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Brain	
  modelling	
  

Usually,	
  two	
  scales	
  of	
  neuronal	
  ac=vity	
  are	
  
considered	
  for	
  modelling:	
  	
  
•  Meso-­‐scopic	
  scale	
  (level)	
  of	
  modelling	
  where	
  the	
  
average	
  ac=vity	
  of	
  neuronal	
  popula'ons	
  is	
  
studied.	
  We	
  use	
  this	
  approach	
  in	
  mul=-­‐channel	
  
model	
  of	
  the	
  BG.	
  

•  Microscopic	
  level	
  of	
  modelling	
  where	
  the	
  spiking	
  
ac=vity	
  of	
  individual	
  cells	
  is	
  considered.	
  We	
  use	
  
detailed	
  model	
  of	
  spiking	
  ac=vity	
  for	
  DBS	
  study.	
  	
  



Popula=on	
  ac=vity	
  
Very	
  popular	
  model:	
  Wilson-­‐Cowan	
  (1972,	
  1973)	
  
	
  

population  theinput to external an is
parameter ty connectivi  theis   

function sigmoid   theis   
population neuronal ofactivity  average  theis)(

)(

I 
a
Z(.) 

tx
IaxZxx ++−=

Connec=on	
  strength	
  increases:	
  
One	
  stable	
  fixed	
  point	
  (low	
  level	
  of	
  popula=on	
  ac=vity)	
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Mul=stability:	
  Three	
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  points:	
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  and	
  high	
  ac=vity	
  levels,	
  one	
  is	
  	
  unstable	
  
	
  
Hysteresis	
  
	
  



Popula=on	
  ac=vity	
  
Two	
  interac=ve	
  W-­‐C	
  popula=ons	
  can	
  oscillate	
  
	
  dx / dt = −x + Z(ax − by+ Ix)

dy / dt = −y+ Zy(cx − dy+ Iy)
x(t), y(t) are the average activities of excitatory and inhibitory 
               neuronal populations recpectively
Zx(.), Zy(.)  are  the sigmoid functions
a, b,c, d    are the connectivity parameters 
Ix, Iy  are the external inputs to excitatory 
          and inhibitory population respectively



Brain	
  modelling	
  
•  In	
  many	
  cases	
  brain	
  modelling	
  deals	
  with	
  paXerns	
  of	
  

neuronal	
  ac=vity	
  either	
  on	
  microscopic	
  or	
  meso-­‐scopic	
  
scale	
  

•  From	
  recent	
  Connec=onist	
  discussion	
  on	
  “How	
  the	
  brain	
  
works”:	
  

	
  	
  	
  	
  	
  Steven	
  Pinker	
  (Psychology,	
  Harvard	
  University)	
  was	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  asked	
  to	
  describe	
  in	
  5	
  words	
  how	
  the	
  brain	
  works:	
  
	
  

	
  	
  	
  	
  	
  	
  	
  	
  "Brain	
  cells	
  fire	
  in	
  paXerns“	
  



“Brain	
  cells	
  fire	
  in	
  paXerns”	
  



Introduc=on:	
  The	
  Basal	
  Ganglia	
  
•  The	
  Basal	
  Ganglia	
  (BG)	
  comprise	
  mul=ple	
  
subcor=cal	
  nuclei	
  

•  Current	
  hypothesis	
  implicate	
  the	
  BG	
  primarily	
  in	
  
ac=on	
  selec=on:	
  “behaviour	
  (channel)	
  switching”	
  
in	
  BG	
  is	
  influenced	
  by	
  signals	
  from	
  the	
  cortex	
  



BG	
  and	
  Parkinson’s	
  Disease	
  (PD)	
  

•  BG	
  exert	
  an	
  inhibi=on	
  to	
  the	
  motor	
  system	
  
and	
  the	
  release	
  from	
  inhibi=on	
  permits	
  a	
  
motor	
  system	
  to	
  become	
  ac=ve	
  

•  PD	
  is	
  primarily	
  a	
  disease	
  of	
  BG	
  which	
  relates	
  
to	
  the	
  death	
  of	
  neurons	
  and	
  decrease	
  of	
  
dopamine	
  

•  The	
  popula=on	
  ac=vity	
  in	
  Parkinsonian	
  BG	
  is	
  
oscillatory	
  in	
  beta-­‐range	
  



BG	
  informa=on	
  flows:	
  Indirect	
  
pathway	
  



Wilson-­‐Cowan	
  model	
  of	
  BG	
  

Merrison-­‐Hort	
  et	
  al.	
  (2013)	
  J	
  Math	
  Neurosci	
  



Parameter	
  values	
  
Selec=on	
  of	
  parameter	
  values	
  of	
  the	
  Wilson-­‐Cowan	
  model	
  has	
  
	
  been	
  inspired	
  by	
  the	
  recent	
  model:	
  

