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T h e D e v e l o p m e n t  o f  S y n c h r o n y B e t w e e n Oscillatin g N e u r o n s 

David E. Huber (dhuber@indiana.edu) 
Psycholog y Departmen t 

Indian a Universit y 

Bloomington ,  I N 4740 5 

Abstrac t 

Several theorists in perception, attention, and memory have 
suggeste d tha t  tempora l  correlatio n i n neura l  firin g pattern s 
(synchrony )  coul d pla y a n importan t  rol e i n processin g an d 
learning .  Recen t  neuropsychologica l  evidenc e demonstrate s 
th e wid e sprea d occurrenc e o f  synchron y an d it s  stimulu s 
specifi c  nature .  Numerou s proof s an d simulation s hav e 
demonstrate d th e eas e wit h whic h synchron y develops . 
However ,  eas e o f  developmen t  coul d b e a  proble m sinc e 
synchron y i s th e mechanis m behin d abnorma l  processin g i n 
epilepti c seizures .  Previou s modelin g ignore s th e rol e o f 
spatia l  propagatio n alon g th e axon .  Comparin g simulation s 
wit h an d withou t  propagatio n fo r  a  biologicall y plausibl e 
model  o f  neura l  oscillations ,  I  sho w tha t  synchron y i s fa r  les s 
liabl e t o occur .  Usin g a  gri d o f  full y  activate d cells ,  th e exten t 
of  connectivity ,  impuls e amplitud e an d duration ,  an d natura l 
frequenc y variabilit y ar e examined :  synchron y i s 
substantiall y  diminishe d whe n propagatio n i s included . 

Introduction 

A long standing problem in theories of information 

processin g i s th e lac k o f  adequat e mechanism s fo r  bindin g 

togethe r  separat e component s o f  a  stimulu s o r  memory . 

Traditionally ,  theorist s hav e propose d high-leve l  abstrac t 

model s t o dea l  wit h thi s "bindin g problem "  withou t 

appealin g t o th e neura l  substrat e o f  processin g (Biederman , 

1987 ;  Carpente r  &  Grossberg ,  1988 ;  Treisma n &  Gelade , 

1980) .  Recen t  evidenc e demonstrate s tha t  th e tempora l 

correlatio n o f  neura l  firin g pattern s (synchrony )  exist s i n 

many specie s unde r  condition s o f  norma l  behavio r  an d i s 

stimulu s specifi c i n it s elicitatio n (fo r  a  revie w articl e se e 

Singe r  &  Gray ,  1995) .  Accordingly ,  som e theorist s propos e 

tha t  synchron y i s th e neura l  mechanis m underlyin g bindin g 

withi n thei r  model s (Grossber g &  Somers ,  1991 ;  H u m m el 

& Biederman ,  1992 ;  Treisman ,  1996) . 

I n suppor t  o f  thes e ideas ,  numerou s simulation s an d 

proof s demonstrat e th e eas e wit h whic h couple d oscillator s 

readil y achiev e a  synchronou s state .  Synchron y ha s bee n 

demonstrate d fo r  leak y integrat e an d fir e model s o f  neuron s 

whic h coupl e b y discret e activatio n change s (Gome z & 

Budelli ,  1996 ;  Miroll o &  Strogatz ,  1990) ,  simpl e sinusoida l 

oscillator s couplin g throug h phas e pullin g (Lume r  & 

Huberman ,  1992) ,  tw o variabl e relaxatio n oscillator s wit h 

continua l  couplin g (Grossber g &  Somers ,  1991) ,  an d 

model s implementin g multipl e io n current s throug h 

Hodgkin-Huxle y styl e gatin g term s (Golomb ,  W a n g ,  & 

Rinzel ,  1994 ;  Demir ,  Butera ,  DeFranceschi ,  Clark ,  & 

Byrne ,  1997) . 

The wid e rang e o f  model s an d condition s unde r  whic h 

synchron y result s suggest s tha t  synchronou s oscillation s 

migh t  b e unavoidable .  Virtuall y universa l  synchron y woul d 

not  serv e a  usefu l  functio n an d migh t  predic t  almos t 

universa l  epileps y (fo r  classi c wor k o n synchron y an d 

epileps y se e Jaspe r  &  Kershman ,  1941) .  I n thi s articl e I 

provid e evidenc e tha t  th e buildu p an d propagatio n o f  actio n 

potential s alon g nerv e fiber s substantiall y  limi t  th e rang e o f 

condition s unde r  whic h synchron y develops . 

