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Study o f  f unc t i ons  o f  the b r a i n  on a b e h a v i o r i s t i c  bas is ,  d ivorced i n  

greater  or  l esse r  degree from associated a c t i v i t y  i n  b r a i n  systems, has a f fo rded  

the phys io los i ca l  psycho log is t  a broad f i e l d  o f  endeavor i n  the pas t  decade, 

as he has manipulated schedules o f  re inforcement dependent on both pe r iphe ra l  

and c e n t r a l  s t i m u l i ,  Whi le i t  has been claimed f o r  these s tud ies  t h a t  they 

have y ie lded  in fo rma t i cn  about b r a i n  o rgan iza t ion  i n  percept ion  and learn ing,  

w i t h  d isc losure ,  f o r  example, o f  s p e c i f i c  b r q i n  regions t h a t  c o n s t i t u t e  

"centers," t h i s  n o t i o n  i t s e l f  has 1 i t t l e  p lace  i n  the p h y s i o l o g i s t ' s  c u r r e n t  

scheme o f  cerebra l  f unc t i ons .  For whatever may be the apparent dominance o f  

one b r a i n  reg ion  i n  the behaviora l  expression o f  a p a r t i c u l a r  func t ion ,  our 

enthusiasm must be tempered by knowledge o f  p ro found ly  i n f l u e n t i a l ,  wide 

ranging and s u b s t a n t i a l l y  rec ip roca l  pathways i n v o l v i n g  such centers;  o f  

cont inuous a c t i v i t y  i n  neuronal f i r i n g  pa t te rns  r e l a t e d  complexly and i n  

s tochas t i c  ways t o  sensory s t i m u l i ;  and o f  b r a i n  substance organized i n  a 

se r ies  o f  t i ssue  compartments, each c o n t r i b u t i n g  f u n c t i o n a l l y  t o  the whole, 

and c a r r y i n g  w i t h  them the keys t o  tha t  most unique f u n c t i o n  o f  b r a i n  t i ssue,  

the s torage o f  in format ion.  

As though by a f l a n k i n g  movement, the p h y s i o l o g i s t ,  the b iochemist  and 

even the mathematician and engineer, have come t o  invo lve  themselves i n  the 

pas t  decade d i r e c t l y  i n  s tud ies  of behavior, b r i n g i n g  w i t h  them the i n t r i c a t e  

knowledge and techniques o f  t h e i r  s p e c i a l t i e s  t o  d i r e c t l y  con f ron t  c r i t i c a l  

problems o f  b r a i n  and behavior.  

record ing  e l e c t r i c a l  a c t i v i t y  of the b r a i n  i n  f r e e l y  per forming i n d i v i d u a l s .  

He has learned t o  record a c t i v i t y  of s i n g l e  c e l l s  i n  unanesthet ized b r a i n s  

d u r i n g  percept ion  and learn ing ,  

co l leagues experience i n  data a c q u i s i t i o n  systems, and i n  computer ana lys i s  

The p h y s i o i - g i s t  has proved h imse l f  adept a t  

He has bene f i t ed  from h i s  engineer ing 
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of neurophys io log ica l  data. 

I t  may be argued t h a t  there p e r s i s t s  a g u l f  t h a t  deepens and widens between 

p h y s i o l o g i c a l  a c t i v i t y  o f  any recordable k i n d  and mental a c t i v i t y  i n  percept ion 

and learn ing.  There can be l i t t l e  d ispute w i t h  such a view, inso far  as the 

p h y s i o l o g i s t  d iscerns processes which have vary ing  degrees o f  c o r r e l a t i o n  w i t h  

mental a c t i v i t y .  

o f  these c o r r e l a t e s ,  and i t  i s  i n  the e l u c i d a t i o n  o f  t h e i r  p rogress ive ly  f i n e r  

p a t t e r n s  t h a t  he w i l l  concern h imse l f  for some t ime t o  come, The h i e r a r c h i c a l  

nature o f  these cor re la tes ,  however, as they have a l ready  been d isc losed from 

the l e v e l  o f  the s i n g l e  c e l l  t o  cerebral  system i n t e r r e l a t i o n s  i n  man, i n v i t e  

cons idera t ion  o f  the p o s s i b i l i t y  o f  causal s i g n i f i c a n c e  i n  a t  l e a s t  some o f  

these p h y s i o l o g i c a l  events. 

A t  t h i s  stage, the p h y s i o l o g i s t  has b a r e l y  begun eva lua t ion  

E s s e n t i a l l y ,  we face the problem o f  what c o n s t i t u t e s  in format ion a t  the  

input  o f  cerebra l  systems, what a re  i t s  transforms i n  t ransac t iona l  processes, 

and what a re  the bases of  storage and r e c a l l .  We have tended t o  assume t h a t  

a t  each stage o f  these presumably sequent ia l  events, the e l e c t r i c a l  a c t i v i t y  

o f  the b r a i n  might p rov ide  the sole, o r  a t  l e a s t  an adequate measure o f  the 

s t a t e  o f  t i ssue i n  which any o r  a l l  o f  these processes might s imultaneously 

occur. 

v a r i e t y  of e l e c t r i c a l  processes t h a t  occur s imultaneously w i t h i n  cerebra l  

nerve c e l l s ,  and i n  c e r t a i n  Fespects a r e  apparent ly  unique t o  cerebra l  

neurons, we may a t t a c h  specia l  s i g n i f i c a n c e  i n  i n i t i a t i o n  o f  storage, as 

opposed t o  t ransact ion,  of informat ion i n  b r a i n  t i ssue.  Moreover, i t  i s  

q u i t e  conceivable t h a t  the changing s t a t e s  of  b r a i n  t i s s u e  d e r i v i n g  from 

storage o f  in fo rmat ion  may n o t  be re f lec ted  i n  e l e c t r o p h y s i o l o g i c a l  records, 

except dur ing  in format ion r e t r i e v a l ,  

Yet, as w i l l  be discussed elsewhere, we do n o t  y e t  know t o  which o f  a 

A gamut of  new techniques q u i t e  unre la ted  
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t o  c l a s s i c a l  e lec t rophys io log i ca l  record ing methods may thus be necessary t o  

de tec t  such changes. 

Le t  us embark, then, upon a journey wherein f a c t  and specu la t ion  may 

sometimes go hand i n  hand, t o  the b a f f l i n g  complexi ty o f  the mosaic t h a t  forms 

the t i n y  cosmos of the  neuronal membrane, and t o  the narrow c l e f t s  t h a t  mark 

off each neuron from adjacent  neurons and neurog l i a l  c e l l s .  

broader v iew a t  the  summed a c t i v i t y  o f  neuronal popu la t ions  du r ing  a v a r i e t y  

o f  behav io ra l  performances, and ways i n  which these aggregated populat ions 

r e f l e c t  i n  t h e i r  pa t te rns  o f  a c t i v i t y  a r e p e r t o i r e  o f  behav io ra l  performances. 

A t  the ou tse t ,  we may d iscuss a s t r u c t u r a l  scheme o f  cerebra l  o rgan iza t i on  on 

which our f u n c t i o n a l  eva lua t i on  w i l l  l a r g e l y  r e s t .  

1 .  S a l i e n t  fea tures  o f  c e l l u l a r  o rqan iza t ion  i n  cerebra l  s t ruc tu res :  a 

Le t  us look i n  

t r icompartmental  model. 

New knowledge o f  the r e l a t i o n s  between c e l l u l a r  elements i n  b r a i n  t i ssue  

has come from e l e c t r o n  microscopy s tud ies  which have revealed a se r ies  of 

i n t ima te  i n t e r r e l a t i o n s  between c e l l s  o f  neuronal and non-neuronal systems. 

These f i n d i n g s  have i n v i t e d  a reappra isa l  of  s t r u c t u r a l  o rgan iza t i on  w i t h i n  

organized popu la t ions  o f  neurons i n  a domain o f  cerebra l  t i ssue.  

Nerve c e l l s  i n  mammalian cerebra l  c o r t e x  a re  arranged i n  a p a t t e r n  

c h a r a c t e r i s t i c a l l y  descr ibed as laminar. The degree o f  o rde r l i ness  in  t h i s  

l a y e r i n g  va r ies  from one c o r t i c a l  reg ion t o  another,  and, indeed, w i t h  the 

eye o f  the beholder (Shol l ,  1956). I t  may be noted, however, t h a t  a unique 

and c h a r a c t e r i s t i c  f ea tu re  of cerebral  c o r t e r ,  and a l s o  o f  cerebra l  gangl ia  

o f  many inver tebra tes ,  i s  the grea t  over lap of  the d e n d r i t i c  branches, o r  

"tree," o f  one neuron, w i t h  those o f  ad jacent  neurons. Moreover, there  

appears t o  be a progress ive enlargement o f  the s i ze  o f  the d e n d r i t i c  
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apparatus i n  the h igher  mammal, so tha t  the neuronal packing dens i ty  appears 

t o  p rog ress i ve l y  decrease as one ascends the  p h y l e t i c  scale.  

micrographs s30w tha t ,  i n  some instances, these contacts  between dendr i tes  o f  

d i f f e r e n t  neurons a r e  as c lose  as i n  synapt ic j unc t i ons ,  o r  about 100 A' 

(van der Loos, 1962). Poss ib le  func t i ona l  i n t e r a c t i o n s  which might  be i n i t i a t e d  

i n  t h i s  way a r e  unknown, as are  the numbers and loca t i ons  o f  such contac ts  on 

any p a r t i c u l a r  neuron. Nevertheless, i t  i s  necessary tha t  we take account o f  

such s t r u c t u r a l  r e l a t i o n s  a t  t h i s  stage, s ince  they may determine the degree 

of "coupling" between a neuron and others i n  i t s  v i c i n i t y ,  i n  t h e i r  mutual 

i n t e r a c t i o n  i n  c e r t a i n  slow wave processes t J  be discussed below. 

The e l e c t r o n  

Neurog l i a l  c e l l s  have long been known t o  in tervene between nerve c e l l s  

and the vascular  apparatus, so t h a t  they may exerc ise  a regu la to ry  f u n c t i o n  

on neuronal metabolism. Some authors have descr ibed the neurog l i a l  envelope 

as e s s e n t i a l l y  complete around i n d i v  dual neurons, w h i l e  o thers  have noted a 

more r e s t r i c t e d  d i s t r i b u t i o n ,  w i t h  a "packeting" o f  g l i a l  elements around 

synapt ic  te rmina ls  and w i t h  r e l a t i v e  y bare i n te rven ing  areas (Peters and 

Palay, 1964). I t  i s  now poss ib le  t o  combine cytochemical techniques w i t h  

e l e c t r o n  microscopy, and thus, t o  d i sp lay  d i s t r i b u t i o n  of a v a r i e t y  o f  enzymes 

i n  the i n te r faces  between these c e l l u l a r  elements. These enzymes l i e  a t  

ad jacent  membranes where neuronal and n e u r o g l i a l  c e l l s  a r e  i n  contac t ,  and 

s i m i l a r l y ,  where n e u r o g l i a l  elements a re  i n  contact ,  b u t  a r e  no t  seen where 

neuronal elements a d j o i n  one another .  Enzyme concentrat ions a r e  a l s o  h i g h  i n  

the basement membranes ou ts ide  the vascular endothelium o f  c a p i l l a r i e s ,  and 

i n  the  "sucker f e e t "  of as t rocy tes  at tached t o  these membranes, a l though 

endothel  i a l  c e l l s  themselves show 1 i t t l e  enzyme a c t i v i t y  (Bar rne t t ,  1963). 

Perhaps he re in  i s  a s t r u c t u r a l  bas is  f o r  the "blood b r a i n  ba r r i e r , "  s ince  
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t r anspor t  o f  blood-borne substances across the c a p i l l a r y  w a l l  may depend i n  

va ry ing  degrees on the presence of  appropr ia te enzyme systems. 

So f a r ,  we have considered two compartments, neuronal and n e u r o g l i a l ,  i n  

a t r lcompartmental  cerebra l  system. A t h i r d  compartment,jtraditionally given 
the e x t r a  c e l l u l a r  

scant a t t e n t i o n  i n  most h i s t o l o g i c a l  descr ip t ions ,  may w e l l  rank equa l l y  w i t h  

the o ther  two i n  f u n c t i o n a l  s ign i f i cance .  Whi le i t  would be easy t o  dismiss 

i t  as a mere bucket o f  sa l i ne ,  i f  our no t ionc  o f  cerebra l  o rgan iza t i on  requ i red  

i t  merely t o  contribute sodium ions, i n  accordance w i t h  c e r t a i n  popular  neuronal 

models, a t t e n t i o n  has r e c e n t l y  been focused on i t s  con ten t  o f  mucopolysaccharide 

m a t e r i a l  (Barkeret  ,196$he evidence suggests t h a t  i t  may e x h i b i t  cons iderab le  

o rgan iza t i on  i n  i t s  con ten t  o f  these la rge  molecules, which a r e  capable o f  

modulat ing and c o n t r o l l i n g  ra tes  of ion movements through t h i s  compartment. 

