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Degeneracy	
  is	
  the	
  ability	
  of	
  elements	
  that	
  are	
  structurally	
  
different	
  to	
  perform	
  the	
  same	
  func(on	
  or	
  yield	
  the	
  same	
  output	
  
	
  
	
  
Degeneracy	
  is	
  NOT	
  redundancy!	
  	
  	
  
	
  
Redundancy:	
  same	
  func+on	
  is	
  performed	
  by	
  iden%cal	
  elements.	
  	
  
	
  
Degeneracy:	
  involves	
  structurally	
  different	
  elements.	
  May	
  yield	
  same	
  or	
  
different	
  func+ons	
  depending	
  on	
  the	
  context	
  in	
  which	
  it	
  is	
  expressed.	
  	
  

What	
  is	
  Degeneracy?	
  



Degeneracy	
  is	
  ubiquitous	
  across	
  
scales	
  of	
  biological	
  func(on	
  

Systems	
  

Networks	
  

Cells	
  

Molecules/Channels	
  

Genes	
  

Behavior	
  



The	
  hippocampus,	
  spa(al	
  learning	
  and	
  memory	
  

h4p://www.bris.ac.uk/synap;c/research/projects/memory/spa;almem.htm	
  

Place	
  cells	
  exhibit	
  a	
  high	
  firing	
  rate	
  
when	
  an	
  animal	
  is	
  in	
  a	
  specific	
  loca(on	
  

O’Keefe	
  and	
  Dostrovsky,	
  1971	
  	
  

Nobel	
  Prize	
  in	
  Physiology/Medicine,	
  2014	
  

Purves,	
  Neuroscience	
  Book	
  

Hippocampal	
  lesions	
  impair	
  the	
  animal’s	
  
ability	
  to	
  learn	
  spa(al	
  tasks	
  

Morris	
  et	
  al.,	
  Nature,	
  1982	
  	
  



The	
  hippocampus:	
  Anatomical	
  organiza(on	
  

Brainbow	
  mouse:	
  each	
  neuron	
  has	
  a	
  
different	
  color!	
  

Livet	
  et	
  al.,	
  Nature,	
  2007	
  



The	
  hippocampus:	
  Trisynap(c	
  circuit	
  

Neves	
  et	
  al.,	
  NRN,	
  2008	
  



Several	
  func(onal	
  maps	
  express	
  within	
  a	
  
hippocampal	
  neuron:	
  What	
  is	
  a	
  map?	
  	
  

Spa(al	
  	
  
Topograph	
  

Measurement	
  
Topograph	
  



Several	
  func(onal	
  maps	
  express	
  within	
  a	
  single	
  
hippocampal	
  neuron:	
  Resonance	
  frequency	
  	
  

Narayanan	
  and	
  Johnston,	
  Neuron,	
  2007	
  

Impedance:	
  A	
  frequency-­‐dependent	
  
excitability	
  measure	
  



Several	
  func(onal	
  maps	
  express	
  within	
  a	
  single	
  
hippocampal	
  neuron:	
  Induc(ve	
  phase	
  lead	
  

Narayanan	
  and	
  Johnston,	
  J.Neurosci.,	
  2008	
  

Impedance:	
  A	
  frequency-­‐dependent	
  excitability	
  measure,	
  that	
  also	
  
provides	
  (ming	
  rela(onships!	
  