Behavior of a Single Cell 

Choosing a Model 

Somers and Kopell (1993; 1995) provide mathematical 

proof s tha t  th e grou p o f  model s terme d relaxatio n 

oscillators ,  referrin g t o system s operatin g wit h variable s o n 

differen t  tim e scales ,  synchroniz e mor e readil y tha n othe r 

models .  Thei r  theorem s ar e specifi c t o tw o variabl e 

oscillator s suc h a s th e Morris-Leca r  (Morri s &  Lecar ,  1981 ) 

or  Fitzhugh-Nagum o (Fitzhugh ,  1961 ;  Nagumo ,  Arimoto ,  & 

Yoshizawa ,  1962 )  models ,  bu t  ar e relevan t  t o th e fou r 

variabl e Hodgkin-Huxle y equation s (Hodgki n &  Huxley , 

1952 )  whic h th e tw o variabl e model s approximate . 

Essentiall y  thes e relaxatio n oscillator s easil y synchroniz e 

sinc e smal l  impulse s caus e multipl e cell s t o immediatel y 

and synchronousl y "fire "  du e t o rapi d threshol d 

modulations .  Thi s situatio n ca n aris e eve n betwee n cell s o f 

differin g frequencie s sinc e th e fas t  variabl e (i.e .  N a + gating ) 

i s unchange d wit h frequency . 

I n orde r  t o demonstrat e tha t  inclusio n o f  spatia l 

propagatio n provide s a n importan t  constrain t  o n synchron y 

development ,  I  selec t  on e o f  thes e relaxatio n oscillators . 

Rathe r  tha n workin g wit h th e fou r  variabl e Hodgkin-Huxle y 

equations ,  I  choos e th e tw o variabl e Fitzhugh-Nagum o 

model .  Limitin g th e situatio n t o tw o variable s allow s fo r  a 

qualitativ e accountin g o f  behavio r  throug h phas e portrai t 

analyses . 

Fitzhugh-Nagumo Model without Propagation 

The Fitzhugh-Nagumo model was independently derived 

by Fitzhug h (Fitzhugh ,  1961 )  an d N a g u m o (Nagumo , 

Arimoto ,  &  Yoshizawa ,  1962 )  fro m th e Hodgkin-Huxle y 

equation s b y assumin g tha t  N a + gatin g i s instantaneou s an d 

lumpin g K + gating ,  leakag e currents ,  an d A T P p u m p actio n 
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int o a  singl e recover y variable .  A s a  simplificatio n o f  io n 

currents ,  i t  i s  inadequat e fo r  quantitativ e modelin g ye t 

sufficientl y capture s th e dynamic s fo r  th e presen t  situation . 

The assumptio n fo r  N a + gatin g result s i n a  cubi c 

expressio n fo r  thresholdin g o n membran e potential .  Thi s i s 

th e fas t  variable ,  v ,  whos e action s ar e dictate d b y th e partia l 

differentia l  equation : 

d v 
— =  - v ( v - 0 ) ( v - l ) - w +  {/ }  (1 ) 

in which v is the membrane potential (measured in arbitrary 

unit s s o th e ter m voltag e i s avoided) ,  w  i s a  recover y 

variable ,  6  i s th e threshol d paramete r  (O<0< I  fixe d a t  . 2 fo r 

al l  simulations) ,  an d {/ }  i s an y externa l  drivin g current s o r 

synapti c input .  Th e slo w recover y variable ,  w ,  i s 

determine d b y th e partia l  differentia l  equation : 

dw 
— =  e{v-Yw )  (2 ) 

in which e is the coupling parameter between membrane 

potentia l  an d recover y ( 0 < e « l ) ,  an d yi s a  shun t  paramete r 

(fixe d a t  2. 5 fo r  al l  simulations )  placin g a  m a x i m u m o n 

recover y growth .  Sinc e £  determine s th e tim e scal e fo r  w ,  i t 

i s  use d t o ru n th e mode l  a t  differen t  frequencies . 

