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Studying the cardiac myocyte with 
mathematical models 

•  10-­‐20	
  ion	
  channels,	
  pumps,	
  
and	
  transporters	
  

•  20-­‐60	
  ordinary	
  differen9al	
  
equa9ons	
  

First cardiac cell model published in 1962 – hundreds of subsequent models 
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Overall Strategy: Exploit existing models to develop a 
systems-level understanding 



Outline 
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Extending the IKs stabilization hypothesis 
  Testing multiple mathematical models 
  Mechanistic explanations 
  Physiological importance: β-adrenergic stimulation 

Control of ventricular action potential duration 
  Coupling of modeling and experiments (guinea pigs) 
  Developing more predictive mathematical models 
  Implications for cellular arrhythmia dynamics 
  Hypothesis: slow delayed rectifier IKs is stabilizing 



How do we choose parameters and 
improve the existing models? 
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Test how the system responds to perturbations 

Ryan Devenyi, M.D., Ph.D. 
Journal of Physiology, (2017) 595:2301-2317. 

Model predictions: augmenting/inhibiting guinea pig ionic currents 

model of Livshitz & Rudy (2009) Biophys. J. 97:1265-76. 

But can we test this many predictions? 



Dynamic Clamp: a real-time, closed loop 
system for altering ionic current levels 

Prof. David Christini, Francis Ortega 
Weill-Cornell Medical College 
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Digital implementation allows multiple perturbations to be 
tested in each cell 



Larger changes in experiments than in model 

Can we adjust the model to improve agreement with 
experiment? 
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Dynamic clamp in guinea pig myocytes 



A Genetic Algorithm improves agreement 
between simulation and experiment 
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The GA fit generates a parameter set for 
each experimental sample  
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maximal rates of ion transport 

lots of inter-cell 
variability 

little inter-cell 
variability 

These are predictions we are currently trying to test 



The new model behaves differently 

Adjusted model has different balance of K+ currents 
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Decreased stability in the adjusted model 
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Response to perturbations Population simulations 

Hypothesis: decreased stability may predispose 
cells to arrhythmic dynamics 



Different K+ currents have different 
effects on pro-arrhythmic EADs 

IKs prevents EADs better than IKr does 
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Summary 
Combining perturbation modeling with thorough 

experimental tests gives insight into AP dynamics   

 1. Roles of complementary K+ currents, IKr and IKs 

 2. Predictions about pro-arrhythmic events (EADs) 

 3. A more predictive mathematical model   
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IKs IKr IKs IKr 
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Goals  

	
  (1)	
  Is	
  this	
  concept	
  true	
  in	
  other	
  animal	
  and	
  human	
  models?	
  

	
  
(2)	
  What	
  is	
  the	
  underlying	
  mechanism	
  that	
  allows	
  IKs	
  to	
  be	
  protec9ve?	
  	
  

	
  
(3)	
  Is	
  this	
  concept	
  true	
  only	
  at	
  baseline	
  or	
  during	
  other	
  physiological	
  

condi9ons	
  such	
  as	
  during	
  β-­‐adrenergic	
  ac9va9on?	
  	
  	
  

Meera Varshneya 
Ph.D. candidate 
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 (1)	
  Is	
  this	
  concept	
  true	
  in	
  other	
  species	
  models?	
  

Nine ventricular myocyte mathematical models 
•  Endocardial variant of models with multiple layers 
•  Constant pacing at 1 Hz 
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Two human ventricular with radically 
different IKs levels  

TT04 

Grandi Low IKs 
Model  

High IKs 
Model  
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Grandi 

TT04 

Examine variability in heterogeneous populations 
Randomize parameters control ion transfer rates   

High IKs model has less population 
variablity 

High IKs Model  

Low IKs Model  
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High IKs 
Model  

Low IKs 
Model  

Test susceptibility to EADs  

Increase inward current through L-type Calcium Channel (ICaL ) 

EAD 

EAD 

TT04 

Grandi 

High IKs model is less 
susceptible to EADs  
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Study	
  concept	
  across	
  mul9ple	
  models	
  	
  
Examine variability within a population Test susceptibility to EADs  

Same	
  pa'ern	
  across	
  mul/ple	
  species:	
  Cells	
  with	
  higher	
  IKs	
  
stabilize	
  the	
  ac9on	
  poten9al	
  making	
  them	
  less	
  suscep9ble	
  to	
  

arrhythmic	
  behavior	
  	
  



Cardiac currents & Negative Feedback  

Current 
dictates 
AP shape 

AP dictates 
magnitude of 
current  

APD prolonged due to a 
perturbation  

Beat 1  Beat 2  Beat 3  

Shortens AP to 
prevent potential 
arrhythmia   
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AP Clamp Simulation Results  

IKs 

IKr 

Mechanistically, there exists 
a more powerful negative 

feedback for IKs. 

Greater change 
in overall IKs 



Cardiac currents & Negative Feedback  

Current 
dictates 
AP shape 

AP dictates 
magnitude of 
current  

APD prolonged due to a 
perturbation  

Shortens AP to 
prevent potential 
arrhythmia   
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Is	
  IKs	
  is	
  upregula9on	
  during	
  β-­‐adrenergic	
  ac9va9on	
  
important	
  for	
  arrhythmia	
  suppression?	
  	
  	
  	
  

Sympathetic Nervous 
System Activation  

β-adrenergic signaling 
pathway activated   

Protein Kinase A (PKA) 
activated 

Phosphorylates 

IK1 IKr IKs 

INaK 

ICaL 
INa 

ICa,b 

INaCa 

RyR 

SERCA 

INaL INa,b 

TnI	
  

IKur 

PLM PLB 
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Adding	
  β-­‐agonist	
  Isoproterenol	
  (ISO)	
  shortens	
  the	
  AP	
  

Simulated in the Heijman Canine Electrophysiology + Signaling Model 
Heijman et al (2011) J Mol Cell Cardiol. 50:863-71.  

Heterogeneous	
  popula9on	
  variability	
  
Randomize parameters that control ion transfer rates   



IKs	
  phosphoryla9on	
  is	
  necessary	
  to	
  stabilize	
  the	
  AP	
  
during	
  β-­‐adrenergic	
  ac9va9on.	
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Increasing IKs 
is necessary 
to stabilize the 
cell 

Blocked PKA phosphorylation of eight targets 
 

Physiologically,	
  IKs	
  is	
  important	
  to	
  maintain	
  cell	
  stability	
  during	
  
repolariza9on.	
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