Since i t  l i e s  between the neuronal and n e u r o g l i a l  elements, i t s  r o l e  i n  

d e l i m i t i n g  metabol ic  exchange w i t h  nerve c e l l s  may be o f  the utmost importance, 

These mucopolysaccharides have been shown t o  be chemical ly  d isordered i n  the 

types and l o c a t i o n  o f  t h e i r  sugar molecules i n  mental d isorders,  such as l n fan tae  

m a h r d t i c  ' i d iocy ;  . The i r  presence i n  the "ground substance" o f  b r a i n  t i ssue  

was recognized many years ago, b u t  t h e i r  f u n c t i o n a l  s ign i f i cance ,  and t h a t  

o f  the e x t r a c e l l u l a r  compartment genera l ly ,  has received l i t t l e  a t t e n t i o n .  

The s i z e  o f  the e x t r a c e l l u l a r  compartment has been h o t l y  debated. 

T r a d i t i o n a l  methods o f  f i x a t i o n  o f  t i ssue f o r  e l e c t r o n  microscopy w i t h  osmic 

a c i d  have ind i ca ted  q u i t e  smal l  values, b e t w r n  about 1 and 4 per  cent .  

Van Har reve ld  (1965) has shown t h a t  very r a p i d  coo l i ng  o f  b r a i n  t i ssue  t o  a 

low temperature (-207OC) aga ins t  a metal p l a t e  produces an e l e c t r o n  micro-  

graph w i t h  as much as 24 per  cent  e x t r a c e l l u l a r  space. F a i l u r e  t o  coo l  

r a p i d l y ,  and p a r t i c u l a r l y ,  a l l ow ing  an i n t e r v a l  o f  90 seconds o r  more t o  pass 
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a f t e r  c i r c u l a t o r y  a r r e s t  and before f i x a t i o n  leads t o  o b l i t e r a t i o n  o f  the 

e x t r a c e l l u l a r  space and t r a n s f e r  o f  f l u i d  t o  an i n t r a g l i a l  l o c a t i o n .  

est imates of the e x t r a c e l l u l a r  space (Reed, Woodbury and Hol tzer ,  1964) have 

ind i ca ted  about 14 per cent  o f  cerebra l  volume, so t h a t  the f i g u r e  der ived 

from osmium f i x e d  e l e c t r o n  micrographs may be too  smal l .  

Chemical 

A t  a l l  events, these recent  s tud ies have emphasized the p e c u l i a r  nature 

of cerebra l  c e l l u l a r  o rgan iza t ion ,  w i t h  emphasis on a d e n d r i t i c  t r e e  o f  

s u b s t a n t i a l l y  g rea ter  volume than the  c e l l  body, a t r e e  t h a t  over laps and may 

be p h y s i c a l l y  cont iguous w i t h  those o f  ne ighbor ing neurons; a n e u r o g l i a l  

compartment i n t i m a t e l y  invo lved i n  neural  metabol ic  exchanges; and an ex t ra -  

c e l l u l a r  compartment disposed between neuronal and n e u r o g l i a l  elements and 

charac ter ized  by a macromolecular "glue." 

2. Neuroe lec t r i c  a c t i v i t y  I n  b r a i n  t issue:  the qenesis o f  waves and t h e i r  

r e l a t i o n  t o  u n i t  f i r i n q .  

Ever s ince Berger (1929) recorded the electroencephalogram across la rge  

volumes o f  cerebra l  t i ssue ,  a t t e n t i o n  has been d i r e c t e d  t o  i t s  c o r r e l a t e s  

w i t h  s ta tes  o f  consciousness, and w i t h  abnormal i t ies  o f  ce reb ra l  func t ions .  

I n  tu rn ,  o ther  s tud ies  have examined the poss ib le  r e l a t i o n s h i p  o f  these waves 

t o  neuronal a c t i v i t y  (L i ,  McLennan and Jasper, 1957; Green, Maxwell and 

Petsche, 1961). Despi te  in tense e f f o r t s ,  bo th  l i n e s  o f  research have been 

f r u s t r a t e d  i n  at tempts t o  d i sc lose  simple r e l a t i o n s h i p s .  The e a r l y  hopes 

t h a t  the  phenomenon o f  a lpha blocking, o r  s i m i l a r l y  obvious EEG changes from 

s leep t o  wakefulnes, might  have t h e i r  counterpar ts  du r ing  f i n e r  perceptual  

and learned performances, f o r  example, have tot  borne f r u i t .  Instead, i t  has 

been necessary t o  seek s u b t l e  aspects of p a t t e r n i n g  i n  wave t r a i n s  t h a t  appear 

s t o c h a s t i c a l l y  organized, as discussed below. U n i t  f i r i n g  pa t te rns  recorded 
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simultaneously w i t h  wave a c t i v i t y  i n  the same t i ssue  have f a i l e d  t o  d i sc lose  

constant  phase r e l a t i o n s  between the waves recorded gross ly  and the u n i t  

f i r i n g ,  even i n  the very  regu la r  waves o f  hippocampal the ta  t ra ins ,  thus 

g i v i n g  no support  t o  the n o t i o n  t h a t  the waves a r i s e  as the envelope o f  the 

f i r i n g  of  many neurons i n  a popu la t ion .  

The search has the re fo re  turned t o  poss ib le  o r i g i n s  i n  slow processes 

generated by i n d i v i d u a l  neurons. I n  ex t race i  l u l a r  records,  E l u l  (1962) noted 

tha t  p a i r e d  microelect rodes separated by o n l y  30 m recorded a spontaneous EEG 

o f  apparent ly  normal form and amplitude. Moreover, no s i m i l a r i t y  cou ld  be 

found between monopolar and d i f f e r e n t i a l  de r i va t i ons  o f  bo th  spikes and slow 

waves recorded s imul taneously  w i t h  such smal l  t i p  separat ions.  These f i n d i n g s  

thus emphasized the l i m i t e d  dimensions o f  c o r t i c a l  d ipo les  i n  the genesis o f  

the EEG t o  d is tances o f  c e l l u l a r  magnitude. I n  more recent  s tud ies,  E l u l  

(1964) has pursued these f i n d i n g s  w i t h  i n t r a c e l l u l a r  record ing.  

I n  approach t o  the membrane of the s i n g l e  neuron w i t h  a f i n e ,  l i q u i d -  

f i l l e d  m ic rop ipe t te  w i t h  record ing  s e n s i t i v i t i e s  i n  the low m i l l i v o l t  range, 

no EEG wave a c t i v i t y  was found u n t i l  ac tua l  pene t ra t i on  o f  the neuronal 

membrane. immediately a f t e r  penetrat ion,  however, l a rge  rhythmic waves were 

seen i n  unanesthet ized c o r t i c a l  neurons, superimposed on the r e s t i n g  membrane 

p o t e n t i a l  ( E l u l ,  1965). These i n t r a c e l  l u l a r  waves a r e  large,  w i t h  an amp1 i tude 

o f  5 t o  15 m i l l i v o l t s ,  thus i nvo l v ing  a major p o r t i o n  o f  the membrane p o t e n t i a l  

o f  70 t o  90 m i l l i v o l t s ,  and a re  hundreds o f  times la rge r  than the EEG 

recorded i n  ad jacent  e x t r a c e l l u l a r  t issue, o r  on the c o r t i c a l  surface. 

E s s e n t i a l l y  s i m i l a r  f i n d i n g s  have been repor ted a l s o  by  Creu tz fe ld t ,  Fuster,  

Lux and Nacimiento (1964) and Jasper and Ste fan is  (1965). 

been recorded i n t r a c e l l u l a r l y  a l s o  i n  the hippocampus du r ing  t y p i c a l  the ta  

Large waves have 
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wave t r a i n s  i n  l a r g e r  volumes o f  t issue by  Fuj i t a  and Sat0 (1964). 

There i s  a s t rong  general r e l a t i o n s h i p  between frequencies i n  these 

i n t r a c e l l u l a r  waves and the EEG recorded g ross l y  from the same region,  I n  

s leep w i t h  large,  regu la r  slow waves, s i m i l a r  pa t te rns  cha rac te r i ze  i n t r a -  

c e l l u l a r  records.  Conversely, the rap id  sur face EEG i n  the aroused s t a t e  i s  

accompanied by comparably increased frequencies i n  i n t r a c e l l u l a r  waves (E lu l ,  

1965). E l u l  has considered ways i n  which such in t raneuronal  generators m ish t  

j o i n t l y  produce the EEG recorded gross ly .  The r a t i o  o f  the h igh  res is tance 

o f  neuronal membrane t o  the lower res is tance o f  the enc:osing extraneuronal  

medium w i l l  determine the magnitude o f  the EMF appear ing i n  the extraneuronal  

medium through transmembrane f l o w  o f  cu r ren t  f rom i n t r a c e l l u l a r  generators as 

r e l a t e d  t o  the magnitude o f  the i n t r a c e l  l u l a r  p o t e n t i a l .  Ava i l ab le  data 

supports the v iew t h a t  t h i s  r a t i o  would be a t  l e a s t  100:1, so t h a t  the observed 

ampl i tud2 o f  50 t o  200 mV a t  c o r t i c a l  sur face  i s  compat ib le w i t h  such an o r i g i n ,  

There remains a more subs tan t i a l  cons idera t ion  i n  e s t a b l i s h i n g  a causal 

r e l a t i o n s h i p  between i n d i v i d u a l  neuronal generators and the  EEG. Th is  

concerns s t a t i s t i c a l  opera t ion  o f  a popu la t ion  o f  generators,  and ways i n  

which i n d i v i d u a l  generators may con t r i bu te  t o  the c o n f i g u r a t i o n  o f  the E E G .  

E l u l  has app l i ed  the c e n t r a l  l i m i t  theorem o f  s t a t i s t i c s  (Cramer, 1962) t o  an 

eva lua t i on  o f  t h i s  problem, and considers t h a t  c o r t i c a l  neuronal generators 

meet the theorem requirements of i nd i v idua l  ampl i tude d i s t r i b u t i o n s ,  which are  

no t  l i n e a r l y  re la ted ,  and possess a mean, and a f i n i t e  standard d e v i a t i o n  

(Logve, 1955). 

d i s t r i b u t i o n  ensuing from combination o f  a c t i v i t y  o f  n o n - l i n e a r l y  r e l a t e d  

neurona 1 genera t o r s .  

He concludes t h a t  the E E G  may be accounted f o r  as the normal 

I n  such a scheme, i t  would be an t i c ipa ted  t h a t  the frequency . 
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c h a r a c t e r i s t i c s  o f  i n d i v i d u a l  generators would r e l a t e  s t rong ly  t o  the gross 

EEG, b u t  t h a t  phase r e l a t i o n s  would be l o s t  i n  the process o f  summation. 

thus we come to y e t  another f r o n t i e r ,  where once aga in  the b a f f l i n g  complex i ty  

o f  cerebra l  Organizat ion requ i res  that  we pause and take stock o f  the adequacy 

of our observat ions t o  proceed f u r t h e r .  

phenomena as reg iona l  d i f fe rences ,  and indeed, reg iona l  s p e c i f i c i t i e s ,  i n  

rhythmic processes, such as the  40 cycles/sec rhythms o f  the amygdala, or the 

6 cycles/sec the ta  t r a i n s  o f  the hippocampus, o r  the c h a r a c t e r i s t i c  frequencies 

o f  the alpha band, 

generators, i t  i s  a l s o  necessary that  we consider ways i n  which i n d i v i d u a l  

generators may be coupled i n  cons tan t l y  va ry ing  degrees t o  o ther  generators i n  

the system. None of these questions can now be answered, nor do we know 

p r e c i s e l y  the mechanisms by  which these waves a r i s e  w i t h i n  the c e l l ,  whether 

i t  be by synapt ic  p o t e n t i a l s ,  or  i n  i n t r i n s i c  a c t i v i t y  i n  "dendr i t i c "  p o t e n t i a l s .  

And 

We must concern ourselves w i t h  such 

I f  such rhythms a r i s e  i n  summed a c t i v i t y  of nearonal 

Let  us consider  b r i e f l y ,  however, c e r t a i n  f i n d i n g s  about the r e l a t i o n s h i p  

o f  i n t r a c e l  l u  

near, b u t  n o t  

i n t r a c e l l u l a r  

l e v e l  o f  depo 

a r  waves t o  f i r i n g  o f  the neuron. 

necessa r i l y  a t ,  the peaks o f  the d e p o l a r i z i n g  phase o f  the 

wave. However, i t  has been our cons is ten t  observa t ion  t h a t  the 

a r i z a t i o n  reached on the d e p o l a r i z i n g  peaks o f  these waves i s  

F i r i n g  o f  the  neuron occurs 

n o t  a c r i t i c a l  determinant of the i n i t i a t i o n  o f  f i r i n g .  I n  many instances, 

d e p o l a r i z i n g  peaks exceeded those on which f i r i n g  occurred w i thou t  i n i t i a t i o n  

of a spike, suggesting t h a t  the r e l a t i o n s h i p  between i n t r a c e l l u l a r  waves and 

the spike ou tpu t  may no t  always be a l i n e a r  one ( E l u l  and Adey, 1965). I f  we 

accept the n o t i o n  t h a t  i n i t i a t i o n  o f  the spike discharge normal ly occurs from 

r e s t r i c t e d  zones i n  the v i c i n i t y  of  the axon h i l l o c k ,  these f i n d i n g s  suggest 

t h a t  i n t e r n a l  o rgan iza t i on  o f  the neuron may invo lve  s e l e c t i v e  i n t e r n a l  
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c u r r e n t  paths t o  the spike t r i g g e r i n g  zone. There may be d i f f e r e n t  a b i l i t i e s  

i n  var ious  p a r t s  o f  the neuronal membrane t o  i n f l uence  cu r ren t  f low through 

the membrane o f  the axon h i l l o c k ,  and thereby, t o  determine the onset o f  a 

propagated impulse. I n t e r r e l a t i o n s  between i n t r a c e l l u l a r  records and u n i t  

f i r i n g  have been s tud ied  by Jasper and S t e f a n l s  (1965). 