One wa y t o analyz e th e behavio r  o f  dynamica l  system s 

i s wit h a  phas e portrait .  Thi s i s  a  grap h (se e Figur e 1 ) 

representin g th e chang e i n eac h variabl e b y a  vecto r  (arrow ) 

as a  functio n o f  th e curren t  value s fo r  eac h variable .  I n thi s 

grap h ther e i s n o m o m e n t u m an d subsequen t  value s fo r  th e 

variable s ar e completel y determine d b y thei r  presen t  values . 
An ai d fo r  interpretin g phas e portrait s i s  th e portraya l  o f 

isoclines .  Thes e ar e line s alon g whic h on e o f  th e variable s 

does no t  change .  Isocline s ar e derive d b y settin g th e partia l 

differentia l  equation s equa l  t o zero .  Fo r  equation s 1  an d 2 , 

thi s produces : 

fo r  th e membran e potentia l  (v )  isoclin e and : 

(3 ) 

(4 ) 

fo r  th e recover y (w )  isocline . 
Figur e 1  show s th e phas e portrai t  whe n th e mode l  i s 

drive n wit h a n inpu t  o f  /=.112 .  Thi s correspond s t o a  rea l 
neuro n whic h i s  full y  activate d b y synapti c lon g lastin g 

input .  Fo r  a  rang e o f  constan t  input s (se e Figur e 2) ,  th e 

model  wil l  displa y thi s limi t  cycl e behavior .  Limi t  cycl e 

behavio r  i s  characterize d b y a  repellin g fixe d point .  A  fixe d 

poin t  i s an y locatio n wher e th e isocline s cros s resultin g i n 

no chang e i n eithe r  variable .  Wit h th e exceptio n o f  startin g 

at  th e fixe d point ,  a  cel l  place d a t  an y othe r  combinatio n o f 

membrane potentia l  an d recover y wil l  ultimatel y rela x ont o 

th e gra y lin e representin g a  pat h o f  continua l  oscillations . 

Thi s i s th e limi t  cycle . 
For  somewha t  lesse r  o r  greate r  value s o f  constan t  input , 

th e membran e potentia l  isoclin e (eq .  3 )  wil l  correspondingl y 

shif t  downward s o r  upward s an d th e cel l  wil l  ente r  a n 

attracto r  state .  I n a n attracto r  state ,  a  cel l  place d a t  an y 

combinatio n o f  membran e potentia l  an d recover y wil l 

ultimatel y en d u p a t  th e fixed  poin t  an d oscillation s wil l 

ceas e (se e Figur e 2) .  A  cel l  a t  res t  (7=0 )  woul d b e a n 

exampl e o f  this .  Th e cel l  wil l  remai n a t  res t  indefinitely . 

However ,  th e cubi c thresholdin g allow s tha t  a  smal l 

temporar y inpu t  t o th e cel l  wil l  caus e i t  t o cycl e a  singl e 

tim e an d the n retur n t o it s restin g point .  Thi s i s i n keepin g 

wit h rea l  neuron s a t  res t  wit h som e spontaneou s firing  du e 

t o rando m fluctuations  i n input . 

y-isoclin e 
H îsocline l 

~ firin g 
criterio n 

-0. 5 0. 0 0. 5 1. 0 

m e m b r a n e potentia l  (»/ ) 

Figur e 1 .  Phas e portrai t  fo r  limi t  cycl e behavio r  i n th e 

Fitzhugh-Nagum o mode l  withou t  propagation .  Th e gra y 

lin e i s th e limi t  cycl e (f^.00216 ;  Period=300 )  an d flow  i n 

th e recover y directio n i s magnifie d lOX . 

In order to measure synchronous behavior or even record 

th e frequenc y o f  a  cell ,  a n explici t  firin g criterio n i s needed . 

I  hav e chose n th e membran e potentia l  correspondin g t o th e 

right  han d pea k o f  th e membran e potentia l  isocline .  Fo r  a 

cel l  t o reac h th e right  han d branc h o f  th e membran e 

potentia l  isocline ,  i t  i s  necessar y t o cros s thi s criterion .  Thi s 

i s analogou s t o recordin g voltag e fluctuations  i n a  rea l 
neuro n an d usin g a  voltag e criterio n fo r  determinin g th e 

exac t  m o m e n t  whe n a  cel l  fires. 