Several	
  func(onal	
  maps	
  express	
  within	
  a	
  single	
  
hippocampal	
  neuron	
  



Channel/Receptor	
  gradients	
  ac(vely	
  mediate/
regulate	
  intraneuronal	
  func(onal	
  maps	
  

Resonance	
  frequency	
  map	
   Backpropaga(ng	
  ac(on	
  poten(al	
  
(bAP)	
  map	
  

Migliore	
  et	
  al.,	
  Nature	
  Rev.	
  Neurosci.,	
  2002	
  

Blocking	
  HCN	
  or	
  KA	
  channels	
  respec(vely	
  abolishes	
  the	
  expression	
  
of	
  the	
  resonance	
  frequency	
  map	
  and	
  the	
  bAP	
  map	
  	
  



Experimental	
  data	
  from:	
  
	
  Narayanan	
  and	
  Johnston,	
  Neuron,	
  2007;	
  	
  
	
  Narayanan	
  and	
  Johnston,	
  J.	
  Neurosci.,	
  2008;	
  Narayanan	
  et	
  al.,	
  Neuron,	
  2010	
  

Experimental	
  data	
  on	
  six	
  different	
  func(onal	
  
maps	
  and	
  their	
  variability	
  



HCN	
  channels	
  

Magee,	
  J.	
  Neurosci.,	
  1998	
  Hoffman	
  et	
  al.,	
  Nature.,	
  1997	
  

Na,	
  KDR	
  and	
  T-­‐type	
  Ca2+	
  
channels:	
  Magee	
  and	
  
Johnston,	
  J.	
  Physiol.,	
  1995;	
  
Hoffman	
  et	
  al.,	
  Nature,	
  1997	
  

Experimental	
  data	
  on	
  ion	
  channel	
  densi(es,	
  
their	
  gradients	
  and	
  variability	
  there	
  

A-­‐type	
  K+	
  channels	
  



How	
  do	
  these	
  func(onal	
  maps	
  maintain	
  homeostasis	
  in	
  the	
  
face	
  of	
  variability	
  in	
  underlying	
  ion	
  channel	
  gradients?	
  

Is	
   it	
   required	
   that	
   individual	
   channels	
   are	
   maintained	
   at	
  
specific	
  densi(es	
  to	
  achieve	
  robust	
  coexpression	
  of	
  all	
  these	
  
func(onal	
  maps	
  on	
  the	
  same	
  neuronal	
  topograph?	
  	
  

Homeostasis	
  of	
  func(onal	
  maps:	
  Ques(ons	
  

What	
   channel	
   localiza(on	
   and	
   targe(ng	
   strategy	
   should	
   a	
  
neuron	
   follow	
   towards	
   maintenance	
   of	
   these	
   func(onal	
  
maps?	
  



Nature	
  Reviews	
  Neuroscience,	
  2013	
  

Channelostasis,	
   in	
   pyramidal	
   neurons	
   is	
   an	
  
extremely	
  complex	
  puzzle	
  because:	
  
(i)  extensive	
  dendri+c	
  arboriza+on;	
  	
  
(ii)  the	
   combinatorial	
   diversity	
  of	
   proteins	
   that	
  

encode	
   and	
   regulate	
   channel	
   expression	
  
and	
  localiza+on.	
  	
  

Channelostasis	
  (proteostasis	
  for	
  ion	
  channels)	
  
is	
  a	
  complex	
  puzzle	
  in	
  neurons	
  

Mediates	
  Ih	
   Mediates	
  IKA	
  



Impose	
  experimental	
  variability	
  on	
  underlying	
  parameters	
  and	
  generate	
  a	
  large	
  set	
  of	
  models	
  

The	
  numbers:	
  
	
  

5	
  ion	
  channels	
  (Na+,	
  KDR,	
  T-­‐type	
  Ca2+,	
  A-­‐type	
  K+,	
  HCN)	
  
	
  

6	
  func+onal	
  maps	
  along	
  the	
  somatoapical	
  trunk	
  (Rin,	
  fR,	
  Q,	
  bAP	
  amplitude,	
  |Z|max,	
  ΦL)	
  
	
  

11	
  differen+al	
  equa+ons	
  per	
  compartment	
  
	
  

750–950	
  compartments	
  per	
  neuron	
  
	
  

32	
  parameter	
  global	
  sensi+vity	
  analysis	
  (governing	
  density,	
  distribu+on,	
  kine+cs	
  and	
  
voltage-­‐dependence	
  of	
  the	
  channels	
  and	
  associated	
  passive	
  proper+es)	
  