The f i r i n g  of the neuron i n  r e l a t i o n  t o  e i t h e r  evoked p o t e n t i a l s  o r  

induced t r a i n s  o f  waves recorded i n  the same t i s s u e  domain appears complex, as  

i s  the s imul taneously  recorded a c t i v i t y  o f  neurons i n  a s i n g l e  reg ion  a f t e r  a 

s t imu lus  (Amassian, e t  a l , ,  1961; Verzeano and Negishi ,  1960). .Fox end O'BrBen 

(1965) have r e c e n t l y  averaged the discharge r a t e  o f  a s i n g l e  c o r t i c a l  u n i t  i n  

response t o  repeated p e r i p h e r a l  s t i m u l i ,  ana found t h a t  v a r i a t i o n s  i n  f i r i n g  

r a t e  f o l l o w  a contour s i m i l a r  t o  the evoked p o t e n t i a l  i n  the same region, b u t  

on l y  a f t e r  as many as several  thousand r e p e t i t i o n s  o f  the st imulus.  These 

f i n d i n g s  appear t o  support the view t h a t  there  i s  a t  b e s t  on l y  a s t a t i s t i c a l  

r e l a t i o n s h i p  between the f i r i n g  p a t t e r n  o f  the i n d i v i d u a l  neuron and the 

behavior  o f  the i n teg ra ted  neuronal popu la t ion ,  as i nd i ca ted  by the contour  of 

the evoked p o t e n t i a l .  This i n t e r r e l a t i o n  w i l l  be discussed f u r t h e r  below. 

3 .  Uni t  f i r i n q  pa t te rns  i n  response t o  c o n d i t i o n a l  s t i m u l i .  

I n  the l i g h t  o f  the fo rego ing  d iscuss ion  o f  neuronal a c t i v i t y  i n  bo th  

slow processes and simultaneous pulse coded f i r i n g ,  we may now consider  

evidence on the development o f  cond i t i ona l  f i r i n g  pa t te rns  i n  cerebra l  neurons. 

Polymodal input  t o  i n d i v i d u a l  c e l l s  i n  bra instem and diencephal ic and r e t i c u l a r  

s t r u c t u r e s  (Moruzzi , 1954; Scheibel, e t  a l . ,  1955) has encouraged the n o t i o n  

t h a t  "temporary connect ions" may we1 1 be es tab1 i shed v i a  these ce 1 1 s. 

c o r t i c a l  s t ruc tu res ,  meaningful pa t te rns  have a l s o  been detected, desp i te  the 

g r e a t  v a r i a b i l i t y  of response a t  t h i s  l e v e l  o f  ana lys i s  (Jasper, et al, 1960; 

I n 
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Yoshii and Ogura, 1960; Morrell, 1960; Olds and Olds, 1361). 

The importance of reticular structures in conditioning has been estab- 

lished in both recording and lesion experiments (Chow, et al., 1959; Ooty, 

et al., 1950). Olds and Olds (1961) emphasized the relative ease of estab- 

lishment of conditional behavior in paleocortical and subcortical units, by 

comparison with cortical units. Gastaut (1958) has pointed to the thalamic 

reticular formation as the locus of "closure" in his well known theory of 

conditioning. More recent studies (Kamikawa, et al., 1964) have indicated 

that medial thalamic units can be repeatedly extinguished and retrained during 

classical conditioning. 

The behavior of these medial thalamic units during repeated conditioning 

and extinction emphasizes the plasticity of responsiveness of single cells In  

such a paradigm, with the gradual development of firing patterns which might 

be the converse of those initially elicited. Extinction tests following each 

conditioning also exhibited progressive rebound phenomena, so that over a 

period of several hours, it was possible to see here also a series of gradual 

changes that increased in magnitude, as well as showing qualitative differences 

from those in the first extinction trial. 

The "training" situation used by Kamikawa, et al. (1964) involved pairing 

of a light flash as a conditional stimulus with an unconditional shock train 

to the sciatic nerve. The CS-US interval ranged from 300 to 800 msec. Tests 

with intervals shorter than 300 msec failed to elicit a conditional response. 

Training trials were given once every 10 sec. A change in firing in the CS-US 

interval characteristic o f  a conditional response required a minimum of about 

50 trials, presented over a period of about 20 minutes. These findings offer 

a tiny chink in the door to our understanding of the processes that might 
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under1 i e  the l a s t i n g  s t r u c t u r a l  changes associated w i t h  a memory t race.  

The requirement f o r  a minimal CS-US i n t e r v a l  o f  the order o f  300 msec 

suggests a time scale comparable w i t h  e lec t rophys io log i ca l  events a t  the 

neuronal membrane, such as the prolonged i n h i b i t o r y  pos tsynapt ic  p o t e n t i a l s  

seen i n  c o r t i c a l  neurons (Andersen, e t  a l . ,  1963), l a s t i n g  IJP t o  several  

hundred mi l l i seconds,  and w i thou t  an equ iva len t l y  p e r s i s t e n t  counterpar t  i n  

sp ina l  motoneurons; or  the wave processes i n  c o r t i c a l  neurons descr ibed above 

(E lu l  and Adey, 1965), which a t  t h i s  time are  less d e f i n i t e l y  r e l a t e d  t o  

synapt ic  p o t e n t i a l s .  

have a time course o f  20 minutes t o  generate a cond i t i ona l  respo se suggests 

a much slower process, perhaps the synthesis o f  a macromolecule, p r o t e i n  i n  

nature,  and located a t  the neuronal membrane, where i t  might  i n f  uence 

d i r e c t l y  the e x c i t a b i l i t y  o f  the c e l l  by synapt ic  v o l l e y s .  

On the o ther  hand, the requirement t h a t  t r a i n i n g  t r i a l s  

Fur ther  evidence about the development o f  a c o n d i t i o n a l  response i n  medial  

thalamic neurons, and p a r t i c u l a r l y  i t s  f r a g i l i t y ,  came f rom e x t i n c t i o n  t r i a l s .  

Usua l l y  IO t o  20 unre in fo rced t r i a l s  were requ i red  t o  ex t i ngu ish  a c o n d i t i o n a l  

response i n  the e a r l y  e x t i n c t i o n  per iods.  

exper imental  psychologis ts ,  repeated sequences o f  unpai red t r i a l s  ext inguished 

the c o n d i t i o n a l  response more rap id l y ,  u n t i l  less  then 5 t r i a l s  abol ished i t .  

Th is  p a t t e r n  was less  c l e a r  a f t e r  prolonged t r a i n i n g ,  w i t h  "spontaneous 

recovery" o f  an ext inguished condi t ioned response n o t  uncommon, 

rebound were noted i n  these e x t i n c t i o n  t r i a l s .  The f i r s t  occurred on the f i r s t  

t r i a l  o f  any se t  o f  e x t i n c t i o n  t r i a l s ,  and resembles the f a m i l i a r  pos t i nh ib -  

i t o r y  acce le ra t ion ,  

and masked by the uncondi t ioned response du r ing  t r a i n i n g  t r i a l s ,  

occurred a f t e r  several  e x t i n c t i o n  t r i a l s  as a more complex phenomenon, 

Fo l low ing  a p a t t e r n  f a m i l i a r  t o  

Two types o f  

It i s  presumably a p roper ty  o f  i n d i v i d u a l  nerve c e l l s ,  

The second 
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poss ib l y  r e l a t e d  t o  a cond i t ioned synapt ic  i npu t  which i s  bo th  e x c i t a t o r y  

and i n h i b i t o r y ,  w i L h  the l a t t e r  ex t i ngu ish ing  more r a p i d l y  than the former. 

These observat ions have suggested an i n t r i g u i n g  h.ipothesis t h a t  the rebound 

a c t i v i t y  i s  ons aspect o f  a dynamic process by which the bi-ain a c t i v e l y  

suppresses func t ions  associated w i t h  the cond i t ioned s t a t e .  

has been discussed by Roi tbak (1960) i n  terms o f  an inh i b i t o r y  r o l e  f o r  

non-spec i f i c  thalamic nuc le i .  

?h i s  p o s s i b i l i t y  

Al though no general statement can be made about the incidence o f  

"condi t ionable"  c e l l s  i n  any one nuc lear  group, most c e l l s  i n  :he non-spec i f i c  

thalamic nuc le i  t h a t  u l t i m a t e l y  d isp layed such a response requ i red  approxi-. 

F a t e l y  the same number of t r i a l s  t o  be condi t ioned,  suggest ing t h a t  they 

p a r t i c i p a t e d  i n  comparable phases o f  the c o n d i t i o n i n g  process. Yet once 

condi t ioned,  i t s  subsequent behavior was o f t e n  markedly d i f f e r e n t  from t h a t  o f  

o ther  c e l l s .  Cer ta in  general c o r r e l a t i o n s  between c o n d i t i o n i n g  and more gross 

EEG a c t i v i t y  o f  the b r a i n  have been noted i n  w ide ly  d i f f e r i n g  exper imental  

s i t u a t i o n s .  A p rev ious l y  habi tuated c o n d i t i o n a l  s t imulus genera l l y  e l i c i t s  

behav io ra l  arousal ,  and i t s  e l e c t r i c a l  concomitants, a f t e r  a few p a i r i n g s  

w i t h  a meaningful s t imulus (Beck, e t  a l . ,  1958; L issak and Grastyan, 1960). 

Th is  prompt appearance o f  behaviora l  and e lec t rophys io log i ca l  arousal  p a r a l l e l s  

the e a r l y  occurrence o f  cond i t ioned a c t i v i t y  i n  the mesencephalic r e t i c u l a r  

fo rmat ion  (Yoshi i and Ogura, 1960). 

medial  thalamic u n i t s  r a r e l y  appeared be fore  the 50th t r a i n i n g  t r i a l ,  so t h a t  

i t  does no t  appear t h a t  these u n i t s  a re  invo lved i n  the e a r l y  genera l ized 

arousal  phase of a developing condi t ioned response. 

By con t ras t ,  cond i t ioned a c t i v i t y  i n  

I n  summary, thesz s tud ies  i n  s i n g l e  thalamic u n i t s  a r e  covps t i b le  w i t ' ?  

much other  evidence tha t  75 t o  100 t r a i n i n g  t r i a l s  a re  requ i red  t o  e s t q h l i s h  
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cons i s ten t  cond i t ioned leg  f l e x i o n  i n  ca ts  (Beck and Doty, 1957; Beck, e t  a l . ,  

1958; Majkowski , 1958), w i t h  occasional and i r r e g u l a r  responses appear ing 

e a r l i e r  (McAdam, 1962; McAdam, e t  a l . ,  1962). On the o ther  hand, crude 

avoidance movements, gamma motor neuron a c t i v i t y  and p u p i l l a r y  responses may 

be cond i t ioned i n  less  than 10 t r i a l s  (Buchwald and Eldred, 1961, 1962; 

Galambos and Sheatt, 1962), suggesting t h a t  cond i t ioned u n i t  a c t i v i t y  i n  the 

non-speci f ic  thalamic n u c l e i  develops a t  some p o i n t  dur ing  the t r a n s i t i o n  from 

general i zed  o r i e n t i n g  responses t o  in tegrated,  adapt ive  behavior (Kamikawa, 

- e t  ,** a1 1964). 

Our f u r t h e r  i n s i g h t  i n t o  the r o l e  of s i n g l e  neurons i n  the c o n d i t i o n i n g  

process must awa i t  f u t u r e  s tud ies  eva lua t i ng  the behavior o f  s i n g l e  c e l l s  as 

members of a neuronal populat ion,  and i n  r e l a t i o n  t o  bo th  o v e r t  behavior and 

concurrent electroencephalographic wave phenomena i n  the  same t i ssue .  I t  i s  

t o  these wave phenomena t h a t  we may now t u r n  i n  consideeat ion o f  t h e i r  

pa t te rns  i n  condi i : ional  responses. 

