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A theore t ica l  ana lys i s  is given of ephaptic in te rac t ion  between ne rve  ce l l s .  The l a r g e r  ce l l s  
mus t  be  m o r e  exposed to ephaptic ef fec ts .  In t r ace l lu la r  s tudies of t r a n s m e m b r a n e  potent ial  
shif ts  induced by ephaptic action show that  the posi t ion of the r e f e r e n c e  e lec t rode  is ve ry  
impor tan t .  The eff iciency of ephaptic in terac t ion  is p ropor t iona l  to the specif ic  impedance  
of the ne rve  t i ssue .  
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Ephaptic in terac t ion  between ne rve  ce l l s  is the name  given to the influence of cu r r en t s  genera ted  by 
neurons  on the exci tabi l i ty  of neighboring neurons .  Since ephaptic in te rac t ion  takes  place  by the d i rec t  
shift  of potent ial  on the m e m b r a n e  by c u r r e n t s  of ex terna l  or igin  as r e g a r d s  the neuron concerned ,  and not 
synapt ical ly ,  the la tent  per iod  of this in te rac t ion  mus t  theore t i ca l ly  be  equal to zero .  A latent  per iod of a l -  
m o s t  ze ro  for  ephaptic in te rac t ion  has  been  found, for  example ,  in the work of Rosentha l  et al .  [7]. In ad-  
dition, cu r r en t s  of ex te rna l  or igin differ  in the i r  effects  on the exci tabi l i ty  of d i ame t r i ca l l y  opposite r eg ions  
of the neuron m e m b r a n e :  that  pa r t  of the cel l  m e m b r a n e  through which the e lec t r i c  cu r r en t  en te r s  the cel l  
is hyperpo la r i zed ,  whereas  the opposi te  pa r t  of the m e m b r a n e ,  through which the cu r r en t  l eaves  the neuron,  
is depolar ized .  If, t he re fo re ,  a reg ion  with inc reased  exci tabi l i ty  exis ts  in a neuron,  the s ame  ex te rna l  
e lec t r i c  field may  produce  different  effects  on the exci tabi l i ty  of the neuron depending on its or ienta t ion 
[8, 91. 

In this paper  the dependence of the t r a n s m e m b r a n e  potential  change (AVt) as  a r e s u l t  of ephaptic ac -  
t ion on the densi ty  of the externa l  cu r r en t ,  the d imens ions  of the cel l ,  and the specif ic  impedance  of the ex-  
t e rna l  med ium is deduced. Some theore t i ca l  a spec t s  of the r eco rd ing  of ZXV t a r e  a lso  examined.  

METHODS OF CALCULATING AND DISCUSSION OF THE RESULTS 

To s impl i fy  the calcula t ion of the value ofAV t it was cons idered  that  the cel l  is sphe r i ca l  and that  the 
e l ec t ro ly te  surrounding it is infinitely l a rge .  It was also a s sumed  that  be fo re  the sphe r i ca l  cel l  was placed 
in the e lec t ro ly te ,  the l a t t e r  had a uni form cu r r en t  field with density J0. With this  model  of ephaptic in t e r -  
act ion the following expres s ion  can be obtained for  the value of the t r a n s m e m b r a n e  potential  change (AV t) 
in r e l a t ion  to the level  of the r e s t i n g  potential:  

3 ~ ( i )  
AVm = ---T ]o "Po'D'C~ 0, 

where  P0 is the specif ic  r e s i s t a n c e  of the med ium surrounding the cel l ,  D the d i ame te r  of the cell ,  and 0 
the angle between the d i rec t ion  and the rad ius  drawn f rom the cen te r  of the cel l  (Fig. 1). 
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Fig.  1. Model of ne rve  cel l  in homogeneous field of e lec t r i c  cu r ren t :  
J0) vec tor  of c u r r e n t  densi ty sufficiently fa r  f rom the cel l ;  P0) spec i -  
fic r e s i s t a n c e  of sur rounding  e lec t ro ly te ;  D) d i ame te r  of ~ cel l ;  0) ~ angle 
between d i rec t ion  of~0 and rad ius  drawn f r o m  the cen te r  of the cel l ;  
L) dis tance between equipotential  l ines on which points A a n d B  lie. 