	
  

20420	
   total	
   models	
   generated	
   through	
   uniform	
   sampling	
   of	
   each	
   of	
   these	
   32	
  
underlying	
  parameters	
   Rathour	
  and	
  Narayanan,	
  PNAS,	
  2014	
  

Global	
  Sensi(vity	
  Analysis:	
  Model	
  Genera(on	
  



Cm gL gNa gK V1/2
m V1/2

h V1/2
n Km Kh Kn τ m τ h ... τ n

MIN	
  

MAX	
  

32	
  Model	
  parameters	
  

Global	
  Sensi(vity	
  Analysis:	
  Stochas(c	
  Sampling	
  

…	
  

See	
  	
  Goldman	
  et	
  al.,	
  J.	
  Neuroscience,	
  2001	
  and	
  reviews	
  by	
  Eve	
  Marder	
  



Global	
  sensi(vity	
  analysis:	
  Model	
  Valida(on	
  

Generate	
   N	
   such	
   models	
   by	
   sampling	
  
these	
  parameters	
  
	
  
Obtain	
   map	
  measurements	
   from	
   them,	
  
a n d	
   a p p l y	
   b o u n d s	
   o n	
   t h e s e	
  
measurements	
   (e.g.,	
   Input	
   resistance,	
  
resonance	
   frequency,	
   AP	
   amplitude,	
  
e t c . ) 	
   f r o m 	
   c o r r e s p o n d i n g	
  
electrophysiological	
  experiments	
  
	
  
You	
  will	
  find	
  a	
  very	
  small	
  percentage	
  of	
  
these	
   N	
   models	
   matching	
   these	
  
constraints:	
  Valid	
  models	
  



Assess	
  validity	
  of	
  these	
  models	
  by	
  comparing	
  their	
  maps	
  with	
  experimental	
  counterparts	
  

The	
  numbers	
  
	
  

18	
  different	
  measurements	
  employed	
  to	
  impose	
  constraints	
  to	
  assess	
  validity.	
  

~80%	
  of	
  individual	
  experimental	
  variability	
  covered	
  by	
  these	
  bounds	
  

228	
  valid	
  models	
  (~1%	
  of	
  20420	
  models	
  generated)	
  

Rathour	
  and	
  Narayanan,	
  PNAS,	
  2014	
  

Global	
  Sensi(vity	
  Analysis:	
  Model	
  Valida(on	
  



Rathour	
  and	
  Narayanan,	
  PNAS,	
  2014	
  

Let’s	
  take	
  5	
  valid	
  models	
  and	
  compare	
  their	
  measurements,	
  



Maps	
  are	
  con(nuously	
  constrained	
  across	
  valid	
  models	
  
despite	
  imposing	
  constraints	
  on	
  only	
  three	
  loca(ons	
  

Rathour	
  and	
  Narayanan,	
  PNAS,	
  2014	
  

…	
  their	
  maps	
  …	
  



Underlying	
  channel	
  gradients	
  and	
  other	
  parameters	
  were	
  dis(nct,	
  
implying	
  degeneracy	
  in	
  the	
  forma(on	
  of	
  the	
  coexistent	
  maps	
  

Individual	
  channels	
  need	
  not	
  be	
  maintained	
  at	
  specific	
  
conductance	
  values	
  for	
  func(onal	
  map	
  homeostasis	
  

Rathour	
  and	
  Narayanan,	
  PNAS,	
  2014	
  

…	
  and	
  their	
  ion	
  channel	
  gradients	
  



Constraints	
  on	
  the	
  maps	
  
imposed	
  by	
  morphology	
  and	
  
by	
  spa+o-­‐kine+c	
  interac+ons	
  

among	
  ion	
  channels	
  were	
  
insufficient	
  to	
  enforce	
  strong	
  

correla+ons	
  among	
  	
  
parameters	
  	
  