4. Electroencephaloqraphic co r re la tes  o f  c o n d i t i o n a l  responses; t h e i r  

r e l a t i o n s h i p s  t o  EEG wave t ra ins ,  and t o  evoked responses as " t racer "  

s i qna 1 s . 
The ceaseless EEG a c t i v i t y  o f  the b r a i n  i n  wakefulness and 

p e r s i s t i n g  a f t e r  removal o f  major aspects o f  pe r iphe ra l  sensory 

(Bremer, 1935), and the inherent  complexi ty o f  these seemingly 

spontaneous pa t te rns ,  have disappointed those seeking simple r e  

a develop ing cond i t i ona l  response and induced EEG wave t r a i n s .  

cons i s ten t  induced changes have been noted, lack  o f  means u n t i l  

sleep, 

i n f  1 uxes 

n t r i n s i c  and 

a t  i ons be tween 

Where 

r e c e n t l y  f o r  

q u a n t i f i e d  assessment o f  s u b t l e  b u t  impor tant  d i f f e rences  between records 

accompanying a r e p e r t o i r e  o f  behavioral  performances (Galambos, 1961; 
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John, 1961) has l e d  t o  the inference tha t  the EEG a c t i v i t y  accompanying these 

behaviora l  performances represents a stereotype (Sokolov, 1963). I t  would 

thereby be precluded f rom f u r t h e r  cons idera t ion  as the bas i s  f o r  i n fo rma t ion  

t ransac t i on  i n  cerebra l  t issue,  be ing merely a no ise  w i thou t  causal r e l a t i o n s  

t o  t ransac t i ona l  processes; even, perhaps, " f u l l  o f  sound and f u r y ,  s i g n i f y i n g  

noth ing."  

The power o f  such mathematical techniques as spec t ra l  ana lys is  (Blackman and 

Tukey, 1959; Tukey, 1965) t o  reveal  s t rong p a t t e r n i n g  w i t h i n  and between a 

ser ies  o f  EEG records chal lenges us t o  f o l l o w  the long and d i f f i c u l t  road t h a t  

leads a t  f i r s t  t o  d e l i n e a t i o n  o f  those i n t e r r e l a t i o n s  t h a t  a re  p r i m a r i l y  

l i n e a r  (Walter, 1963; Wal ter  and Adey, 1963) and thence t o  more s u b t l e  b u t  no 

less  i n f o r m a t i o n a l l y  s i g n i f i c a n t  non- l  inear  pa t te rns  (Walter and Brown, 1963; 

Walter E Adey, 1965a). G i r t  about w i th  such an armor, the neurophys io log is t  

no longer faces bewilderment and defeat  i n  the avalanche o f  exceedingly 

complex records t h a t  have f o r  so long d e f i e d  s p e c i f i c a t i o n  o f  p a t t e r n  by 

v i s u a l  inspect ion.  

I t  would be un for tunate  i f  our c u r i o s i t y  were so e a s i l y  s a t i s f i e d .  

We may examine as ind ices  o f  learn ing  a l t e r a t i o n s  i n  spontaneous rhythms, 

i n c l u d i n g  i nduc t i on  of "act ivated"  EEG pa t te rns  and those charac ter ized  by 

rhythmic slow waves; o r  a l t e r a t i o n s  i n  evoked p o t e n t i a l s  f o l l o w i n g  e i t h e r  

s i n g l e  s t i m u l i  or  t r a i n s  of  r e p e t i t i v e  s t i m u l i .  These top i cs  have been 

admirably reviewed by M o r r e l l  (1961) and John (1961), and w i l l  be discussed 

here i n  summary on ly .  We may ask a t  the ou tse t  whether these procedures may 

rank e q u i v a l e n t l y  i n  our at tempts to  unravel  the e l e c t r i c a l  s igna l  pa t te rns  

c o r r e l a t e d  w i t h  learn ing .  

Spontaneous rhythms and the changes induced i n  them i n  the course o f  

c o n d i t i o n i n g  may be presumed t o  r e l a t e  i n  v a r y i n g  degree t o  the process ing 
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of in format ion a r r i v i n g  i n  an e s s e n t i a l l y  cont inuous fash ion  from environmental 

s t i m u l i .  On the o ther  hand, environmental s t i m u l i  t o  which c o n d i t i o n i n g  occurs 

do n o t  t y p i c a l l y  possess rhythmic characters,  nor  i s  the environment normal ly  

perce ived as a se r ies  o f  tach is toscopic  impressions. i n  the frame o f  a 

communication system, these b r i e f ,  i t e r a t i v e  s igna ls  c o n s t i t u t e  t rans ien ts  i n  

a system a l ready  occupied i n  va ry ing  degree w i t h  process ing o f  in fo rmat ion  on 

a cont inuous bas is .  The a r r i v a l  o f  these t r a n s i e n t s  i n  a "s ignal  space" so 

occupied might  r e f l e c t  i n  evoked p o t e n t i a l  con f i gu ra t i ons  o n l y  res idua l  

ava i  l a b i  1 i t y  o f  "space" no t  occupied i n  the pr imary process ing o f  in fo rmat ion  

essen t ia l  t o  the c o n d i t i o n a l  process, The use o f  such " t racer "  s igna ls  i s  

f u r t h e r  obscured i n  two ways. 

The t r i g g e r i n g  o f  an evoked p o t e n t i a l  i s  i n d i c a t i v e  i n  i t s  p r imary  

de f l ec t i ons  o f  immediate postsynapt ic  responses t o  an a f f e r e n t  v o l l e y ,  bu t  i n  

l a t e r  d e f l e c t i o n s  t h i s  r e l a t i o n s h i p  may w e l l  be l o s t ,  so t h a t  there i s  no easy 

means of d i s t i n g u i s h i n g  from " loca l "  processes those d e f l e c t i o n s  a r i s i n g  i n  

con t inu ing  t rans-synapt ic  a c t i v a t i o n  b y  a f f e r e n t  vo l l eys .  The l a t t e r  may have 

been i n i t i a l l y  t r i g g e r e d  by a s ing le  or i t e r a t i v e  t r a i n  o f  s t i m u l i ,  b u t  may 

cont inue the rea f tp r  as l o c a l l y  sustained rhythmic processes hav ing o n l y  a 

f o r t u i t o u s  frequency r e l a t i o n s h i p  to  t h a t  cjf the s t imu lus  t r a i n ,  The 

d i s t i n c t i o n  i s  obv ious ly  important,  and emphasizes the second area o f  d i f f i c u l t y  

i n  i n t e r p r e t a t i o n ,  i n  t h a t  "spontaneous" rhythms i n  the frequency bands o f  the 

" t racer "  s igna ls  commonly used charac ter ize  many c o r t i c a l  and subcor t i ca l  

reg ions.  With t h i s  caveat, t h a t  evoked p o t e n t i a l  changes i n  the course o f  

c o n d i t i o n i n g  may i n d i c a t e  res idua l  responsiveness o f  a neuronal popu la t i on  

concur ren t l y  engaged i n  essen t ia l  in fo rmat ion  processing on a q u i t e  d i f f e r e n t  

bas i s ,  we may never the less admire the ingenu i ty  of  exper imental  des ign and 
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and extensive extrapolations made with this technique. 

a. Characteristics of spontaneous rhythm chanqes in classical 

condi tioninq. 

Any sudden stimulus arrests or "blocks" the alpha rhythm in the scalp 

electroencephalogram of man, as part of a general orienting response, which 

may include eye turning toward the stimulus, momentary cessation o f  respiration, 

galvanic skin response and increased muscular tone. 

activity which replaces the alpha rhythm was first described as an "activation" 

pattern by Rheinberger and Jasper (1937). Ecpeated stimulus presentation is 

associated with gradual disappearance of both the orienting response and its 

EEG concomitants. Moreover, the cortical distribution of  the response may be 

selective, depending on the degree of arousal induced. The activation may be 

restricted to the cortical zone enclosing the primary projection area for the 

particular sensory modality (Adrian, 1947). The first manipulation of the 

alpha block in a conditioning experiment was by Durup and Fessard (1935), 

where a click stimulus as the CS came to evoke an alpha block initially 

elicited in pairing with 1 ight as the US. Jasper and Shagass (1941) later 

demonstrated many aspects of Pavlovian conditioning in similar experiments, 

including simple, differential, delayed, cyzlic, trace and backward responses. 

Gastaut, et al. (1957) made similar studies of motor responses to light stimuli 

in the concomitant effects on the rhythm in central scalp areas (rhythme en 

arceau) which blocks to I imb movement rather than to light. 

The low voltage fast EEG 

Historically, these findings led Gastaut (1958) and Yoshii (1957) to 

emphasize the role of the reticular formatiLill of the brainstem in conditioning 

mechanisms, and that herein would be found the basis for the "temporary 

connections" underlying cortical activation and the conditional response, 
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More recent  s tud ies  have emphasized the r o l e  of the co r tex  (Gastaut and Roger, 

1960) and the p a r t i c i p a t i o n  of  1 imbic s t ruc tu res  (L issak and Grastyen, 1960). 

Galambos (1958) has proposed a more e laborate scheme i n  which s p e c i f i c  sensory 

pathways a r e  modulated by c o r t i c i f u g a l  v o l l e y s  t o  d e l i m i t  environmental inputs .  

Arousal and a l e r t i n g  func t i ons  would requ i re  complex i n t e r r e l a t e d  a c t i v i t y  i n  

r e t i c u l a r  and l imb ic  s t ruc tu res .  These i n t e r r e l a t i o n s  w i l l  be considered 

f u r t h e r  below i n  d iscuss ions o f  instrumental  cond i t i on ing .  

A v a r i e t y  o f  manipulat ions,  such as by les ions  combined w i t h  EEG recording, 

o r  by  e l e c t r i c a l  s t i m u l a t i o n  o f  c o r t i c a l  and subcor t i ca l  s t ruc tu res ,  have been 

used t o  evaluate systems p a r t i c i p a t i n g  i n  til. c o n d i t i o n i n g  process (Mor re l l ,  

1961). Lesion experiments i n  r e t i c u l a r  t i ssue  have emphasized the tremendous 

recupera t ive  powers and redundancy o f  i n t e g r a t i v e  capac i ty  i n  co r t i co -subcor t -  

i c a l  i n t e r r e l a t i o n s  (Adametz, 1959, Doty, e t  a l . ,  1959). E l e c t r i c a l  s t i m u l a t i o n  

of the  midbra in r e t i c u l a r  fo rmat ion  can c l e a r l y  improve the speed o f  d isc r im-  

i n a t i v e  performance (Fuster,  1958), bu t  the e f f e c t s  a re  obscure, s ince others 

have repor ted  amnesia f o r  an immediately preceding exper ience (GI ickman, 1959) 

from r e t i c u l a r  s t imu la t i on ,  and de fec t i ve  maze performance I n  r a t s  where each 

run  was f o l  lowed by i n t ra lam ina r  thalamic s t i m u l a t i o n  (Mahut, 1957). 

S i m i l a r l y ,  the e legant  s tud ies  by Olds and h i s  col leagues (1958) w i t h  b r a i n  

s e l f  s t i m u l a t i o n  remain d i f f i c u l t  t o  i n t e r p r e t  i n  a frame o f  reward o r  

punishment, desp i te  the unexceptionable evidence o f  topographic o rgan iza t i on  

o f  r e i n f o r c i n g  systems i n  subcor t i ca l  s t ruc tu res .  

These s tud ies  of the a c t i v a t e d  EEG i n  c l a s s i c a l  c o n d i t i o n i n g  have 

c o n t r i b u t e d  t o  the view t h a t  the desynchronizing response represents a 

s te reo type t h a t  can scarce ly  be pursued f u r t n e r  i n  f i n e r  ana lys i s  o f  c o r r e l a t e s  

w i t h  behaviora l  responsiveness and cond i t i on ing .  Yet, i t  has long been 
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recognized (Iwama, 1950) t h a t  c e r t a i n  manipulat ions o f  a c l a s s i c a l  cond i t i on -  

i n g  procedure leads t o  t r a i n s  o f  synchronous slow waves, This  was observed 

where the  CS-US i n t e r v a l  was prolonged, o r  i n  c o r t i c a l  areas surrounding a 

f oca 1 a c t  i va ted  response, 

" i n te rna l  i n h i b i t i o n "  i n  the Pavlovian sense. He construed the i n t e r n a l  

i n h i b i t o r  as a measure o f  cond i t ion ing ,  whereas ex terna l  i n h i b i t i o n  from a 

novel environmental s t imu lus  produced a low vo l tage f a s t  o r  a c t i v a t e d  EEG. 

I n t e r e s t  i n  these synchronous discharges l ed  t o  the use o f  f l i c k e r i n g  l i g h t  

a t  low frequencies as the US i n  rabb i t s ,  ca ts  and monkeys (Mor re l l ,  1958; 

Yoshi i  and Hockaday, 1958), t o  t e s t  the p o s s i b i l i t y  t h a t  such a s t imu lus  might 

a c t  as a " t racer "  i n  bra1 n systems (Livanov and Pol iakov, 1945; John and 

K i  1 lam, 1959). D i f f i c u l t i e s  i n  analyses o f  such records a r e  discussed above, 

and by M o r r e l l  (1961), who emphasizes t h a t  there i s  no good reason f o r  

assuming t h a t  the code used f o r  i n s c r i p t i o n  i s  the frequency i t s e l f .  The 

coding may, however, under1 i e  the wave t r a i n s  occu r r i ng  "spontaneously" du r ing  

a learned performance, and be detectable i n  f i n e r  degree than i n  ana lys i s  o f  

Gas t a u t  (1  957) a t  tr i bu ted t h  i s phenomenon t o  

an imposed " t racer "  rhythm. 