In	
  Parkinsonian	
  case	
  
parameter	
  values	
  of	
  
inhibitory	
  connec=ons	
  
are	
  significantly	
  larger	
  
than	
  in	
  healthy	
  case	
  

Merrison-­‐Hort	
  et	
  al.	
  (2013)	
  J	
  Math	
  Neurosci	
  



Bifurca=on	
  diagram	
  in	
  PD	
  case	
  

OCSILLATIONS	
  

Merrison-­‐Hort	
  et	
  al.	
  (2013)	
  J	
  Math	
  Neurosci	
  



Zoom	
  of	
  the	
  bifurca=on	
  diagram	
  





Oscillatory	
  ac=vity	
  in	
  region	
  (c)	
  	
  



Bistability	
  in	
  Parkinsonian	
  case:	
  region	
  (D)	
  





Oscillatory	
  ac=vity	
  of	
  coupled	
  channels	
  
on	
  a	
  line	
  and	
  on	
  a	
  circle	
  (STN	
  is	
  RED,	
  GP	
  is	
  BLUE)	
  

Two	
  an=-­‐phase	
  groups	
  (10	
  ch.)	
   Splay	
  state	
  (11	
  ch.)	
  

Five	
  in-­‐phase	
  pairs	
  (10	
  ch.)	
   5	
  in-­‐phase	
  pairs	
  +	
  middle	
  (11	
  ch.)	
  



Oscilla=ons	
  in	
  Healthy	
  and	
  PD	
  cases	
  

A-­‐H	
  bifurca=on	
  curves	
  
for	
  5	
  channels	
  in	
  a	
  line	
  
model	
  for	
  healthy	
  and	
  
Parkinsonian	
  cases.	
  
	
  
Parameter	
  α	
  is	
  a	
  
strength	
  of	
  inhibitory	
  
coupling	
  between	
  GP	
  
popula=ons	
  of	
  different	
  
channels.	
  I	
  is	
  cor=cal	
  
input	
  to	
  STN.	
  
	
  

Merrison-­‐Hort	
  et	
  al.	
  (2013)	
  J	
  Math	
  Neurosci	
  



Area	
  of	
  oscillatory	
  region	
  in	
  parameter	
  
space	
  





Deep-­‐Brain-­‐S=mula=on	
  (DBS)	
  

hXp://neurowiki2013.wikidot.com/individual:deep-­‐brain-­‐s=mula=on-­‐dbs-­‐treatment	
  

Borisyuk	
  R,	
  Yousif	
  N	
  (2007)	
  Interna=onal	
  
symposium:	
  theory	
  and	
  neuroinforma=cs	
  in	
  
research	
  related	
  to	
  deep	
  brain	
  s=mula=on.	
  
Expert	
  Review	
  of	
  Medical	
  Devices,	
  Vol:4,	
  Pages:
587-­‐589	
  

DBS	
  is	
  a	
  successful	
  surgical	
  therapy	
  
which	
  involves	
  the	
  chronic	
  s=mula=on	
  
of	
  disorder-­‐specific	
  nuclei.	
  	
  
The	
  	
  implanted	
  electrode	
  sends	
  pulses	
  
of	
  high	
  frequency	
  and	
  amplitude	
  to	
  a	
  
specific	
  part	
  of	
  the	
  brain.	
  In	
  case	
  of	
  PD,	
  
the	
  electrode	
  is	
  oien	
  implanted	
  to	
  the	
  
STN	
  region.	
  



STN	
  neuron	
  under	
  DBS	
  s=mula=on	
  

Yousif,	
  Borisyuk,	
  et	
  al.	
  (2012)	
  European	
  J	
  Neurosci	
  



Compartmental	
  model	
  
•  To	
  model	
  the	
  STN	
  projec=on	
  neuron	
  we	
  use	
  a	
  compartmental	
  

spiking	
  model	
  of	
  Hodgkin-­‐Huxley	
  type	
  which	
  was	
  developed	
  
by	
  Gillies	
  &	
  Willshaw	
  (J	
  Neurophysiol,	
  2006,	
  95:2352-­‐65	
  )	
  

•  Equa=ons	
  for	
  each	
  compartment	
  (j)	
  include	
  interac=ons	
  with	
  
the	
  nearest	
  compartments	
  (j-­‐1)	
  and	
  (j+1),	
  9	
  ionic	
  currents	
  and	
  
an	
  external	
  input:	
  

	
  



Electrical	
  poten=al	
  near	
  the	
  electrode	
  

•  The	
  finite	
  element	
  method	
  (FEM)	
  
was	
  used	
  to	
  describe	
  geometry	
  of	
  
the	
  DBS	
  electrode	
  (3D	
  cylinder	
  
surrounded	
  by	
  the	
  homogeneous	
  
brain	
  =ssue)	
  

•  The	
  distribu=on	
  of	
  electric	
  poten=al	
  
in	
  3D	
  space	
  induced	
  by	
  s=mula=on	
  
was	
  described	
  the	
  Laplace	
  equa=on:	
  	
  