Fig.  2. N e r v e  cel l  in field of c u r r e n t  of ephaptic dipole; Shaded c i r -  
c les  r e p r e s e n t  poles  of dipole; 1 and 2) two s y m m e t r i c a l  posi t ions  of 
n e r v e  cel l ;  num be r s  on isopotent ial  cu rves  a r e  equal to values  of po-  
t en t i a l  on them in conventional  units .  

The ca lcula t ions  showed that  the change in t r a n s m e m b r a n e  potent ial  (&V t) during ephaptic action is 
p ropor t iona l  to the s ize  of the ce l l  (D). This  can be explained qual i ta t ively as  follows. A d e c r e a s e  in vol t-  
age between the points A and B (Fig. 1) mus t  be  equal to the potential  d i f ference  between the equipotential  

�9 l ines  on which these  points l ie .  T h e s e  equipotential  cu rves  can be  taken as  pa ra l l e l  a shor t  d is tance f rom 
the cell ,  and the d is tance  between them is L. The  potent ial  d i f ference  sought between the points A and B 
is thus J0"P0" L. The voltage drop between A and B mus t  be  divided between t h r e e r e s i s t o r s  connected in 
s e r i e s  (the r e s i s t a n c e  of  the m e m b r a n e  for  the inward cur ren t ,  the r e s i s t a n c e  of the in t race l lu la r  medium,  
and the r e s i s t a n c e  of the m e m b r a n e  for  the outward current}.  Since the f i r s t  and th i rd  r e s i s t a n c e s  a r e  
many  t imes  g r e a t e r  than the second,  e ssen t i a l ly  the whole potential  drop between A and B is divided half  
and ha l f  between the r e s i s t a n c e  of the m e m b r a n e  for  the inward c u r r e n t  and i ts  r e s i s t a n c e  for  the outward 
cur ren t .  The exp re s s ion  &V t = (1/2) j0P0L can thus be obtained for  the magnitude of AV t. Let  us e s t ima t e  
L. It  is evident that  L is g r e a t e r  than D, but it is a value of the s a m e  o rde r  as D. This  follows f rom the 
genera l  a rgumen t  that  the d is tor t ion of the field (i.e.,  the deviation of its equipotential  curves} is a value of 
the s ame  o rde r  as the s ize  of the object  as a r e s u l t  of which the dis tor t ion took place.  Accordingly ,  L in 
the l a s t  exp re s s ion  for  &V t can be r ep l aced  approx ima te ly  by D, and the resu l t ing  express ion  for &V t now 
has  the f o r m  &V t = j0P0D, f rom which it follows that  AV t is p ropor t iona l  to D. 

The t rue  value of &V t, incidentally,  can be m e a s u r e d  when the potential  d i f ference  is m e a s u r e d  be -  
tween the i n t r a c e l h l a r  and ex t race l lu l a r  e l ec t rodes ,  the l a s t  of which mus t  be  p laced  as nea r  as  poss ib le  
to the m e m b r a n e  of the ce l l  concerned.  In that  c a se  the potential  d i f ference  between the in t race l lu la r  and 
ex t r ace l lu l a r  e l ec t rodes  will be  equal to the sum of the r e s t i ng  potent ial  and &V t of that  pa r t  of the cel l  
m e m b r a n e  that  l ies  c l o s e s t  to the ex t r ace l lu l a r  e lec t rode .  The  potential  drop in the in t race l lu la r  med ium 
between the point where  the e lec t rode  is s i tuated and the inner su r face  of the m e m b r a n e  is a negligibly 
sma l l  magni tude c o m p a r e d  with AV t.  