The fo rego ing  account has considered the development o f  our knowledge o f  

EEG changes accompanying c l a s s i c a l  cond i t i on ing .  

synchronous, ra the r  than ac t i va ted ,  p a t t e r n  o f  c o r t i c a l  a c t i v i t y  accompanies 

c e r t a i n  aspects o f  c l a s s i c a l  cond i t ion ing ,  has l e d  t o  a f i n e r  ana lys i s  o f  

d i s t r i b u t i o n  o f  wave a c t i v i t y  i n  c o r t i c a l  and subcor t i ca l  s t ruc tu res  r e g u l a r l y  

occu r r i ng  i n  c e r t a i n  operant performances, and t o  ex tens ive  computer ana lys i s  

o f  t h e i r  pa t te rns  (Adey, et d., 1960; 1961; Adey and Walter,  1963; Walter 

and Adey, 1963). 

The recogn i t i on  t h a t  a 
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b. Charac te r i s t i cs  o f  EEG a c t i v i t y  i n  v i s u a l  d i s c r i m i n a t i v e  performances, 

I t  would be easy t o  assume, as has, indeed, been commonly done over the 

pas t  f i f t y  years, t h a t  there i s  an essent ia l  e q u i p o t e n t i a l i t y  between c o r t i c a l  

regions i n  the processes o f  storage of in fo rmat ion .  Much has been w r i t t e n ,  

and many s tud ies  performed, i n  support o f  the theme tha t ,  w i t h  the except ion 

of the pr imary r e c e i v i n g  areas, the c o r t i c a l  mant le func t i ons  as a whole i n  

processes o f  in format ion storage, and t h a t  performance de fec ts  ensuing upon 

reg iona l  a b l a t i o n s  r e l a t e  e s s e n t i a l l y  t o  the volume o f  co r tex  removed, ra the r  

than t o  i t s  l o c a t i o n  on the c o r t i c a l  mantle [Lashley, 1926). 

S lowly  evidence has accumulated t h a t  there may be a t  l e a s t  two major 

c o r t i c a l  zones hav ing a spec ia l  r e l a t i o n s h i p  t o  the l a y i n g  down o f  the memory 

t race, or ,  a t  leas t ,  t o  the r e c a l l  of  the in fo rmat ion  under appropr ia te  

circumstances. Lesions i n  p r e f r o n t a l  c o r t e x  have been shown t o  i n t e r f e r e  

w i t h  tasks i n v o l v i n g  recent  memory, but  the poss ib le  r e l a t i o n s h i p  o f  the 

de fec t i ve  performance t o  mod i f i ca t i ons  i n  mechanisms o f  sensory d i sc r im ina t i on ,  

r a t h e r  than t o  a s p e c i f i c  de fec t  i n  memory func t i on ,  has been emphasized by 

Rosvold and Mishk in  (1961). 

ference w i t h  temporal lobe s t ruc tu res ,  as f i r s t  descr ibed i n  the monkey by  

Kluver  and Bucy (1939), have been comprehensively reviewed by Drachman and 

Omaya (1964), who conclude t h a t  medial temporal lobe damage i s  assoc iated 

w i th  l oss  o f  r e t e n t i o n  and impairment o f  a c q u i s i t i o n ,  ra the r  than w i t h  impaired 

shor t - te rm memory. 

The dramatic memory de fec ts  r e s u l t i n g  from i n t e r -  

A t t e n t i o n  has been focused on the a l l o c o r t i c a l  s t ruc tu res  o f  the 

amygdaloid and e s p e c i a l l y  the hippocampal systems i n  the l a y i n g  down o f  the 

memory t race  (Baldwin and Bai ley,  1958; Adey, 1959; Gastaut and Lamers, 1961; 

Ala jouanine,  1961). The grea t  a n t i q u i t y  o f  the hippocampal system i n  the 
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e v o l u t i o n  o f  the b ra in ,  and the essent ia l  s t a b i l i t y  o f  i t s  bas ic  s t r u c t u r e  i n  

the face o f  immense evo lu t i ona ry  changes i n  the remainder o f  the cerebra l  

mantle, a r e  i n  themselves a chal lenge t o  seek a fundamental comprehension of  

i t s  f u n c t i o n a l  r o l e ,  

and mammal i an  b r a i n  i s  accurate,  i t  would appear t h a t  damage t o  the  hippocampal 

co r tex  i n  the new born c h i c k  leads t o  d e f e c t i v e  i m p r i n t i n g  behavior (Hess, 

1959). 

by the hippocampal system i n  essent ia l  processes o f  memory even i n  s imple 

b ra ins ,  many p e r s i s t i n g  d i f f i c u l t i e s  i n  such an easy i n t e r p r e t a t i o n  have 

demanded a caut ious  a t t i t u d e ,  For example, the memory t race  may be l a i d  down 

outs ide  the hippocampal system (Penf ie ld ,  1(-78), bu t  i n t e g r i t y  o f  i t s  i n t e r -  

r e l a t i o n s  w i t h  these seemingly unre la ted  c o r t i c a l  and subcor t i ca l  regions may 

be v i t a l  t o  the appropr ia te  r e c a l l  o f  p rev ious l y  learned d i s c r i m i n a t i v e  

h a b i t s  (Adey, 9 aJ., 1 9 6 2 ~ ) .  

I f  our understanding of the homologies between the av ian  

Despi te t h i s  and o ther  s t r i k i n g l y  suggest ive evidence f o r  p a r t i c i p a t i o n  

Very impor tan t ly ,  no t  a l l  l earn ing  requ i res  the i n t e g r i t y  o f  t h i s  system, 

and many c l a s s i c a l  cond i t ioned re f l exes  i n v o l v i n g  the card iovascu la r  and 

r e s p i r a t o r y  systems p e r s i s t  a f t e r  la rge  d iencephal ic  les ions  d i s r u p t i n g  major 

connections between the cerebrum and more caudal l eve l s  o f  the bra instem 

(Doty, et a,, 1959). A v a r i e t y  o f  p a r t i a l  les ions  i n  the hippocampal system 

o f  the r a t  (Kaada, e t  a l . ,  1961), the c a t  (Hunt and Diamond, 1959), monkey 

(Orbach, e t  a l . ,  1960) and baboon (Adey, 1957) have produced v a r y i n g  decrements 

i n  a b i l i t y  t o  achieve new learn ing,  b u t  o f t e n  w i t h  a h igh  r e t e n t i o n  o f  o l d  

learned hab i t s ,  i nc lud ing  those invo lv ing  d i s c r i m i n a t i v e  tasks. As noted 

above, i n  cons ider ing  these sometimes incompat ib le and even c o n t r a d i c t o r y  

f i nd ings ,  Drachman and Ommaya (1964) have concluded t h a t  the essen t ia l  defects  

i nvo l ve  impairment o f  a c q u i s i t i o n  and loss  UF re ten t i on ,  r a t h e r  than impaired 
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appear t o  p rov ide  suppo 

process i n  hand l ing  o f  

considered i n  terms o f  

o f  waves induced a t  i t s  

dence f o r  the bas ic  importance o f  the  wave 

on i n  ce reb ra l  systems. The neuron may be 

t y  t o  sense complex spat io- temporal  pa t te rns  

Such a frame o f  f u n c t i o n a l  o rgan iza t i on  

shor t - term memory. 

I n  broader perspect ive,  i t  may be asked whether a c a r e f u l  examination o f  

the hippocampal system i n  the course o f  l ea rn ing  a d i s c r i m i n a t i v e  task would 

reveal  changes i n  pa t te rns  of e lec t rophys io log i ca l  a c t i v i t y  c l o s e l y  c o r r e l a t e d  

w i t h  a c q u i s i t i o n  of a learned task, and more fundamental ly,  whether such 

changes i n  e l e c t r i c a l  pa t te rns  might suggest any th ing  about the essen t ia l  

na ture  of the processes by which in fo rmat ion  i s  s to red  i n  cerebra l  t i ssue.  

F ind ings i n  these s tud ies  (Adey, e t  a l . ,  1960; Adey, et d., 1961, 1962a; 

Adey and Walter,  1963; Walter and Adey, 1963; Radulovazki and Adey, 1965) 

t i n g  ev 

n f  orma t 

t s  a b i l  

sur face 

would a s s i s t  i n  d e f i n i n g  the poss ib le  uniqueness o f  i n t e g r a t i v e  processes i n  

c o r t i c a l  systems, charac ter ized  by d e n d r i t i c  over lap i n  a pa l i sade arrangement 

o f  c e l l s  as descr ibed above, and wi th wave pnenomena, n o t  seen I n  i n t r a c e l l u l a r  

records i n  o ther  p a r t s  o f  the cent ra l  nervous system, such as the sp ina l  cord  

(Gasteiger, 1959), as a concomitant o f  e l e c t r o t o n i c  processes, which, as 

ind ica ted  above, appear t o  a r i s e  i n  l a r g e  measure i n  d e n d r i t i c  s t ruc tu res .  

The p a t t e r n i n g  of EEG a c t i v i t y  i n  the course o f  a c q u i s i t i o n  o f  a v i s u a l  

d i s c r i m i n a t i v e  performance has been e x t e n s i v e l y  s tud ied  i n  the ca t .  The 

f o l l o w i n g  account of EEG cor re la tes  i s  based on t r a i n i n g  i n  a mod i f i ed  

T-maze, w i t h  approach t o  a concealed food reward on the bas is  o f  a v i s u a l  

cue. An i n i t i a l  d i r e c t  approach to  the i l l u m i n a t e d  s ide  of  the T-maze was a 

requirement f o r  the food reward (Adey, e t  a l . ,  1960; Adey and Wal ter ,  1963). 

I t  was repeatedly  observed that  a d u l t  animals, on t h e i r  f i r s t  exposure 
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i n  the t e s t  box, showed an extremely wide d i s t r i b u t i o n  o f  regu la r  rhythmic 

t r a i n s  o f  s low waves i n  the hippocampus (Adey, Dunlop and Hendrix,  1960; 

Por ter ,  e t  a l . ,  1964 ) ,  a p o i n t  considered f u r t h e r  below i n  r e l a t i o n  t o  the 

o r i e n t i n g  response. 

of a c t i v i t y  a t  4 t o  7 cycles/sec, b u t  predominant ly a t  4 cycles/sec.  

i s t i c  rhythmic wave processes appeared i n  the course o f  d i s c r i m i n a t i v e  approach 

t o  food. 

a very  regu la r  b u r s t  o f  " theta" waves a t  an e s s e n t i a l l y  s i n g l e  frequency around 

5.5 cycles/sec i n  the dorsa l  hippocampus, and i n  the en to rh ina l  area o f  the 

p y r i f o r m  cor tex .  A t  the same time, less regu la r  and less  constant  rhythmic 

processes f requen t l y  appeared i n  subcor t i ca l  s t ruc tu res ,  i n c l u d i n g  the 

midbra in  r e t i c u l a r  fo rmat ion  and subthalamus. 

the hippocampal components o f  these slow wave t r a i n s  du r ing  d i s c r i m i n a t i o n  a t  

inc reas ing  performance leve ls .  

This a l e r t e d  behavior was accompanied by a wide spectrum 

Character-  

The pe r iod  o f  the d i s c r i m i n a t i v e  performance was charac ter ized  by 

We may next  consider changes i n  

i) Chanqes i n  computed averaqes o f  hippocampal EEG wave t r a i n s  d u r i n q  

performance a c q u i s i t i o n .  Beginning a t  a t ime when d i s c r i m i n a t i v e  c a p a b i l i t y  

remained around chance l e v e l ,  b u t  a r e l a t i v e l y  s t a b l e  response p a t t e r n  and 

approach la tency  were a l ready  establ ished,  computed averages o f  30 o r  40 

d a i l y  t r i a l s  showed some r h y t h m i c i t y  a t  5 cycles/sec.  

apparent i n  the averages on many days as separate t r a i n s  appear ing immediately 

a f t e r  the doors opened, and again as the approach t o  food was completed, 

These averaged waves were n o t  as regular ,  nor o f  such h i g h  ampl i tude as those 

appear ing toward the end o f  t r a i n i n g .  

This  r h y t h m i c i t y  was 

I n  the course o f  subsequent t ra in ing ,  ::e r h y t h m i c i t y  a t  5 cycles/sec 

became less  obvious i n  the computed average a t  performance l e v e l s  between 

80 and 90 per cent,  b u t  w i t h  at ta inment o f  a behaviora l  performance i n  the 
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v i c i n i t y  o f  100 per cent,  a greater  degree o f  r e g u l a r i t y  was noted than a t  any 

prev ious stage o f  t r a i n i n g .  Th is  t rans ien t  dec l i ne  i n  r h y t h m i c i t y  i n  no way 

r e f l e c t e d  a dec l i ne  i n  r e g u l a r i t y  o f  the 5 cycles/sec b u r s t  i n  the i n d i v i d u a l  

records. I t  thus appears t o  have resu l ted  f rom e i t h e r  a loss o f  l ock ing  o f  

these bu rs ts  i n  a phase-re la ted fashion t o  %e onset o f  the s i t u a t i o n a l  

p resen ta t i on  a t  m i d - t r a i n i n g  l eve l ,  or, perhaps, t o  the appearance o f  s i g n i f i -  

can t  degrees o f  frequency modulat ion on the 5 cycles/sec bu rs ts ,  as detected 

by s e n s i t i v e  d i g i t a l  f i l t e r i n g  techniques (Adey and Wal ter ,  1963). 

