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   Living organisms integrate  mult iple  s ignals  to generate  appropriate  

responses,  enabl ing them to perceive their  surroundings and act  accordingly.  

Even at  the s ingle-cel l  level ,  cel ls  integrate  mult iple  extracel lular  inputs  

through s ignal ing systems.  For  example,  in  many s ignal ing systems,  diverse 

extracel lular  inputs  are  funneled into a  small  set  of  hub molecules  in  the 

intermediate  layer  and are  subsequent ly expanded into diverse  downstream 

responses.  Such "diverse input–few middle- layer  (hub)–diverse output"  

s t ructures  are  widely observed and commonly referred to  as  bow-t ie  

archi tectures .  Representat ive examples  include the ERK, p53,  and NF-κB 

signal ing pathways.  In  the ERK pathway,  for  instance,  dis t inct  s t imuli  such as  

the di fferent iat ion factor  NGF and the growth factor  EGF are  funneled into  

the phosphorylat ion of  ERK, fol lowed by the act ivat ion of  diverse 

downstream targets   (Fig 1a) .  

   Despi te  their  ubiqui ty ,  bow-t ie  archi tectures  inherent ly  pose a  r isk of  

information loss  due to  the bot t leneck that  compresses  diverse  inputs  into  the 

hub molecules .  Nevertheless ,  the ERK, p53,  and NF-κB pathways can 

preserve input  specif ici ty  by encoding information in the  complex temporal  

dynamics of  hub-molecule  act ivi ty ,  a  s t ra tegy known as  temporal  encoding.  

For  example,  ERK exhibi ts  sustained act ivat ion in  response to  NGF, whereas 



i t  of ten shows a  t ransient  pulse  in  response to  EGF (Fig 1b) .  Through these 

s t imulus-dependent  temporal  pat terns ,  the ERK pathway can t ransmit  input  

information even under  the bot t leneck constraints .  

 

 

Figure 1.   Input- information integration structure in s ignal ing system (a)  
Schematic  of  the Ras–ERK signal ing pathway.  Diverse upstream inputs  
converge onto ERK and then exci te  proper  program.  (b)  Input  specif ic  ERK 
act ivi ty  dynamics.  Different  input-signals  induce dis t inct  ERK act ivat ion 
dynamics.  These s t imulus-dependent  temporal  pat terns  convey input  
information to downstream. 

 

   This  s t ructural-funct ional  combinat ion poses  a  seemingly paradoxical  

design:  informat ion compression (bow-t ie  integrat ion)  coupled with input-

specif ic  t ransmission via  r ich temporal  dynamics  ( temporal  encoding).  This  

dissertat ion invest igates  mechanisms that  give r ise  to  this  paradoxical  design 

by combining evolut ionary s imulat ions,  dynamical-systems analysis ,  and 

information- theoret ic  analysis .  

   In  Chapter  2 ,  I  address  the evolutionary mechanisms underlying bow-t ie  



archi tecture .  Previous s tudies  have suggested that  bow-t ie  archi tectures  could 

be the resul t  of  select ion for  funct ional  advantages (e .g . ,  robustness ,  

control labi l i ty ,  evolvabi l i ty)  or  specif ic  evolut ionary goals  (e .g . ,  low-

dimensional  input–output  mappings) .  In  contrast ,  us ing evolut ionary 

s imulat ions and dynamical  analysis  of  a  hierarchical  l inear  network model ,  I  

demonstrate  that  bow-t ie  archi tectures  can emerge spontaneously as  a  

byproduct  of  evolut ion,  without  being selected as  an adapt ive t ra i t .  When 

evolut ionary adaptat ion s tar ts  f rom weak interact ions,  the mult ipl icat ive 

nature  of  mutat ions  in  molecular  aff ini t ies  amplif ies  smal l  s tochast ic  

differences among interact ion s t rengths ,  leading to  pronounced heterogenei ty  

in  the intermediate layer  and dr iving the formation of  a  narrow bot t leneck.  

These resul ts  suggest  that  the  bot t leneck s t ructures  (bow-t ie  archi tectures)  in  

extant  s ignal ing systems,  including the ERK pathway,  may have emerged 

without  being direct ly selected for  as  an adapt ive t rai t .  

   In  Chapter  3 ,  I  investigate  the condi t ions under  which temporal  encoding 

with complex temporal  pat terns  emerges under  the bot t leneck constraints .  

Under  such constraints ,  encoding information into hub molecule  act ivi ty is  a  

natural  s t ra tegy for  preserving mult iple  inputs .  Intui t ively,  encoding 

information solely in  act ivat ion ampli tude might  suff ice .  Nevertheless ,  real  

cel lular  encoding waveforms of ten exhibi t  complex dynamics,  including 

pulsat i le  or  t ransient  responses ,  as  exemplif ied by the ERK pathway.  To 

ident i fy  when such complex temporal  pat terns  are  inherent ly  required for  

information t ransmission,  I  develop an encoder–decoder  f ramework that  

combines cont inuous-t ime s tate-space models  with information theory.  In  this  

chapter ,  I  f i rs t  provide an operat ional  def ini t ion of  temporal  encoding as  the 

fract ion of  t ransmit ted information carr ied by t ransient  dynamics,  giving a  

quant i ta t ive interpretat ion to  temporal  encoding that  has  been discussed 



qual i ta t ively.  Combining evolut ionary s imulat ions,  dynamical-systems 

analysis ,  and information theory,  I  show that  temporal  encoding with complex 

temporal  pat terns  is  necessary when a  system must  s imultaneously encode 

signal  ident i ty  (categorizat ion)  and s ignal  intensi ty  ( regression) .  By 

analyzing the geometry of the encoding space,  which descr ibes  how external  

inputs  are  mapped onto output  t ra jectories ,  I  c lari fy  that  mult iplexing ident i ty  

and intensi ty  requires  a  higher-dimensional  encoding space,  leading to  r ich 

t ransient  dynamics ( i .e . ,  temporal  encoding) .  Beyond l inear  models ,  this  

theoret ical  predict ion is  a lso observed in  nonl inear  s tochast ic  models  and is  

fur ther  val idated by analysis  of  experimental  s ingle-cel l  ERK act ivi ty  

t ra jector ies ,  confirming that  ERK trajector ies  indeed carry mult iplexed 

information about  l igand ident i ty  and dose.  

   Together ,  these resul ts  support  a  coherent  evolut ionary scenario for  

information- integrat ion s t ructures  in  s ignal ing systems.  Bow-t ie  archi tectures  

can spontaneously ar ise  due to  the physical  nature  of  molecular  interact ions,  

and the funct ional  demand to t ransmit  mult iplexed information ( ident i ty  and 

intensi ty)  through a  bot t leneck dr ives  temporal  encoding with complex 

temporal  pat terns .  This  mechanism provides a  plausible  design pr inciple  for  

the extant  s ignal ing pathways that  compress  diverse  inputs  while  preserving 

input-specif ic i ty  via  r ich temporal  dynamics.  Overal l ,  this  disser ta t ion 

provides a  perspect ive on the design pr inciples  of  biological  information 

integrat ion and bui lds  a  foundat ion for  understanding how primit ive 

environmental  percept ion emerges.  

 