Adding Spatial Propagation 

All of the previously mentioned models (including the 

Fitzhugh-Nagum o model )  ar e expression s o f  inwar d an d 

outwar d current s (i.e .  radia l  currents )  fo r  an y arbitrar y poin t 

alon g th e axon .  Th e model s disregar d curren t  i n th e 

directio n o f  th e axo n (i.e .  axia l  current) .  Radia l  current s ar e 

du e t o voltag e gate d o r  leakag e io n channel s an d th e action s 

of  A T P pumps .  I n orde r  t o relat e thes e radia l  current s t o 

axia l  current ,  a  simpl e tw o ste p derivatio n ha s bee n 

develope d b y applyin g conservatio n o f  charg e an d O h m ' s 
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la w (Fitzhugh ,  1962 ;  Jurisic , 

followin g expression : 

^ (v ) v r 

1987) .  Thi s lead s t o th e 

d \ 

dt 
+ J r (5 ) 

i s  positio n alon g th e axon ,  c  i s wher e th e variabl e v 

membrane capacitanc e (whic h ca n b y a  functio n o f  th e 

membrane potential) ,  r  i s  axo n radius ,  R  i s resistanc e o f  th e 

axoplasm ,  an d J ^  i s radia l  current .  Thi s i s  a  ver y genera l 

expressio n an d an y o f  th e previousl y mentione d model s fo r 

radia l  curren t  coul d b e use d t o replac e /, . 

I n derivin g a n expressio n fo r  radia l  current ,  Hodgki n an d 

Huxle y (1952 )  use d empirica l  dat a obtaine d wit h a  voltag e 

clampe d neuron .  Wit h thi s techniqu e th e voltag e a t  eac h 

positio n alon g th e axo n i s  kep t  a t  a  fixed  valu e throug h a 

feedbac k loop .  Fo r  thi s reaso n di e secon d derivativ e o f  v 

wit h respec t  t o x  i s assume d t o b e zero .  Base d upo n thes e 

condition ,  th e Hodgkin-Huxle y mode l  an d other s simila r  t o 

i t  ar e onl y appropriat e fo r  explainin g th e natur e o f  voltag e 

clampe d data .  I n orde r  t o captur e th e tru e buildu p an d 

propagatio n o f  a n actio n potentia l  i t  i s  necessar y t o conside r 

th e spatia l  variabl e a s well . 

Th e equation s ar e kep t  relativel y simpl e b y assumin g 

capacitanc e i s  minimall y dependen t  upo n membran e 

potentia l  an d i s se t  t o one .  Similarly ,  th e expressio n r/2 R i s 

set  t o on e yieldin g th e followin g equatio n fo r  chang e i n th e 

membrane potentia l  withi n th e Fitzhugh-Nagum o 

framework : 

dv d \ 
-v(v-0) (v- l ) - w +  {/^=o }  (6 ) 

dt  dx " 

Th e axo n hilloc k i s  place d a t  positio n jr=0 .  Thi s i s  th e 

onl y positio n receivin g externa l  input .  Ever y othe r  positio n • 

remain s a t  res t  excep t  fo r  change s initiate d b y axia l 

currents .  Th e equatio n fo r  th e partia l  differentia l  o f 

recover y wit h respec t  t o tim e i s th e sam e a s befor e (e q 2 ) 

an d i s  applie d separatel y a t  eac h positio n alon g th e axon . 

Insulate d boundar y condition s ar e assume d an d th e partia l 

differentia l  wit h respec t  t o x  i s  solve d throug h a  spatiall y 

centere d differenc e schem e wit h ste p siz e 1.0 .  Partia l 

differentia l  equation s wit h respec t  t o tim e ar e calculate d 

usin g a  forwar d differenc e schem e wit h fixed  ste p siz e .25 . 

As show n i n Figur e 2 ,  th e behavio r  o f  th e mode l  fo r 

differen t  amplitud e input s radicall y change s wit h th e 

additio n o f  propagation .  Large r  input s ar e neede d t o yiel d 

constan t  oscillation s du e t o a  spreadin g ou t  o f  injecte d 

charg e a s dictate d b y th e secon d orde r  spatia l  differential . 

Additionally ,  th e rang e ove r  whic h a  cel l  oscillate s i s 

increased .  Withou t  propagation ,  th e Fitzhugh-Nagum o 

model  ha s stron g symmetr y an d it s behavio r  i s simila r  fo r 

differen t  frequenc y cell s (i.e .  differen t  e's) .  Wit h th e 

inclusio n o f  propagation ,  non-linearitie s appea r  fo r  large r 

amplitudes .  Mos t  significantly ,  th e behavio r  i s  n o longe r 

consisten t  fo r  differen t  frequencies . 

Figur e 3  show s tha t  perio d i s proportiona l  t o 1/ e fo r  bot h 

type s o f  simulations .  Th e grap h withou t  propagatio n wa s 

determine d wit h th e frequenc y maximizin g inpu t  of/=.1I2 . 