A t  h i g h  performance leve ls ,  the  du ra t i on  o f  the regu la r  b u r s t  i n  the 

averaged hippocampal EEG was o f t e n  abbreviated, b u t  the p e r s i s t i n g  regu la r  

components sustained i n t o  subs tan t i a l  deyrees o f  ove r t ra in ing ,  by con t ras t  

w i t h  the f i n d i n g s  discussed below i n  subcor t i ca l  s t ruc tu res ,  such as the 

midbra in  r e t i c u l a r  format ion.  

i i) E f f e c t s  o f  cue reversa l  on EEG and performance. I f ,  a f t e r  a t ta inment  

o f  a h i g h  l eve l  of performance t o  a l i g h t  cue, a sw i t ch  was made from a l i g h t  

cue t o  food rewards on the u n l i t  s ide o f  the T-box, performance f e l l  t o  chance 

leve ls ,  or  below. S t r i k i n g  changes were observed i n  computed averages, and 

i n  concomitant impedance measurements i n  cerebra l  s t ruc tu res ,  as w i l l  be 

discussed below. On the f i r s t  day a f t e r  cu3 reversa l ,  averages o f  hippocampal 

a c t i v i t y  were extremely regu la r  a t  5.5 cycles/sec,  h igher  i n  ampl i tude than 

be fore  cue reversa l ,  and sus ta in ing  throughout the approach epoch. Since no 

increase i n  ampl i tude o f  the 5 cycles/sec wave t r a i n s  i n  the i n d i v i d u a l  EEG 

records was noted a t  t h i s  time, the increase i n  averaged output  apparent ly  

r e s u l t e d  f rom diminished sca t te r  in phase pa t te rns  i n  consecut ive performances 

(Adey and Walter,  1563; Porter ,  e t  al., 1964 ) .  I n  ensuing t r a i n i n g  days, 

w i th  performances ranging from 50 to  75 per  cent ,  there was a progress ive 
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dec l i ne  i n  the ampl i tude and r e g u l a r i t y  o f  the computed average. 

the r h y t h m i c i t y  pe rs i s ted  i n  g rea ter  degree du r ing  t h i s  r e t r a i n i n g  pe r iod  than 

i n  the comparable l e v e l s  o f  i n i t i a l  t r a i n i n g .  There was a c e r t a i n  

" f ly-wheel ing" i n  the pers is tence o f  s tab le  wave pa t te rns  es tab l  ished a t  the 

end of the i n i t i a l  t r a i n i n g  paradigm i n t o  the  e a r l y  days o f  the new s i t u a t i o n .  

On a t ta inment  of a performance l e v e l  around 90 per  cent  i n  the new paradigm, 

a h i g h l y  rhythmic average again appeared, 

However, 

I n  hippocampal s t ruc tu res ,  repeated cue reversa ls  w i t h  r e t r a i n i n g  t o  

h i g h  performance leve ls ,  o r  subs tan t ia l  o v e r t r a i n i n g  i n  a p a r t i c u l a r  paradigm, 

l ed  o n l y  t o  shor ten ing o f  the length  o f  the regu la r  average du r ing  approach 

i n  the r e t r a i n e d  animal. I n  subcor t i ca l  s t ruc tu res ,  such as the midbra in  

r e t i c u l a r  format ion,  however, each cue reversa l  and r e t r a i n i n g  was a t  f i r s t  

accompanied by dec l ine  and then gradual reestabl ishment  o f  a regu la r  average 

a t  h i g h  performance leve ls ,  as descr ibed above i n  the hippocampus. Beyond 

the f i f t h  o r  s i x t h  cue reversa l  over a s i x  month per iod ,  a s o p h i s t i c a t i o n  i n  

the s i t u a t i o n  appeared, w i t h  a rap id  r i s e  iit performance i n  the f i r s t  few 

t r a i n i n g  days a f t e r  cue reversa l .  

r h y t h m i c i t y  comparable w i t h  t h a t  i n  e a r l i e r  tes ts ,  even a t  performance l e v e l s  

over 95 per  cent.  Specu la t i ve ly ,  i t  may be surmised t h a t  in fo rmat ion  

e s s e n t i a l  f o r  d i s c r i m i n a t i v e  performances may have reached minimal p ropor t ions ,  

and t h a t  appropr ia te  behaviora l  performance may occur w i t h  l i t t l e  more than 

f l e e t i n g  a t t e n t i o n  t o  behaviora l  cues. 

appear i n  phase pa t te rns  of  successive records,  b u t  w i t h  s u b t l e  d i f f e rences  

f rom the i r r e g u l a r  pa t te rns  i n  ea r l y  t r a i n i n g .  These less regu la r  pa t te rns  

may s t i l l  con ta in  key aspects o f  in fo rmat ion  represented i n  a "shorthand." 

I t  i s  noteworthy t h a t  averages f o l l o w i n g  the f i r s t  cue reversa l  do no t  r e v e r t  

Re t i cu la r  records d i d  n o t  rega in  a 

A h igh  s c a t t e r  might  once again 



t o  the degree o f  i r r e g u l a r i t y  seen i n  i n i t i a l  t r a i n i n g  a t  any t ime du r ing  

r e t r a i n i n g .  

i i i) 

I n  the mammal, the response t o  a sudden s t imu lus  runs a gamut from the 

" s t a r t l e  response," w i t h  a r r e s t  o f  ongoing behavior,  through var ious  i n v e s t i -  

ga t i ve  react ions,  t o  an almost i n f i n i t e  v a r i e t y  o f  complex coord inated motor 

pa t te rns ,  c o n s t i t u t i n g  " f i g h t  o r  f 1 i gh t "  responses (Cannon, 1929). 

I t i s  i n  the second category t h a t  we may group the behav io ra l  components of 

the o r i e n t i n g  r e f l e x .  Pavlov (1947) f i r s t  charac ter ized  i t  as an immediate 

response i n  man and animals, i n  which "they immediately o r i e n t  t h e i r  

appropr ia te  receptor  organ i n  accordance w i t h  the p e r c e p t i b l e  q u a l i t y  i n  the 

agent b r i n g i n g  about the change, making f u l l  i n v e s t i g a t i o n  o f  it." The 

uniqueness o f  the o r i e n t i n g  r e f l e x  res ts  on c e r t a i n  "p r i nc ip les "  i n  the 

i n t ima te  behavior o f  i t s  component re f lexes ,  nc lud ing  t h e i r  n o n - s p e c i f i c i t y  

w i t h  respect  t o  both q u a l i t y  and i n t e n s i t y  o f  the s t imulus,  and the s e l e c t i v i t y  

o f  e x t i n c t i o n  of var ious  p roper t i es  of the s t  mulus w i t h  repeated p resen ta t i on  

(Sokolov, 1963; Vinagradova, 1961). 

- Comparison o f  EEG pa t te rns  i n  o r i e n t i n g  and d i s c r i m i n a t i v e  behavior.  

At tempts t o  f i n d  e lec t rophys io log i ca l  c o r r e l a t e s  o f  the o r i e n t i n g  r e f l e x  

l e d  Grastyan and h i s  col leagues (Grastyan, 1959; Grastyan, e t  a l . ,  1959) t o  

p o s t u l a t e  a s p e c i f i c  r e l a t i o n s h i p  between hippocampal the ta  wave t r a i n s  and 

o r i e n t i n g  behavior .  However, the e x q u i s i t e  p l a s t i c i t y  o f  hippocampal t he ta  

rhythms i n  changing behaviora l  s ta tes,  i nc lud ing  the appearance o f  b u r s t s  o f  

waves i n  a narrow spec t ra l  range dur ing  performance o f  a v i s u a l  d i s c r i m i n a t i v e  

task, have suggested more s u b t l e  and s p e c i f i c  r e l a t i o n s  t o  d i s c r i m i n a t i v e  

f u n c t i o n s  and judgment c a p a b i l i t y  (Adey, 1S"b; Adey, etd., 1360, 1962a and c; 

RadulovaEki and Adey, 1965). 
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RadulovaEki and Adey (1965) found i t  poss ib le  t o  d i s t i n g u i s h  hippocampal 

EEG a c t i v i t y  i n  three bas ic  s ta tes  i n  the c a t ;  i n  a l e r t  b u t  non-performing 

animals, i n  the course of d i s c r i m i n a t i v e  performance, and dur ing  o r i e n t i n g  

behavior.  A l e r t  b u t  non-performing animals e x h i b i t e d  a wide spectrum o f  

theta"  waves i n  the range 3 t o  7 cycles/sec on f i r s t  i n t r o d u c t i o n  i n t o  the 

t e s t  s i t u a t i o n ,  w i thou t  o v e r t  aspects o f  o r i e n t i n g  behavior,  Th is  a c t i v i t y  

p e r s i s t e d  i n  EEG epochs between d i s c r i m i n a t i v e  and o r i e n t i n g  t r i a l s  throughout 

many months o f  t r a i n i n g .  Dur ing T-box d i s c r i m i n a t i v e  performance, the ta  waves 

regu la r i zed  a t  6 cycles/sec,  as descr ibed above. Computed averages i n  

o r i e n t i n g  t r i a l s ,  g iven i n  the same numbers on each t e s t  day and randomly 

in terspersed w i t h  the d i s c r i m i n a t i v e  t r i a l s ,  showed slower and less  regu la r  

averages a t  4 t o  5 cyc les/sec.  

II 

Sing le  doses o f  LSD-25 were fo l lowed by prolonged d i s i n h i b i t i o n  o f  

i n h i b i t e d  o r i e n t i n g  behavior,  and by the  gradual appearance o f  a regu la r  EEG 

average du r ing  o r i e n t a t i o n s  5 t o  10 days a f t e r  the drug, and d e c l i n i n g  a f t e r  

I5 t o  20 days, concu r ren t l y  w i t h  the dec l i ne  o f  o r i e n t i n g  behavior.  

b u t  acce le ra ted  se r ies  o f  behaviora l  and EEG changes was induced by  a 

psychotomimetic cyclohexamine, CL-400. 

Sokol ov (1963) emphasized non-spec i f i c i t y  o f  EEG responses accompany i ng a 

wide r e p e r t o i r e  o f  s p e c i f i c  re f lexes  i n  d i f f e r e n t  species. 

Radulovaxki and Adey, however, i nd i ca te  tha t  i n  the ca t ,  a t  l eas t ,  i t  i s  

necessary t o  take account of hippocampal wave t r a i n s  w i t h  c h a r a c t e r i s t i c  

f ea tu res  t h a t  r e l a t e  i n  c l e a r  and s p e c i f i a b l e  ways t o  the performance o f  a 

d i s c r i m i n a t i v e  task, and i n  d i f f e r e n t ,  b u t  equa l l y  recognizable pa t te rns ,  t o  

aspects o f  o r i e n t i n g  behavior.  

A s i m i l a r  

I n  h i s  rev iew o f  the o r i e n t i n g  r e f l e x ,  

The s tud ies  o f  

This  e x q u i s i t e  s e n s i t i v i t y  of n e u r o e l e c t r i c  processes i n  the hippocampus 



t o  sub t le  s h i f t s  i n  cerebra l  s ta tes ,  and i n d i c a t  

a c t i v i t y  du r ing  d i s c r i m i n a t i o n  has the character  

fragmentary and less regu la r  rhythms i n  midbra in  

ons t h a t  h i ppocampa 1 t he ta  

s t i c s  o f  a "pacemaker," w i t h  

r e  t i c u 1 a r f o r  ma t i on, 

subthalamus and pr imary sensory c o r t i c a l  areas, ..ave suggested t h a t  depos i t i on  

of a "memory t race"  i n  extrahippocampal systems may depend on such wave 

t r a i n s ,  and subsequent r e c a l l  on t h e  s tochas t ic  reestabl ishment  o f  s i m i l a r  

wave pa t te rns  (Adey and Walter,  1963). These hypotheses w i  1 1  be considered 

f u r t h e r  be low. 

i v )  C h a r a c t e r i s t i c s  o f  hippocampal EEG pa t te rns  du r inq  c o r r e c t  and 

i n c o r r e c t  dec i s ion  makinq. Al though no causal r e l a t i o n s h i p s  can be es tab l i shed  

a t  t h i s  time between the dec i s ion  making process and a p a r t i c u l a r  EEG p a t t e r n ,  

the d e t e c t i o n  o f  such pa t te rns  would serve t o  support  the view tha t  the wave 

process has the c h a r a c t e r i s t i c s  o f  an i n fo rma t ion  process ing system. A t  such 

performance, c o r r e l a t e s  o f  t h i s  k i n d  can a t  l e a s t  

. ?tab1 ishment o f  a p a r t i c u l a r  behaviora l  "set," 

t o  dec is ion  making remains uncer ta in ,  

f i n e  l e v e l s  o f  behaviora 

be construed as r e l a t i n g  

even i f  the causal r e l a t  

In  our s tud  

d i f f e rences  i n  h 

dec i s i ons (Adey , 

t o  the 

onsh i p  

es, we i n i t i a l  

ppocampa 1 wave 

- e t  aJ., 1961). 

y used c o r r e l a t i o n  ana lys i s  i n  seeking 

t r a i n s  accompanying c o r r e c t  and i n c o r r e c t  

Cross correlograms prepared between the 

dorsa l  hippocampus, v e n t r a l  hippocampus and en to rh ina l  co r tex  i n  the f u l l y  

t r a i n e d  c a t  i nd i ca ted  cons is ten t  phase pa t te rns  i n  a se r ies  o f  s i x  d i f f e r e n t  

c o r r e c t  T-box responses, taken from two d i f f e r e n t  t e s t  days. S i m i l a r  analyses 

of two o f  the in f requent  i n c o r r e c t  responses taken from the same two t r a i n i n g  

days i nd i ca ted  phase pa t te rns ,  cons is ten t  w i t h  each other ,  b u t  e n t i r e l y  the 

converse o f  those i n  the c o r r e c t  responses, as measured between dorsa l  

hippocampal and en to rh ina l  area, and between v e n t r a l  hippocampus and 
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en to rh ina l  area, and between ven t ra l  hippocampus and en to rh ina l  area. W i th in  

bo th  groups o f  responses, the phase pa t te rns  were unaf fec ted  by approach t o  

rewards on e i t h e r  l e f t  o r  r i g h t  s ides o f  the T-box. 