To m e a s u r e  the value of AV t, the posit ion of the r e f e r e n c e  e lec t rode  thus b e c o m e s  e x t r e m e l y  i m -  
por tant .  If  this  e lec t rode  is suff icient ly far ,  c o m p a r e d  with the s ize  of the cu r r en t  ephapttc dipole, f rom 
that  dipole the r e f e r e n c e  e lec t rode  can be r e g a r d e d  as  lying on the zero  isopotent ial  cu rve  (Fig. 2). If, 
t he r e fo re ,  a suff icient ly dis tant  r e f e r e n c e  e lec t rode  is used  the potent ial  d i f ference  between the in t r ace l -  
lu la r  and r e f e r e n c e  e l ec t rodes  will depend only on the posi t ion of the invest igated cel l  in the field of poten-  
t i a l s  genera ted  by  the cu r r en t  ephaptic dipole. The same  potential  d i f ference  (but differ ing in r e s t i ng  po-  
tential)  could be  r e c o r d e d  f rom the act ive e lec t rode  a f t e r  the cel l  had been r e m o v e d  but the ac t ive  e lec -  
t rode  was left  in its old posit ion. T h e  potential  d i f ference  r e c o r d e d  by  this distant  r e f e r e n c e  e lec t rode  can 
even change i ts  sign, whe reas  the ephaptic influence on the ce l l  (propor t ional  to the potential  gradient)  may  
r e m a i n  unchanged (see  posi t ions 1 and 2 of the cel l  in Fig.  2). 
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This  d i spar i ty  between the in t race l lu la r  potent ia ls  ( re la t ive  to the dis tant  r e f e r e n c e  electrode)  and the 
changes in exci tabi l i ty  of the neuron under the influence of the ephaptic f ield is shown by the r e c o r d s  i l -  
lus t ra t lng  the paper  by Nelson [6]. 

Comple te  a g r e e m e n t  between the in t r ace l lu l a r ly  r e c o r d e d  potent ial  change ( re la t ive  to the dis tant  r e -  
f e r ence  e lect rode)  and the change in the level  of exci tabi l i ty  of the neuron during ephaptic act ion was a lso  
found by Belenkov and Chirkov [1, 3] when invest igat ing ephaptic exci tabi l i ty  of  p y r a m i d a l  neurons  during 
e lec t r i ca l  s t imula t ion  of the su r face  of the cor tex .  These  w o r k e r s  a s s e r t  that  the intensif icat ion and inhi- 
bit ion of ac t iv i ty  of  the t e s t ed  neuron a f t e r  e l ec t r i ca l  s t imulat ion of the cor t i ca l  su r f ace  coincided with 
depolar iza t ion  and hype rpo la r i za t ion  r e s p e c t i v e l y  during in t race l lu la r  r eco rd ing .  This  comple te  a g r e e m e n t  
between the changes in the in t race l lu la r  potent ia l  and the level  of exci tabi l i ty  can only be  explained on the 
assumpt ion  that  the la tency of the in t raee l lu la r  r e sponse ,  as  these  w o r k e r s  t h e m s e l v e s  s ta te ,  was not l e s s  
than 1-2 m s e c .  The  r e s p o n s e  i tse l f  mus t  t h e r e f o r e  be  r ega rded ,  not as  ephaptic,  but as  evoked synapt ical ly ,  
for  which the change in the in t r ace l lu la r  potent ial  does not c o r r e s p o n d  to the level  of exci tabi l i ty .  

It  mus t  be  ment ioned in pa r t i cu la r  that  the ephaptic effect  on the cell  m e m b r a n e  does not show i t se l f  
as  the potential  of the ex te rna l  e lec t r i c  field, but as  the density of  the e lec t r ic  cu r r en t  in the region where  
the neuron l ies .  The conclusion that the ephaptic effect  on a neuron depends on the s ize  of the ex t r ace l lu l a r  
potential  of the ephaptic field, r e ached  by Belenkov and Chirkov in the i r  invest igat ion [1]~ is t h e r e f o r e  in- 
c o r r e c t .  The ephaptic act ion of the ex te rna l  e l ec t r i c  field on a neuron mus t  be  p ropor t iona l  to the e x t r a -  
ce l lu la r  potential  gradient  in the reg ion  where  the neuron l les  (the densi ty of the e lec t r i c  c u r r e n t  is p r o p o r -  
t ional  to the potent ia l  gradient  at a given point). This  dependence of the ephaptic act ion of an ex te rna l  e lec -  
t r i c  f ield on the spontaneous d i scharge  f requency  was found by Terzuo lo  and Bullock [9]~ 

