	
  into	
  

an	
  interconnected	
  vessel	
  network	
  that	
  surrounded	
  the	
  adjacent	
  human	
  iPS-­‐CM	
  spheroids	
  

(Fig.	
  4.2).	
  	
  

	
   To	
  understand	
  the	
  relationship	
  of	
  interstitial	
  flow	
  and	
  nitric	
  oxide	
  on	
  vessel	
  network	
  

formation,	
  vascularized	
  cardiac	
  tissues	
  were	
  subject	
  to	
  low	
  and	
  high	
  interstitial	
  flows,	
  and	
  

exposed	
  to	
  a	
  NOS	
  inhibitor	
  (L-­‐NAME)	
  or	
  a	
  nitric	
  oxide	
  donor	
  (GSNO).	
  Measured	
  nitric	
  oxide	
  

levels	
  had	
  significant	
  variations	
  within	
  each	
  experimental	
  condition.	
  Increased	
  interstitial	
  

flow	
  reduced	
  vascularized	
  cardiac	
  tissue	
  NO	
  production	
  rate	
  from	
  1716.2	
  ±	
  1083.0	
  pmol	
  

NO/mm3	
  tissue/day	
  to	
  866.1	
  ±	
  607.9	
  pmol	
  NO/mm3	
  tissue/day	
  (Fig.	
  3a).	
  Under	
  HF	
  

conditions,	
  addition	
  of	
  a	
  nitric	
  oxide	
  donor	
  in	
  the	
  presence	
  of	
  the	
  NOS	
  inhibitor	
  increased	
  

NO	
  concentration	
  from	
  1061.8	
  ±	
  711.4	
  to	
  1607.3	
  ±	
  958.4	
  pmol	
  NO/mm3	
  tissue/day.	
  

Increased	
  hydrostatic	
  pressure	
  and	
  interstitial	
  velocity	
  resulted	
  in	
  greater	
  vessel	
  network	
  

area	
  coverage	
  of	
  the	
  tissue	
  chamber	
  from	
  24.65%	
  ±	
  10.11%	
  (LF)	
  to	
  31.63%	
  ±	
  7.73%	
  (HF)	
  

(Fig.	
  4.3b).	
  Modulation	
  of	
  NO	
  did	
  not	
  significantly	
  effect	
  vessel	
  network	
  formation.	
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Cardiomyocytes	
  regained	
  spontaneous	
  contraction	
  within	
  1-­‐3	
  days	
  of	
  loading	
  into	
  the	
  

device.	
  All	
  cardiac	
  spheroids	
  grew	
  in	
  size	
  over	
  time	
  in	
  culture	
  (Fig.	
  4.4a).	
  Increased	
  

interstitial	
  flow	
  significantly	
  increased	
  the	
  amount	
  of	
  growth	
  from	
  87.48%	
  ±	
  41.52%	
  (LF)	
  

to	
  179.25%	
  ±	
  128.1%	
  (P	
  <	
  0.028;	
  Fig.	
  4.4b).	
  Modulation	
  of	
  NO	
  did	
  not	
  significantly	
  affect	
  

growth	
  of	
  spheroids	
  under	
  HF	
  conditions.	
  Cardiac	
  spheroid	
  calcium	
  handling	
  was	
  

measured	
  by	
  recording	
  GCaMP6	
  fluorescence	
  during	
  contraction	
  (Fig.	
  4.4c,d).	
  Increased	
  

interstitial	
  increased	
  cardiac	
  spheroid	
  calcium	
  amplitude	
  immediately	
  after	
  seeding	
  into	
  

the	
  device,	
  but	
  did	
  not	
  have	
  significant	
  effects	
  thereafter	
  (Fig.	
  4.4e).	
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Figure 4.3: Effect of interstitial flow on NO production and endothelial network formation. a) Vascularized cardiac 
tissue produced different amounts of NO in response to change in hydrostatic pressure and exposure to NO 
modulators. b) Corresponding changes in vessel network formation within the cardiac tissue was also affected by 
similar manipulations in mechanical and chemical cues. 
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4.5	
  Discussion	
  

In	
  this	
  work,	
  we	
  demonstrated	
  the	
  capability	
  of	
  our	
  microfluidic	
  device	
  for	
  the	
  creation	
  

and	
  culture	
  of	
  beating	
  cardiac	
  tissues	
  that	
  develop	
  a	
  vascular	
  network	
  via	
  vasculogenesis.	
  

Our	
   device	
   was	
   designed	
   for	
   precise	
   control	
   of	
   nutrient	
   delivery	
   and	
   can	
   be	
   used	
   to	
  

simultaneously	
  study	
  the	
  effects	
  of	
  coculture	
  and	
  fluid	
  flow.	
  Increased	
  interstitial	
  velocity	
  

decreased	
  NO	
  production,	
   counter	
   to	
   our	
   hypothesis,	
   but	
   still	
   resulted	
   in	
   larger	
   vascular	
  

network	
  formation	
  and	
  increased	
  cardiac	
  spheroid	
  growth,	
  potentially	
  indicative	
  of	
  cardiac	
  

hypertrophy.	
   NO	
   modulators	
   did	
   not	
   significantly	
   affect	
   vascular	
   network	
   formation,	
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Figure	
  4.4:	
  Effect	
  of	
  interstitial	
  flow	
  on	
  cardiomyocyte	
  phenotype.	
  a)	
  Human	
  iPS-­‐CM	
  spheroids	
  grew	
  
over	
  a	
  period	
  of	
  2	
  weeks	
  when	
  cocultured	
  with	
  ECFC-­‐ECs	
  and	
  NHFLs	
  within	
  the	
  microfluidic	
  device	
  