Extension o f  these analyses by cross-spect ra l  techniques conf i rmed the 

s u b s t a n t i a l l y  d i f f e r e n t  pa t te rns  o f  EEG a c t i v i t y  between c o r r e c t  and inco r rec t  

responses. Shared ampl i tudes were lower du r ing  i n c o r r e c t  responses. Phase 

angles reversed a t  5 cycles/sec i n  con t ras t  t o  the susta ined phase angles 

across a wide spectrum du r ing  c o r r e c t  responses. Moreover, coherence, o r  

1 inear p r e d i c t a b i  1 i t y  between hippocampal records (Walter and Adey, 1963; 

Walter, 1963) dropped sharp ly  t o  i n s i g n i f i c a n t  l e v e l s  i n  the the ta  frequencies, 

where they had been h igh  i n  c o r r e c t  responses. Comparison o f  p r o b a b i l i t y  

bounds i n  c ross-spec t ra l  ana lys is ,  w i t h  a po la r  coord ina te  display,have a l s o  

ind ica ted  major d i f f e rences  i n  pk,ase r e l a t i o n s  between c o r r e c t  and inco r rec t  

responses i n  c e r t a i n  circumstances, w i th  consis tency i n  d i f f e r e n t  examinations. 

These f i n d i n g s  have emphasized the s t rong p o s s i b i l i t y  o f  a s tochas t ic  

mode of  opera t ion  i n  the hand l ing  o f  in fo rmat ion  on the bas i s  o f  a wave 

process. Such a scheme would envisage the e x c i t a b i l i t y  o f  the i n d i v i d u a l  

neuron as depending n o t  on l y  on i t s  previous experience o f  complex 

spat io- temporal  pa t te rns  o f  waves, but  a d d i t i o n a l l y ,  would suggest t ha t  the 

ef fect iveness o f  any subsequent wave p a t t e r n  i n  e l i c i t i n g  neuronal f i r i n g  

might  depend on i t s  m u l t i v a r i a t e  r e l a t i o n s h i p  t o  an "opt imal"  wave pa t te rn ,  

capable o f  inducing f i r i n g  o f  t h a t  neuron a t  i t s  lowest threshold.  

c. Use of i t e r a t i v e  s t i m u l i  and evoked p o t e n t i a l s  i n  s tud ies  o f  

cond i t i ona l  processes, 

This  technique w i l l  be discussed on ly  b r i e f l y  here, and has a l ready been 

touched on above, and reviewed i n  de ta i  1 by M o r r e l l  (1961). Responses t o  
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rhythmic, r e p e t i t i v e  s t i m u l i  i n  the frequency range o f  dominant cerebra l  

rhythms have been used as a means o f  i d e n t i f y i n g  cerebra l  systems a c t i v a t e d  

by a c o n d i t i o n a l  s t imulus.  These i t e r a t i v e  t r a i n s  have been de l i ve red  both as 

pe r iphe ra l  (John and K i l lam,  1959) and c e n t r a l  s t i m u l i  (John, e t  a l . ,  i n  press) .  

W i  t h  these methods, John e t  a l  . have detected a marked increase i n  

s i m i l a r i t y  o f  responses i n  d i f f e r e n t  b r a i n  regions as the cond i t ioned response 

i s  es tab l i shed.  D i f fe rences  between c o r r e c t  and i n c o r r e c t  responses have a l s o  

been detected, w i t h  decomposition o f  r e l a t i o n s  i n  a widespread system dur ing  

i n c o r r e c t  responses. They p o i n t  cwt the d i f f i c u l t i e s  i n  i n t e r p r e t i n g  t h e i r  

r e s u l t s  on the bas is  o f  e l a b o r a t i o n  o f  simple new connect ions between sensory 

and motor regions, w th  memory o f  the learned response a r i s i n g  i n  f a c i l i t a t o r y  

processes which stab l i z e  these new pathways. I n  agreement w i t h  the thes is  

developed above i n  s udies o f  wave pa t te rns ,  they conclude t h a t  l ea rn ing  may 

invo lve  development o f  i n t e r a c t i n g  pa t te rns  o f  a c t i v i t y  i n  extens ive neural  

reg  i ons . 
5 .  E l e c t r i c a l  impedance c h a r a c t e r i s t i c s  o f  c o r t i c a l  and subcor t i ca l  

s t ruc tu res .  

a. Cerebral  impedance measurements du r inq  a c q u i s i t i o n  o f  a learned 

d i scr  i m i  na t ive  hab i t. 

The d i sc losu re  o f  a v a r i e t y  o f  pa t te rns  i n  slow wave processes i n  cerebra l  

t i s s u e  hav ing h i g h l y  cons is ten t  r e l a t i o n s  t o  the performance o f  a behaviora l  

d i s c r i m i n a t i v e  task suggested the poss ib le  importance o f  mon i to r ing  concurrent  

changes i n  f u n c t i o n a l  s t a t e  i n  the cerebra l  t i ssue  from which these wave 

processes were recorded, The p o s s i b i l i t y  was considered t h a t  changes i n  

conductance c h a r a c t e r i s t i c s ,  f o r  example, measured i n  r e s t r i c t e d  volumes o f  

t i ssue  i n  hippocampus, septum, amygdala and r e t i c u l a r  format ion,  might  
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prov 

show 

de a ser 

changes 

Changes 

es o f  co r re la tes  w i t h  s ta tes  o f  t i ssue  e x c i t a b i l i t y ,  and might  

r e l a t e d  t o  a c q u i s i t i o n  o f  learned behavior (Adey, e t  a l . ,  1962b). 

n the s t a t e  of  cerebra l  t i ssue  r e l a t i n g  t o  s torage o f  in fo rmat ion  

may n o t  mani fest  themselves as c l e a r l y  i n  aspects o f  on-going e lec t rophys io -  

l o g i c a l  a c t i v i t y  presumably invo lved i n  t ransac t i ona l  mechanisms, as i n  o ther  

more s u b t l e  measures capable o f  revea l i ng  long l a s t i n g  changes i n  the  f u n c t i o n a l  

s t a t e  o f  the t i ssue  r e l a t i n g  t o  the storage o f  in format ion.  I n  p a r t i c u l a r ,  

i t  would seem important t o  pursue the p o s s i b i l i t y  t h a t  these s torage mechanisms 

may no t  l i e  e x c l u s i v e l y  w i t h i n  the neuronal compartment, b u t  t h a t  such 

s t ruc tu res  as the n e u r o g l i a l  c e l l s  may be impor tan t ly  concerned by reason o f  

t h e i r  profound metabol ic  i n t e r r e l a t i o n s  w i t h  the neuronal compartment which 

they enclose, and on which they may exerc ise  a modulat ing i n f l uence  (Adey, 

- e t  - 0 ,  a1 1963; Adey, e t  a l . ,  1965; Galambos, 1961; Hydgn and Pigon, 1960). 

Us ing m i c r o v o l t  s igna ls  a t  1000 cycles/sec app l i ed  through c h r o n i c a l l y  

implanted coax ia l  e lec t rodes  i n  volumes o f  cerebra l  t i ssue about 1.0 cmm, 

w i t h  a c u r r e n t  dens i t y  o f  the order o f  

changes o f  the order  o f  

have observed three types o f  responses; b r i e f  evoked t r a n s i e n t  changes i n  

hippocampal septa l  and r e t i c u l a r  impedance, f o l l o w i n g  pe r iphe ra l  s t i m u l i  i n  

v i s u a l ,  aud i to ry ,  somatic and o l f a c t o r y  moda l i t i es ,  as w e l l  as induced 

rhythmic changes, and long l a s t i n g  s h i f t s  i n  base l ine  impedance values du r ing  

sleep, and under the in f luence o f  psychotomimetic drugs, and i n  b a r b i t u r a t e  

anesthes ia (Adey, e t  a l , ,  1962b). 

Amperes/square micron, cu r ren t  

Amperes/square micron can be detected. We 

In  a p p l i c a t i o n s  of t h i s  impedance record ing  technique t o  poss ib le  

changes du r ing  d i s c r i m i n a t i v e  T-box performance (Adey, e t  al., 1963), i t  was 

found t h a t  a t  chance l e v e l s  o f  performance, separate computed averages o f  
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impedance records from the  hippocampus du r ing  c o r r e c t  and inco r rec t  responses 

showed on ly  i r r e g u l a r  dev ia t ions  around the base l ine .  A t  in termediate 

performance leve ls ,  a deep t r a n s i e n t  f a l l  o f  2.0 t o  6.0 per cent  o f  the 

base l ine  va lue immediately fo l lowed presenta t ion  o f  the t e s t  s i t u a t i o n ,  and 

pe rs i s ted  beyond complet ion of the task .  

exceeding 8.0 per  cent  of base l ine  impedance i n  some cases, w i t h  slow r e t u r n  

t o  the pre-approach l e v e l  a f t e r  6 t o  8 seconds. This "evoked" impedance 

change p e r s i s t e d  undiminished w i t h  cons iderable o v e r t r a i n i n g .  

the learned h a b i t  abol ished these responses, which reappeared w i t h  r e t r a i n i n g .  

No base l ine  impedance s h i f t s  were seen i n  these hippocampal impedance records 

du r ing  a c q u i s i t i o n  o r  e x t i n c t i o n  o f  the d i sc r im ina t i on .  

I t  was fo l l owed  by a slow r i s e ,  

E x t i n c t i o n  o f  

Regional d i f f e rences  were noted i n  time o f  f i r s t  appearance o f  hippocampal 

impedance changes i n  the course o f  t r a i n i n g .  With improving behaviora l  

performance, concomitant changes i n  averaged hippocampal impedance occurred 

more s low ly  on one s ide  than i n  an e s s e n t i a l l y  symmetric hippocampal placement 

i n  the opposi te  hemisphere. However, a t  the 100 per  cent  performance l e v e l ,  

the magnitude of the f a l l  i n  impedance du r ing  d i s c r i m i n a t i o n  was s i m i l a r  on the 

two sides, suppor t ing the no t i on  of a temporal sequence o f  b r a i n  changes 

cha rac te r i z ing  the l ea rn ing  process. 

We have r e c e n t l y  examined e f f e c t s  o f  repeated cue reversa l  on the 

impedance changes i n  the hippocampus, amygdala and midbra in r e t i c u l a r  format ion 

accompanying the behaviora l  performance. The behav io ra l  paradigm a l lowed 

separa t ion  o f  o r i e n t i n g  responses from the d i s c r i m i n a t i v e  performance (Adey, 

1965; Mcl lwa in  and Adey, i n  preparat ion) .  

reve rsa l ,  hippocampal impedance responses du r ing  d i s c r i m i n a t i o n  were markedly 

augmented, a f i n d i n g  i n v i t i n g  comparison w i t h  the exaggerated r e g u l a r i t y  o f  

Immediately f o l l o w i n g  the cue 
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the computed hippocampal EEG averages occur r ing  a t  t h i s  t ime (see above). 

With r e t r a i n i n g ,  the hippocampal impedance responses then disappeared u n t i l  

performance rose above chance leve ls ,  a t  which stage a new response was 

detected, p e r s i s t i n g  i n t o  ove r t ra in ing .  By con t ras t ,  impedance responses 

dur ing  d i s c r i m i n a t i o n  i n  the midbra in  r e t i c u l a r  fo rmat ion  remained i l l - d e f i n e d  

throughout, b u t  marked responses were detected i n  the o r i e t , t i n g  epochs p r i o r  

t o  d i sc r im ina t i on .  No cons is ten t  responses i n  e i t h e r  o r i e n t a t i o n  o r  

d i s c r i m i n a t i o n  were detected i n  the amygdala. 

b. The na ture  o f  cerebra l  impedance responses and t h e i r  manipulat ion 

by hypercapnea and hypc '2errnia. 