A rang e o f  e' s wa s chose n base d upo n thi s figure  suc h tha t 

th e slowes t  cei l  ha s a  perio d o f  40 0 tim e unit s an d th e 

fastes t  cel l  a  perio d o f  20 0 tim e units .  Thi s i s  th e rang e 

use d i n th e nex t  sectio n fo r  a  gri d o f  cells .  Fo r  th e inclusio n 

of  propagation ,  i t  i s  no t  clea r  wha t  inpu t  i s appropriat e fo r 

maximizin g frequenc y since ,  a s see n i n Figur e 2 ,  cell s 

respon d differentl y wit h differen t  e's .  Th e valu e o f  /=.2 5 

was chose n becaus e i t  i s  belo w th e first  majo r  non-linearit y 

fo r  bot h th e m a x i m u m an d m i n i m u m e's . 

6x10- 3 

4x10- 3 

2x10- 3 

0-6x10-3  J 

4x10- 3 

2x10- 3 

w i thou t  p ropaga t io n 

W= 0035 7 
... .  E„,„ = .0015 5 

wit h p ropaga t i o n 

0. 0 0. 2 0. 4 0. 6 
constan t  inpu t  {/ } 

Figure 2. Resultant frequencies from driving a cell with a 

rang e o f  constan t  inputs .  Curve s ar e show n fo r  th e 

m a x i m u m (Emax )  an d m i n i m u m (Emin )  frequenc y cells . 

The reason for analyzing behavior in terms of period 

instea d o f  frequenc y i s t o compar e refractor y perio d t o 

baselin e period .  Refractor y perio d i s assesse d b y drivin g a 

cel l  wit h a  sinusoidall y varyin g inpu t  o f  th e sam e amplitud e 

as th e constan t  baselin e input .  Th e perio d o f  oscillatio n fo r 

th e sinusoida l  inpu t  wa s systematicall y varie d fro m zer o u p 

t o a  valu e correspondin g th e baselin e period .  Th e shortes t 

perio d fo r  constan t  firing  wa s recorde d a s a  roug h estimat e 

of  refractor y period .  Fo r  simulation s wit h propagation , 

firing  i s determine d a t  th e en d o f  th e axo n (a:=19) .  A n 

oscillatio n occurrin g a t  x = 0 i s irrelevan t  unles s i t  i s  capabl e 

of  producin g a n actio n potentia l  whic h traverse s th e entir e 

lengt h o f  th e axon . 

For  a  cel l  withou t  propagation ,  th e refractor y perio d i s 

aroun d 5 0 tim e unit s an d remain s a t  thi s leve l  regardles s o f 

e.  Essentially ,  th e cel l  ha s n o refractor y perio d withou t 

propagation .  I f  a  sinusoida l  drivin g inpu t  o f  a  large r 

amplitud e i s  applied ,  th e refractor y perio d ca n b e reduce d 
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further .  Thi s i s no t  th e cas e fo r  a  cel l  wit h propagation . 

Her e th e refractor y perio d i s proportiona l  t o th e baselin e 

perio d an d i s absolute .  Eve n a  ver y larg e inpu t  i s incapabl e 

of  provokin g a n actio n potentia l  durin g th e refractor y 

period .  A t  th e poin t  wher e th e refractor y perio d an d 

baselin e perio d converge ,  th e cel l  become s non-viabl e an d 

oscillation s cease .  A s e  i s se t  t o large r  values ,  recover y ca n 

preven t  th e axo n fro m producin g an y actio n potential s eve n 

thoug h oscillation s ar e stil l  provoke d a t  th e axo n hillock . 

400 

200 

wi thou t  p r o p a g a t i o n 

— constan t  inpu t  (baseline ) 
•  sinusoida l  inpu t  (refractory ) 

E' s use d i n simulation s 

• D 

•8 0 
0) 
Q. 

400 

200 

wit h p r o p a g a t i o n 

200 40 0 60 0 80 0 

Invers e o f  epsilo n (l/e ) 

1000 

Figur e 3 .  Baselin e an d refractor y period s fo r  cell s wit h 

differen t  natura l  frequencie s (i.e .  differen t  e's) . 

Behavior of a Grid of Cells 

For assessing synchrony, a grid of 11 X 11 cells was 

simulate d wit h differen t  degree s o f  connectivity .  A t  on e 

extreme ,  eac h cel l  communicate d wit h it s 8  immediat e 

neighbor s (loca l  connectivity) .  A t  th e othe r  extrem e ever y 

cel l  communicate d wit h ever y othe r  cel l  (ful l  connectivity) . 