(scale	
  bar	
  =	
  50	
  μm).	
  b)	
  High	
  interstitial	
  flow	
  significantly	
  increased	
  cardiac	
  spheroid	
  growth	
  from	
  
87.48%	
  ±	
  41.52%	
  (LF)	
  to	
  179.25%	
  ±	
  128.1%	
  (P	
  <	
  0.028).	
  NO	
  modulators	
  did	
  not	
  have	
  a	
  significant	
  
effect	
  on	
  spheroid	
  growth.	
  c)	
  Green	
  fluorescence	
  of	
  the	
  calcium	
  indicator	
  protein	
  GCaMP6	
  increased	
  
intensity	
  when	
  the	
  cardiac	
  spheroids	
  contracted.	
  d)	
  Intensity	
  of	
  green	
  fluorescence	
  over	
  time	
  
corresponded	
  to	
  the	
  ability	
  of	
  cardiac	
  spheroids	
  to	
  rapidly	
  cycle	
  intracellular	
  calcium	
  levels.	
  e)	
  High	
  
interstitial	
  flow	
  increased	
  magnitude	
  of	
  calcium	
  amplitude	
  on	
  day	
  one,	
  but	
  did	
  not	
  have	
  a	
  significant	
  
effect	
  on	
  cardiomyocyte	
  calcium	
  amplitude	
  on	
  subsequent	
  time	
  points.	
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cardiomyocyte	
  growth	
  or	
  cardiomyocyte	
  calcium	
  handling.	
  Therefore,	
  the	
  effects	
  at	
  which	
  

interstitial	
   flow	
   influences	
   improved	
   vascularization	
   and	
   cardiac	
   growth	
   may	
   be	
   due	
   to	
  

another	
  mechanism	
  rather	
  than	
  NO	
  signaling.	
  	
  

	
   Although	
   the	
   results	
   from	
   this	
   study	
   incorporate	
   flow	
   rates	
   considered	
   to	
   be	
  

physiological	
  and	
  superphysiological,	
   a	
   larger	
  difference	
  between	
   flow	
  rates	
   (>1	
  order	
  of	
  	
  

magnitude)	
  may	
   be	
   needed	
   to	
   induce	
  more	
   significant	
   changes.	
   Physiological	
   interstitial	
  

flow	
   velocities	
   range	
   between	
   0.1	
   to	
   2	
   µm/s	
   300.	
   Future	
   microfluidic	
   designs	
   can	
  

incorporate	
  the	
  extremities	
  of	
  interstitial	
  velocities	
  to	
  better	
  examine	
  the	
  effect	
  on	
  vascular	
  

cardiac	
  tissue	
  phenotype.	
  To	
  compare	
  a	
  large	
  range	
  interstitial	
  flows,	
  careful	
  consideration	
  

will	
  be	
  required	
  to	
  do	
  design	
  a	
  device	
  with	
  constant	
  nutrient	
  delivery	
  independent	
  of	
  flow	
  

rate.	
  

	
   The	
   device	
   was	
   designed	
   to	
   establish	
   nutrient	
   gradients	
   throughout	
   the	
   tissue	
   and	
  

create	
  areas	
  of	
  metabolic	
  deficits	
   to	
  encourage	
  self-­‐assembly	
  of	
  ECFC-­‐ECs	
   into	
  a	
  vascular	
  

network.	
  For	
  our	
  experiments,	
  we	
  chose	
  to	
  use	
  cardiac	
  spheroids	
  to	
  insert	
  dense	
  tissue	
  that	
  

would	
  continue	
  the	
  theme	
  of	
  metabolic	
  demand.	
  Due	
  to	
  the	
  nature	
  of	
  seeding	
  the	
  cells	
  into	
  

the	
   device,	
   cardiac	
   spheroids	
   were	
   seeded	
   in	
   a	
   wide	
   range	
   from	
   1	
   spheroid	
   up	
   to	
   15	
  

spheroids	
  per	
  tissue.	
  The	
  wide	
  distribution	
  of	
  our	
  results	
  may	
  be	
  due	
  to	
  the	
  variability	
  of	
  

cardiac	
   cells	
  present.	
  Rather	
   than	
  create	
   tissues	
   from	
  spheroids,	
   future	
  experiments	
  may	
  

instead	
   create	
   areas	
   of	
   metabolic	
   need	
   by	
   loading	
   large	
   amounts	
   of	
   single	
   cell	
  

cardiomyocytes	
  for	
  improved	
  consistency	
  and	
  potentially	
  more	
  significant	
  results.	
  

	
   In	
  summary,	
  we	
  have	
  shown	
  the	
  potential	
  of	
  altering	
   interstitial	
   flow	
  rate	
   to	
   improve	
  

vessel	
  network	
   formation	
  of	
  cardiac	
   tissue.	
  We	
  conclude	
   that	
  nitric	
  oxide	
  may	
  not	
  be	
   the	
  

mechanism	
   at	
   which	
   interstitial	
   flow	
   improves	
   network	
   formation	
   and	
   cardiomyocyte	
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spheroid	
   growth.	
  New	
  understandings	
   of	
   the	
   interplay	
   between	
   the	
   endothelial	
   network	
  

and	
   cardiomyocytes	
   may	
   lead	
   to	
   new	
   methodologies	
   to	
   mature	
   stem	
   cell-­‐derived	
  

cardiomyocytes,	
  which	
  would	
  open	
  their	
  potential	
  for	
  use	
  in	
  biological	
  testing,	
  cardiac	
  drug	
  

screening	
  and	
  cellular	
  therapies.	
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