Yousif,	
  Borisyuk,	
  et	
  al.	
  (2012)	
  European	
  J	
  Neurosci	
  



The	
  response	
  of	
  the	
  tonically	
  firing	
  STN	
  cell	
  to	
  
DBS	
  pulses	
  

Neuron	
  spontaneously	
  firing	
  at	
  37	
  Hz	
  is	
  s=mulated	
  by	
  the	
  
train	
  of	
  pulses	
  

1V	
  

5V	
  

60	
  µs/130Hz	

 240	
  µs/130Hz	

 240	
  µs/5Hz	





The	
  response	
  of	
  the	
  burs=ng	
  STN	
  cell	
  
to	
  DBS	
  pulses	
  

•  Burst	
  firing	
  is	
  increased	
  in	
  the	
  Parkinsonian	
  case	
  
•  Increase	
  of	
  maximum	
  conductance	
  of	
  T-­‐type	
  calcium	
  channel	
  leads	
  

to	
  the	
  burs=ng	
  ac=vity	
  (2-­‐3	
  spikes	
  per	
  burst,	
  4.4	
  Hz)	
  

5V,	
  240	
  µs/130Hz	

 5V,	
  240	
  µs/5Hz	

 Under	
  high-­‐frequency	
  
simula=on	
  the	
  STN	
  
cell	
  fires	
  single	
  spikes	
  
with	
  frequency	
  of	
  
53Hz	
  
	
  
Low-­‐frequency	
  
s=mula=on	
  does	
  not	
  
dras=cally	
  change	
  the	
  
spiking	
  paXern	
  



Spa=otemporal	
  view	
  of	
  DBS	
  s=mula=on	
  
•  DBS	
  electric	
  field	
  with	
  a	
  clinical	
  

set	
  of	
  parameters	
  (3.8V,	
  60	
  µs/
130Hz,	
  contact	
  1–	
  nega=ve,	
  
contact	
  2	
  	
  -­‐	
  posi=ve)	
  is	
  applied	
  
on	
  10x4	
  array	
  of	
  STN	
  neurons	
  

•  The	
  plot	
  shows	
  changes	
  in	
  the	
  
number	
  of	
  spikes:	
  the	
  centre	
  of	
  
the	
  main	
  region	
  of	
  firing	
  rate	
  
change	
  corresponds	
  to	
  the	
  
upper	
  edge	
  of	
  contact	
  1	
  and	
  
another	
  region	
  at	
  the	
  edge	
  of	
  
contact	
  2.	
  	
  

1

2

Yousif,	
  Borisyuk,	
  et	
  al.	
  (2012)	
  European	
  J	
  Neurosci	
  



Anatomical	
  reconstruc=on	
  
•  Anatomical	
  model	
  (using	
  
pa=ent’s	
  data)	
  represents	
  
STN	
  by	
  dark	
  grey),	
  the	
  Zona	
  
Incerta	
  (ZI)	
  by	
  light	
  grey,	
  and	
  
DBS	
  electrode	
  by	
  black.	
  

•  The	
  main	
  region	
  of	
  firing	
  rate	
  
change	
  (according	
  to	
  our	
  
array	
  of	
  STN	
  cell	
  modelling)	
  is	
  
shown	
  by	
  red.	
  	
  	
  

•  This	
  region	
  at	
  the	
  
dorsolateral	
  border	
  of	
  the	
  
STN	
  and	
  ZI	
  perfectly	
  
correlates	
  with	
  a	
  clinically	
  
iden=fied	
  op=mal	
  region	
  of	
  
electrode	
  for	
  trea=ng	
  
Parkinsonian	
  symptoms.	
  

STN	
  

ZI	
  



Conclusions	
  
•  We	
  study	
  dynamics	
  of	
  STN	
  and	
  GP	
  popula=on	
  ac=vity	
  in	
  the	
  BG	
  

mul=channel	
  model	
  using	
  bifurca=on	
  analysis	
  and	
  simula=ons	
  
•  Although,	
  without	
  STN	
  self-­‐excita=on	
  	
  a	
  single	
  channel	
  cannot	
  generate	
  

oscilla=ons,	
  our	
  results	
  show	
  that	
  the	
  interac=ve	
  channels	
  with	
  strong	
  
enough	
  lateral	
  coupling	
  demonstrate	
  robust	
  oscilla=ons	
  

•  It	
  is	
  shown	
  that	
  under	
  Parkinsonian	
  condi=on	
  the	
  region	
  of	
  oscilla=ons	
  
in	
  parameter	
  space	
  is	
  much	
  wider	
  than	
  under	
  healthy	
  condi=ons	
  

•  The	
  DBS	
  electric	
  poten=al	
  model	
  was	
  combined	
  with	
  the	
  mul=-­‐
compartmental	
  STN	
  spiking	
  cell	
  model	
  to	
  study	
  the	
  influence	
  of	
  DBS	
  on	
  
ac=vity	
  paXern	
  of	
  STN	
  neurons	
  

•  Our	
  simula=ons	
  show	
  that	
  the	
  burs=ng	
  STN	
  cell	
  exhibits	
  behaviour	
  
observed	
  in	
  experimental	
  and	
  clinical	
  studies	
  

•  We	
  show	
  that	
  in	
  a	
  pa=ent-­‐specific	
  anatomical	
  model,	
  the	
  region	
  of	
  
affected	
  =ssue	
  is	
  consistent	
  with	
  clinical	
  observa=ons	
  of	
  the	
  op=mal	
  
DBS	
  site.	
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