For  loca l  connectivit y th e end s o f  th e gri d wer e connecte d 

t o for m a  toru s thu s avoidin g edg e effects .  Al l  th e cell s 

wer e drive n wit h a  constan t  baselin e inpu t  (/=.1I 2 withou t 

propagatio n an d 1=2 5 wit h propagation) .  Fo r  ever y 

simulation ,  cell s wer e place d a t  randoml y determine d 

position s alon g thei r  limi t  cycle s t o plac e th e gri d i n a 

completel y asynchronou s state .  Th e onl y mean s fo r 

synchronizatio n wa s throug h impulse s delivere d betwee n 

cell s wit h eac h passin g o f  thei r  firin g criteria . 
As wit h communicatio n betwee n rea l  neurons ,  thes e 

impulse s wer e exponentiall y  decayin g inputs .  Th e non -

committa l  ter m impuls e i s use d sinc e th e effec t  o f  on e cel l 

on anothe r  migh t  b e du e t o neurotransmitte r  gate d io n 

channel s o r  direc t  electrica l  couplin g (i.e .  ga p junctions) . 

For  eac h cel l  th e totalit y o f  it s  inpu t  {/ }  wa s th e baselin e 

inpu t  plu s th e su m o f  th e incomin g impulses .  Fo r  eac h 

simulation ,  thes e impulse s wer e o f  a  fixed  amplitud e an d 

exponentia l  deca y rate .  Individua l  amplitude s wer e 

determine d b y dividin g tota l  amplitud e b y th e numbe r  o f 

connecte d cells .  I n othe r  words ,  amplitud e wa s divide d b y 

8 fo r  loca l  connectivit y an d 12 0 fo r  ful l  connectivity .  Thi s 

equate s th e connectivit y condition s fo r  a  full y  synchronize d 

grid .  10 0 simulation s wer e performe d wit h variation s o f 

tota l  impuls e amplitud e fro m . 1 t o 1. 0 i n increment s o f  . 1 

combine d wit h variation s i n averag e impuls e duratio n fro m 

25 t o 25 0 i n increment s o f  25 .  Eac h o f  th e bar s show n i n 

Figur e 4  i s average d acros s thes e 10 0 amplitude/duratio n 

combinations . 

Impuls e amplitude s wer e eithe r  excitator y (positive )  o r 

inhibitor y (negative )  an d simulation s wer e ru n wit h 

identica l  (sam e e )  o r  non-identica l  cell s (differen t  £'s) .  Fo r 

th e non-identica l  cells ,  e' s wer e chose n accordin g t o th e 

previousl y mentione d rang e wit h period s fro m 20 0 t o 40 0 i n 

equa l  increments .  Th e actua l  locatio n o f  eac h o f  thes e 

differen t  cell s wa s randoml y determined . 

Synchron y wa s measure d i n th e sam e manne r  foun d i n 

th e singl e cel l  recordin g literature .  Auto-correlogram s wer e 

compute d wit h bin s o f  5  tim e unit s fo r  ever y cel l  an d the n 

averaged .  Cross-correlogram s betwee n ever y cel l  an d ever y 

othe r  cel l  wer e calculate d an d the n averaged .  Afte r  a n 

initia l  100 0 tim e uni t  period ,  cel l  firing  time s wer e recorde d 

fo r  256 0 tim e units .  Recordin g tw o simulation s fo r  eac h 

conditio n allowe d fo r  th e calculatio n o f  shif t  predictor s t o 

normaliz e correlogram s fo r  rando m matchin g (se e Singe r  & 

Gray ,  199 5 fo r  a  discussio n o f  al l  thes e measures) . 

Synchron y wa s determine d b y takin g th e su m o f  th e zer o 

centere d 3  bin s i n th e average d cross-correlogra m an d 

dividin g b y th e zer o centere d bi n o f  th e auto-correlogram . 

I f  al l  th e cell s fire d withi n 1 5 tim e unit s o f  on e another ,  thi s 

woul d b e measure d a s perfec t  synchron y (rati o o f  I) .  I t 

shoul d b e note d tha t  thi s i s a  measur e o f  globa l  synchron y 

fo r  th e entir e gri d an d woul d unde r  represen t  a  situatio n o f 

separat e synchronou s group s o f  neuron s place d a t  evenl y 

space d phas e relationships . 