Pair-­‐wise	
  channelostasis	
  is	
  
not	
  necessary	
  for	
  func+onal	
  

map	
  homeostasis	
  

Rathour	
  and	
  Narayanan,	
  	
  
PNAS,	
  2014	
  

Weak	
  pairwise	
  
correla(ons	
  among	
  valid-­‐	
  

model	
  parameters	
  



In	
  this	
  framework	
  of	
  collec(ve	
  channelostasis,	
  how	
  much	
  are	
  
individual	
  channels	
  responsible	
  for	
  specific	
  measurements?	
  

CaT—	
  

HCN—	
  

KA—	
  

Na—	
  

KDR—	
  

228	
  valid	
  
models	
   Obtain	
  18	
  map	
  measurements	
  (for	
  

all	
  six	
  maps)	
  from	
  each	
  of	
  these	
  
(228	
  ×	
  5)	
  VKMs	
  and	
  compare	
  them	
  

with	
  their	
  “WT”	
  counterparts	
  

“WT”	
  

Virtual	
  Knockout	
  
Models	
  (VKM)	
  



Computa(onal	
  predic(on	
  Experimentally	
  known	
  

Rela(ve	
  dependence	
  of	
  individual	
  measurements	
  
on	
  different	
  channels	
  

Predic(on:	
  Inac+va+ng	
  subthreshold	
  channels	
  are	
  important	
  
modulators	
  of	
  	
  impedance-­‐based	
  measurements	
  

Rathour	
  and	
  Narayanan,	
  PNAS,	
  2014	
  



Tes(ng	
  the	
  computa(onal	
  predic(on	
  
electrophysiologically!	
  

Predic(on:	
  Blocking	
  A-­‐type	
  K+	
  channels	
  would	
  decrease	
  resonance	
  
frequency	
  but	
  increase	
  input	
  resistance	
  across	
  the	
  dendri+c	
  tree.	
  

Recordings	
  are	
  from	
  male	
  sprague	
  dawley	
  rats	
  
	
  
Recordings	
  spanned	
  up	
  to	
  300	
  µm	
  along	
  the	
  
somatoapical	
  axis	
  of	
  hippocampal	
  pyramidal	
  neurons	
  

Rathour	
  et	
  al.	
  Scien;fic	
  Reports,	
  2016	
  



Input	
  resistance	
  increased	
  at	
  all	
  loca(ons	
  with	
  
blockade	
  of	
  transient	
  potassium	
  channels	
  

Predic(on:	
  Blocking	
  A-­‐type	
  K+	
  
channels	
  would	
  increase	
  input	
  
resistance	
  across	
  the	
  dendri+c	
  
tree.	
  

Rathour	
  et	
  al.	
  Scien;fic	
  Reports,	
  2016	
  



Consequently,	
  firing	
  rate	
  increased	
  at	
  all	
  loca(ons	
  
with	
  blockade	
  of	
  transient	
  potassium	
  channels	
  

Predic(on:	
  Blocking	
  A-­‐type	
  K+	
  channels	
  
would	
  increase	
  input	
  resistance	
  
(transla+ng	
  to	
  increase	
  in	
  firing	
  rate)	
  
across	
  the	
  dendri+c	
  tree.	
  

Rathour	
  et	
  al.	
  Scien;fic	
  Reports,	
  2016	
  



Resonance	
  frequency	
  decreased	
  at	
  all	
  loca(ons	
  aver	
  
blockade	
  of	
  transient	
  potassium	
  channels	
  

Predic(on:	
  Blocking	
  A-­‐type	
  K+	
  channels	
  would	
  decrease	
  resonance	
  frequency	
  across	
  
the	
  dendri+c	
  tree.	
  