C o m p a r i s o n  of the ephaptic act ion of h igh- f requency  and low-f requency  c u r r e n t s  a r i s ing  during g en e r -  
ation of the act ion potential  (AP) and pos tsynapt ic  potent ial  (PSP) r e s p e c t i v e l y  is usual ly  made  on the bas i s  
of  c o m p a r i s o n  of the impedance  values of the ne rve  t i s sue  for  t hese  f requenc ies .  Chi rkov et al .  {4] a s s e r t  
that  f requenc ies  of 50-20 Hz mus t  s p r ead  o v e r  the co r t ex  with g r e a t e r  difficulty than f requencies  of 500- 
1500 Hz, fo r  the impedance  for  low f requenc ies  is a l m o s t  t h r ee  t i m e s  g r e a t e r  than that  for  the high f requen-  
cy.  However ,  this  a s s e r t i o n  is valid only if the gene ra to r  of ephaptic c u r r e n t s  has  an in ternal  r e s i s t a n c e  
much s m a l l e r  than the load r e s i s t a n c e .  The ce l l  is known to be a ncurrent  gene ra to r  N. In fact ,  during ex- 
c i ta t ion of any pa r t  of the neuron m e m b r a n e  an e lec t r i c  c u r r e n t  ~begins" to flow inside the ce l l  f r o m  the 
reg ion  of exci tat ion toward  the neighboring unexci ted reg ions  of the m e m b r a n e ,  it c r o s s e s  the m e m b r a n e  of 
the unexci ted reg ions ,  and it then flows along the volume conductor  toward  the exci ted pa r t  of the m e m b r a n e  
where ,  c r o s s i n g  the m e m b r a n e  in the opposi te  direct ion,  it " c lo se s "  i ts  c i rcui t .  The  volume conductor  
surrounding the cel l  can be r e g a r d e d  as  a load r e s i s t a n c e  connected to the neuron m e m b r a n e  between the 
excited and unexci ted r eg ions .  The r e s i s t a n c e  of the volume conductor  is evidently many  t imes  s m a l l e r  
than the r e s i s t a n c e s  o v e r c o m e  by the c u r r e n t  as it c r o s s e s  the m e m b r a n e  and moves  inside the cell .  The 
magni tude of the c u r r e n t  sent by the excited reg ion  of the m e m b r a n e  into the volume conductor  is thus 
p rac t i ca l ly  independent of i ts  impedance,  for  f a r  higher  r e s i s t a n c e s  a r e  connected to it in s e r i e s  in the  e ! ec -  
t r i c  c i rcu i t .  

Ephaptic action, as follows f rom equation (1) mus t  be propor t iona l  to the specif ic  r e s i s t a n c e  of the 
t i s sue  sur rounding  the neuron.  Low-f requency  cu r r en t s ,  for  which b ra in  t i s sue  p r e sen t s  a g r e a t e r  r e -  
sistance~ mus t  t h e r e f o r e  have a g r e a t e r  ephaptic action. 

When the ephaptic e f fec ts  of c u r r e n t s  genera ted  by APs  and PSPs  a r e  compared ,  this mus t  also be  
done on the bas i s  of 1) the combined value of the cu r r en t  sent by the cel l  into the volume conductor  and 2) 
the fact  that  the densi ty  of this cu r r en t  falls  rap id ly  with inc reas ing  dis tance  f r o m  the exci ted a r e a  of the 
m e m b r a n e .  The f i r s t  c r i t e r i on  gives p r io r i t y  to the AS ), whe reas  the second gives p r io r i ty  to ephaptic in- 
t e rac t ion  during the PSI  ) [2, 5]. Ephaptic act ion of the cel l ,  it will be noted, is independent of the specif ic  
r e s i s t a n c e  of i ts  m e m b r a n e ,  as  follows f r o m  equation (1). 
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