For  simulation s wit h spatia l  propagation ,  ever y cel l  ha d 

an axo n o f  lengt h 20 .  Perhap s a  mor e realisti c assumptio n 

woul d b e t o var y axo n lengt h wit h th e separat e distance s fo r 
eac h connection .  Thi s woul d serv e t o furthe r  diminis h wha t 

turne d ou t  t o b e greatl y reduce d synchronization . 

The fou r  set s o f  result s see n i n Figur e 4  ste m fro m thre e 

condition s withou t  th e inclusio n o f  propagatio n an d a  fourt h 
wit h propagation .  Th e immediat e conditio n i s th e standar d 

Fitzhugh-Nagum o mode l  wit h immediat e deliver y o f 

impulse s betwee n cells .  Thi s conditio n i s simila r  t o muc h 

of  th e previou s wor k o n synchron y development .  I n th e 

dela y condition ,  th e basi c mode l  i s augmente d wit h a  dela y 

of  6 0 tim e unit s whic h i s approximatel y th e tim e i t  take s fo r 
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propagatio n d o w n a n axo n o f  lengt h 20 .  Th e delay+re f 

conditio n i s a  furthe r  augmentatio n throug h th e inclusio n o f 

refractor y period s a s dictate d b y th e result s i n Figur e 3  fo r  a 

cel l  wit h propagation . 

j C 0. 0 

M 0. 8 

1 ^ 
identica l  cell s 

I L I L 
^ ^ m excitatory<->ful l 
1 = 1 inhibitory<->ful l 
• 1 ^  excitatory<->loca l 

I  inhlbitory<-iloca l 

n 
non-identica l  cell s 

i U „ 
immediat e dela y delay+re f  propagat e 

Figur e 4 .  Synchron y results .  Eac h ba r  i s average d acros s 

10 0 combination s o f  impuls e amplitud e an d impuls e 

duration . 

Variables Affecting Synchronization 

Propagation 

Approximating the full scale propagate simulation with 

th e additio n o f  delay s an d refractor y period s induce d th e 

same orderin g o f  conditions ,  ye t  synchronizatio n i s 

substantiall y  les s fo r  th e propagat e simulation .  Explici t 

delay s an d refractor y period s ar e inadequat e fo r  capturin g 

some o f  th e non-linearitie s involve d i n propagation .  Fo r 

instance ,  refractor y perio d i s mor e appropriatel y a  dynami c 

construct .  Recen t  faile d attempt s a t  propagatio n ca n bloc k 

subsequen t  actio n potential s almos t  a s strongl y a s recen t 

successfu l  actio n potentials .  I n som e sens e ther e i s a 

dynami c m e m o r y t o th e axon .  Anothe r  exampl e o f  dynami c 

non-linearit y i s foun d wit h dela y time .  Whil e a  continuall y 

firin g cel l  ha s a  dela y tim e o f  6 0 tim e units ,  a  full y 

recovere d restin g cel l  i s  capabl e o f  propagatio n i n 4 0 tim e 

units . 

Thes e an d othe r  anecdota l  account s ar e provide d b y 

watchin g tw o rea l  tim e compute r  graphic s program s 

develope d t o analyz e th e cell s withi n a  phas e portrai t  an d a 

X vs .  v/ w plot . 

Inhibitio n vs .  Excitatio n 

Replicating previous work, the grid readily synchronized 

fo r  immediat e excitator y couplin g fo r  bot h identica l  an d 

non-identica l  cells .  Thi s wa s regardles s o f  connectivity .  I n 

contrast ,  an y sor t  o f  inhibitor y couplin g greatl y diminishe d 

synchronizatio n i n th e immediat e condition .  I n retrospec t 

thi s i s no t  surprising .  I f  ther e i s an y distributio n i n firin g 

time s th e messag e b y th e lea d cell s t o th e follower s wil l  b e 

t o no t  fir e makin g coherenc y o f  th e grou p difficult .  Th e 

additio n o f  a  delay ,  whethe r  i t  b e explici t  o r  throug h 

propagation ,  put s excitatio n an d inhibitio n o n equa l  ground s 

fo r  identica l  cells . 