Rathour	
  et	
  al.	
  Scien;fic	
  Reports,	
  2016	
  



Degeneracy	
  in	
  synap(c	
  plas(city	
  profiles	
  



Degeneracy in short-term plasticity profiles 

The	
  Journal	
  of	
  Physiology,	
  	
  April	
  2017	
  



Degeneracy in short-term plasticity profiles 



Dudek and Bear, 1993 

The BCM rule and 
hippocampal plasticity 

900 pulses of stimuli 
of various frequencies 



HCN channels alter synaptic plasticity rules 

Narayanan and Johnston, J. Neurophys, 2010 



Leak channels also alter synaptic plasticity 
rules!! 

Narayanan and Johnston, J. Neurophys, 2010 

Impact of intrinsic properties/plasticity on synaptic plasticity rules 



So	
  do	
  A-­‐type	
  K+	
  channels,	
  R-­‐	
  and	
  T-­‐type	
  Ca2+	
  
channels	
  

Narayanan	
  and	
  Johnston,	
  J.	
  Neurophys,	
  2010	
   Anirudhan	
  and	
  Narayanan	
  J.	
  Neurosci,	
  2015	
  

Impact	
  of	
  intrinsic	
  proper(es/plas(city	
  on	
  synap(c	
  plas(city	
  rules	
  



So	
  do	
  SK	
  channels	
  and	
  mGluR	
  receptors!!!	
  

Anirudhan	
  and	
  Narayanan	
  J.	
  Neurosci,	
  2015	
   Ashhad	
  and	
  Narayanan	
  J.	
  Physiol,	
  2013	
  

Impact	
  of	
  intrinsic/receptor	
  proper(es/plas(city	
  on	
  synap(c	
  plas(city	
  rules	
  



So	
  do	
  AMPA	
  and	
  NMDA	
  receptors!!!	
  

Narayanan	
  and	
  Johnston,	
  J.	
  Neurophys,	
  2010	
  

Impact	
  of	
  receptor	
  plas(city	
  on	
  synap(c	
  plas(city	
  rules	
  



MIN	
  

MAX	
  

So,	
  are	
  there	
  several	
  ways	
  to	
  
achieve	
  the	
  same	
  plas(city	
  profile?	
  

9	
  Channels/Receptors	
  
Eleven	
  Parameters	
  

20,000	
  plas(city	
  profiles	
  
360	
  valid	
  models	
  

Anirudhan	
  and	
  Narayanan	
  J.	
  Neurosci,	
  2015	
  



Analogous	
  Synap(c	
  Plas(city	
  Profiles	
  Emerge	
  from	
  
Disparate	
  Channel	
  Combina(ons	
  

Anirudhan	
  and	
  Narayanan	
  J.	
  Neurosci,	
  2015	
  

Parameters	
  exhibited	
  weak	
  pair-­‐wise	
  correla(ons	
  here	
  as	
  well	
  



Degeneracy	
  is	
  a	
  ubiquitous	
  biological	
  property;	
  it	
  is	
  a	
  feature	
  of	
  complexity	
  at	
  
gene+c,	
  cellular,	
  system,	
  and	
  popula+on	
  levels.	
  	
  
	
  
Degeneracy	
  and	
  the	
  underlying	
  complexity	
  are	
  necessary	
  for,	
  and	
  an	
  inevitable	
  
outcome	
  of,	
  natural	
  selec+on.	
  
	
  
Complexity	
   in	
   biological	
   systems	
   should	
   not	
   be	
   viewed	
   from	
   the	
   limited	
  
perspec+ve	
   of	
   curse-­‐of-­‐dimensionality,	
   but	
   from	
   the	
   evolu+onarily	
  
advantageous	
   perspec+ve	
   of	
   achieving	
   func+onal	
   robustness	
   through	
  
degeneracy.	
  

Summary	
  
Nothing	
  in	
  physiology	
  makes	
  sense	
  except	
  in	
  the	
  light	
  of	
  degeneracy!	
  

—	
  Modified	
  from	
  Theodosius	
  Dobzhansky	
  	
  