For  non-identica l  cells ,  th e impositio n o f  a  dela y cause s 

inhibitio n t o produc e greate r  synchron y tha n excitation .  Fo r 

variabl e frequenc y cells ,  th e spreadin g ou t  o f  th e grou p 

durin g recover y i s  avoide d wit h inhibition .  Withou t 

inhibitio n th e faste r  cell s woul d recove r  mor e quickl y an d 

fir e earlier ,  wherea s th e dynamic s o f  a n inhibitin g impuls e 

overrid e an d th e grou p i s  quiescen t  unti l  release d fro m 

inhibition . 

Local vs. Full Connectivity 

The overall effect for extent of connectivity is a reduction 

i n synchronizatio n wit h loca l  connections .  Thi s pattern s 

hol d tru e acros s al l  th e variable s an d i s du e t o increase d 

inpu t  variabilit y  wit h loca l  connections .  Fo r  th e cas e o f  ful l 

connectivit y ever y cel l  i n th e gri d experience s exactl y th e 

same inpu t  a t  ever y poin t  i n time .  Thi s i s i n contras t  t o th e 

situatio n fo r  loca l  connectivit y whic h i s equate d i n term s o f 

averag e inpu t  bu t  no t  variability .  Fo r  loca l  connectivit y 

eac h cel l  i s  followin g a  uniqu e dynamic s a s dictate d b y it s 

particula r  collectio n o f  recen t  incomin g impulses . 

Frequency Variability (non-identical cells) 

In general there was a reduction in synchronization for 

th e non-identica l  (variabl e frequency )  simulations .  Thi s 

reductio n i s  mor e pronounce d fo r  th e thre e condition s 

includin g a  dela y (delay ,  del+re f  an d propagate )  wit h th e 

notabl e exceptio n o f  full y  connecte d inhibitor y coupling . 

Th e previousl y mentione d interactio n betwee n frequenc y 

variabilit y an d inhibition/excitatio n account s fo r  thi s 

exception .  Inhibitio n provide s a  mor e consisten t  overridin g 

dynamic s fo r  ful l  connectivit y sinc e i t  i s  guarantee d tha t 

ever y cel l  wil l  b e release d fro m inhibitio n a t  th e sam e time . 

Plausible Correspondences to Real Synapses 

The biologically plausible scenario for coupling through 

chemica l  (i.e .  neurotransmitte r  mediated )  synapse s i s th e 

cas e o f  non-identica l  cell s i n th e propagat e condition .  Fo r 

thes e simulations ,  synchronizatio n wa s almos t  nonexisten t 

fo r  loca l  connectivity .  Furthermore ,  full y  connecte d 

inhibitor y couplin g produce d greate r  synchronizatio n tha n 

excitator y coupling .  Thi s resul t  i s i n keepin g wit h recen t 
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report s implicatin g th e inhibito r  G A B A i n th e developmen t 

of  synchron y (MacLeo d &  Laurent ,  1996) . 

The appropriat e scenari o fo r  electrica l  synapse s (ga p 

junctions )  i s locall y connecte d excitator y couplin g fo r  non -

identica l  cell s i n th e immediat e condition .  Ga p junctio n 

impulse s ar e alway s excitator y an d onl y betwee n neighbors . 

Thi s kin d o f  synaps e result s fro m direc t  link s betwee n 

adjacen t  cel l  bodie s makin g th e simulatio n o f  propagatio n 

irrelevant .  Ga p junction s ar e primaril y foun d i n lo w leve l 

sensor y areas ,  suc h a s th e retina ,  wher e cell s ar e densel y 

packe d together .  I n agreemen t  wit h studie s o f  cell s 

connecte d throug h electrica l  synapse s (Neuenschwande r  & 

Singer ,  1996) ,  synchronizatio n wa s sizabl e fo r  thi s 

simulation . 

Conclusions 

These simulations demonstrate that the buildup and 

propagatio n o f  actio n potential s ar e a n importan t 

consideratio n i n analyzin g boundar y condition s fo r 

synchron y development .  Propagatio n i s marginall y 

approximate d throug h th e inclusio n o f  explici t  dela y time s 

and refractor y periods ,  ye t  onl y a  ful l  simulatio n wit h a 

spatia l  variabl e an d it s resultin g non-linearitie s ca n accoun t 

fo r  th e diminishe d rang e o f  condition s leadin g t o 

synchronization .  N o w tha t  a  plausibl e mode l  ha s bee n 

develope d whic h fail s t o synchroniz e excep t  i n certai n 

situations ,  th e searc h fo r  architecture s resultin g i n stimulu s 

specifi c  synchronizatio n ca n b e initiated . 
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