Al though these impedence measurements have revealed e m p i r i c a l l y  bo th  

b r i e f  and endur ing m o d i f i c a t i o n s  i n  the conductance c h a r a c t e r i s t i c s  o f  cerebra l  

t i ssue,  t h e i r  na ture  and exact  locat ions w i t h i n  the complexly i n t e r r e l a t e d  

t i s s u e  compartments descr ibed above has remained obscure. I t  i s  u n l i k e l y  tha t ,  

i n  the gamut o f  s h i f t i n g  cerebra l  func t ions  f rom a l t e r e d  a t t e n t i o n  t o  terminal  

asphyxia and death, a s i n g l e  simple mechanism, such as i o n i c  r e d i s t r i b u t i o n  

between t i ssue  compartments, would necessar i l y  e x p l a i n  a l l  observed changes. 

Establ ishment o f  the essen t ia l  independence o f  the more r a p i d  p h y s i o l o g i c a l l y  

induced impedance t rans ien ts  f rom such f a c t o r s  as b lood pressure and b lood 

f low,  f o r  example, would n o t  necessar i l y  prec lude these f a c t o r s  as p a r t i a l l y  

o r  i n d i r e c t l y  causal i n  c e r t a i n  long t e r m  impedance changes (Adey, e t  a l . ,  

1965b). 

The evidence suggests t h a t  impedance responses r e f l e c t  changes i n  

i n t r i n s i c  c h a r a c t e r i s t i c s  of cerebral  t i ssue,  r a t h e r  than r e l a t i n g  i n  a d i r e c t  

f ash ion  t o  cerebra l  b lood f low or blood pressure.  The e f f e c t s  o f  hypothermia 

i n  the range 28-2loC on cerebra l  impedance, carbon d iox ide  exc re t i on  and 
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blood pressure were s tud ied  by Adey, e t  a l .  (1965a). The excurs ions o f  

r e s i s t i v e  and r e a c t i v e  impedance components induced by hyporhermia showed no 

pr imary r e l a t i o n s h i p  t o  systemic blood pressure, which remained una l te red  

du r ing  t h e i r  development, and which could a l s o  vary s u b s t a n t i a l l y  w i thou t  

mod i fy ing  the course o r  d i r e c t i o n  of impedance s h i f t s ,  Temporary card iac  

a r r e s t  i n  hypothermia was withou; e f f e c t  on impedance f o r  approx imate ly  two 

minutes, and was then assoc ia ted  w i t h  impedance s h i f t s  an order  o f  magnitude 

la rge r  than those i n  phys io log i ca l  manipulat ions.  On the o ther  hand, 

impedance s h i f t s  fo l lowed the general contour o f  f a l l i n g  temperature, and 

c l o s e l y  p a r a l l e l e d  the carbon d iox ide  excre t ion ,  bo th  i n  the phase o f  f a l l i n g  

temperature, and i n  the recovery phase, when carbon d i o x i d e  e x c r e t i o n  

cont inued t o  drop below c o n t r o l  leve ls .  

I n  the frame o f  the  t r icompartmental  system discussed above, w i t h  

neuronal, n e u r o g l i a l  and e x t r a c e l l u l a r  d i v i s ions ,  carbon d iox ide  m e t a b o l i c a l l y  

produced i n  neurons may undergo conversion t o  carbonic a c i d  i n  the presence 

of carbonic  anhydrase, and n o t  d i f f u s e  d i r e c t l y  i n t o  the b lood as molecular 

carbon d iox ide  (Tsch i rg i ,  1958). I n te rven t ion  o f  the neurogl  i a l  c e l l s  

between neuronal elements and the vascular c a p i l l a r i e s  has suggested t o  

T s c h i r g i  t ha t  t h i s  r e a c t i o n  might  take p lace  w i t h i n  the n e u r o g l i a l  compartment, 

w i t h  s e l e c t i v e  exchange of hydrogen and b icarbonate ions so formed w i t h  

sodium and c h l o r i d e  ions drawn f rom the plasma. 

Nevertheless, these i o n i c  s h i f t s  may be c o n t r o l l e d  by o ther ,  more 

complex f a c t o r s ,  The n o t i o n  t h a t  carbon d iox ide,  f o r  example, may be the 

u l t i m a t e  a r b i t e r  of these e f f e c t s  should be t rea ted  cau t ious l y .  Although 

la rge  impedance responses occur t o  sensory s t i m u l i ,  they a re  accompanied by 

o n l y  minor s h i f t s  i n  end t ida l  carbon d iox ide  leve ls ,  and inhaled carbon 



dioxide i s  r e l a t i v e l y  i n e f f i c i e n t  i n  promoting comparable impedance responses 

(Adey, e t  - a1 

the impedance response, presumably neurogl i a l  and ex t race l l u la r ,  have an 

inherent capacity t o  i so la te  the neuron from the mmediate impact o f  

c i r c u l a t o r y  metaboli tes, and are only i n d i r e c t l y  nfluenced i n  t h e i r  conduc- 

tance cha rac te r i s t i cs  by such mechanical factors as blood pressure. 

1965a). I t  thus appears that  t issue compartments which under l ie  

O f  the three t issue compartments, neuronal elements o f f e r  the highest 

resistance t o  an applied current, with a membrane resistance i n  excess o f  

1000 ohms/cm , whereas neurogl ia l  c e l l s  may have a membrane resistance o f  3 t o  

2 
10 ohms/cm ( H i l d  and Tasaki, 1962). Higher values f o r  neurogl ia noted in 

perfused preparations in the absence of  a contro l  led carbon d iox ide envi ron- 

ment may requi re fu r the r  assessment (Kuf f ler  and Potter,  1964; N icho l l s  and 

K u f f l e r ,  1964). The preferred current pathways would thus l i e  in  low 

resistance shunt paths i n  the e x t r a c e l l u l a r  space and i n  neuroglia, ra ther  

than through neurons, and suggest that the impedance responses noted i n  our 

studies, including those re la ted t o  learned performance, occur in  non-neuronal 

compartments, including the neuroglia. As described above, the neurogl ia l  

cwpartment, e s s e n t i a l l y  enclosing the neurons i n  many areas, may be regarded 

as intervening between the neuron and the blood vascular system i n  metabolic 

exchanges, and as forming a micrometabolic module o f  neurcnal and neurogl ia l  

elements (Barrnett,  1963; Hydgn and Pigon, 1960; Hyde/n and Egyhazi, 1962). 

Evidence has been c i t e d  for  the presence o f  organized macromolecules in the 

e x t r a c e l l u l a r  compartment (Barker e t  - -** a l  1962). 

2 

C. Relationships o f  impedame changes t o  EEG cha rac te r i s t i cs  i n  the 

same t issue domain. 

If these impedance changes during funct ional  a c t i v i t y  occur i n  
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per ineuronal  compartments, i t  may be asked i n  what way such impedance changes 

may r e l a t e  t o  e lec t rophys io log i ca l  a c t i v i t y  i n  neurons. 

t o  ad jacent  t i s s u e  elements o f  dendr t i c  s t r u c t u r e s  i n i t i a t i n g  e l e c t r o t o n i c  

processes, bo th  d e n d r i t i c  and neurog i a l ,  ra i ses  the quest ion o f  the r o l e  o f  

these adjacent  elements as impedance loads t o  the e l e c t r o t o n i c  phenomena 

(Adey, et s., 1963). 

evidence f o r  l ong - las t i ng  changes i n  t h e i r  membrane c h a r a c t e r i s t i c s  a f t e r  

e l e c t r i c a l  s t i m u l a t i o n  (H i  I d  and Tasaki, 1962; Tasaki and Chang, 1958) suggests 

t h a t  they may exerc ise  a modulat ing r o l e  on e l e c t r o t o n i c  d e n d r i t i c  processes, 

determing aspects o f  bo th  r a t e  and r e g u l a r i t y  i n  the i r  r h y t h m i c i t y  (Adey, 

- e t  d., 1963). 

6. Aspects o f  a model o f  cerebra l  o rqan iza t ion  i n  learn inq .  

The phys i ca l  p r o x i m i t y  

The lower membrane res i s tance  of n e u r o g l i a l  c e l l s  and 

This  impedance loading may have non- l inear  c h a r a c t e r i s t i c s .  

Th is  study has emphasized the s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  c o r t i c a l  

t i ssue  t h a t  might  u n d e r l i e  mechanisms o f  in fo rmat ion  storage; the pa l i sade o f  

c e l l s  i n  c lose  p r o x i m i t y  t o  one another; and the d e n d r i t i c  t r e e  o f  one c e l l  

s u b s t a n t i a l l y  over lapping t h a t  of  one o r  more adjacent  neurons. Concomitant 

wave-1 i k e  e l e c t r i c a l  a c t i v i t y  charac ter izes  t h i s  t issue,  and h i s  i t s  o r i g i n s  

i n  an i n t r a c e l l u l a r  wave process, many m i l l i v o l t s  i n  ampl i tude, and apparent 

a r i s i n g  i n  the d e n d r i t i c  t ree  as an e l e c t r o t o n i c  process. This  wave process 

has n o t  been detected i n  neurons i n  o ther  p a r t s  o f  the c e n t r a l  nervous system 

such as the sp ina l  cord.  A t  l e a s t  through the window o f  a mic roe lec t rode 

w i t h i n  the body o f  the c o r t i c a l  neuron, f i r i n g  t o  produce a propagated sp ike 

i s  n o t  a regu la r  concomitant o f  t h e  depo la r i z ing  phase o f  the i n t r a c e l l u l a r  

waves, even where t h i s  exceeds the  threshold l eve l  f o r  f i r i n g  i n  some cases. 

The i n t r a c e l l u l a r  wave and i n i t i a t i o n  o f  a propagated impulse thus appear t o  

i nvo l ve  processes t h a t  may occur i n  p a r a l l e l  i n  i n d i v i d u a l  neurons, and may 

Y, 

Y 
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bear non- l inear  i n t e r r e l a t i o n s  t o  one another.  

With the establ ishment by computer ana lys i s  o f  pa t te rns  i n  wave a c t i v i t y  

t h a t  r e l a t e  t o  o r i e n t a t i o n ,  a c q u i s i t i o n  of d i s c r i m i n a t i v e  hab i t s ,  cue reversa l  

w i t h  e x t i n c t i o n  and r e t r a i n i n g ,  and t o  c o r r e c t  and inco r rec t  dec is ions  i n  

d i s c r i m i n a t i v e  s i t u a t i o n s ,  i t  i s  necessary t o  consider ways i n  which these 

wave pa t te rns  i n  l a rge r  domains o f  t i ssue  may r e l a t e  t o  i n d i v i d u a l  neuronal 

generators, and perhaps, t o  the storage o f  in fo rmat ion  i n  neurons and i t s  

subsequent r e c a l l .  The i n d i v i d u a l  generators have been shown t o  probably  meet 

the requirements o f  the s t a t i s t i c a l  theorem o f  c e n t r a l  1 i m i  t s ,  behaving 

e s s e n t i a l l y  independently, and w i t h  the gross EEG a r i s i n g  i n  the normal 

d i s t r i b u t i o n  ensuing from combination of many such indepeqdent o r  

non-1 i n e a r l y  r e l a t e d  neuronal generators. 

Our computed analyses of these EEG wave processes have ind i ca ted  the 

p o s s i b i l i t y  o f  a s tochas t i c  mode o f  opera t ion  i n  the s e n s i t i v i t y  o f  c o r t i c a l  

neurons t o  recu r ren t  s i m i l a r ,  b u t  not necessar i l y  i d e n t i c a l ,  pa t te rns  o f  waves. 

This  hypothesis o f  a p r o b a b i l i s t i c  mode o f  opera t ion  would i n f e r  t h a t  the 

e x c i t a b i l i t y  o f  the c o r t i c a l  neuron would depend on the r e l a t i o n  o f  the 

spat iotemporal  p a t t e r n  o f  wave phenomena a t  the c e l l  sur face t o  an "opt imal"  

p a t t e r n  o f  waves f o r  which i t s  f i r i n g  th resho ld  would be lowest.  Th is  

"opt imal"  p a t t e r n  o f  waves would be determined by the previous experience o f  

the c e l l ,  w i t h  the wave phenomena in t ima te l y  concerned i n  the physicochemical 

changes associated w i t h  the deposi t ion o f  the memory t race .  

This  proposed model o f  the cerebra l  system would there fore  e x h i b i t  

non- l inear  and s tochas t i c  c h a r a c t e r i s t i c s  as l o c a l  phenomena w i t h i n  a 

p a r t i c u l a r  c o r t i c a l  domain. Recent s tud ies  have ind ica ted  t h a t  such non- l inear  

i n t e r r e l a t i o n s  may occur between d i f f e r e n t  c o r t i c a l  regions, i n  systems t h a t  
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operate i n  g rea t  degree on a subst rate o f  1 inear processes (Wa l te r  and Adey, 

1965a, b) .  

from w ide ly  dispersed p o i n t s  i n  a cerebra l  system has emphasized the 

ub iqu i tous  and protean character  o f  wave processes t h a t  could r e l a t e  t o  

storage in format ion.  Such schemes are f a r  removed from simple c o n n e c t i v i t y  

concepts of f a c i l i t a t e d  connect i ins  as the bas is  o f  learned behavior,  

In  broader perspect ive,  generator ana lys i s  o f  these wave processes 

F i n a l l y ,  we have come t o  recognize the c r i t i c a l  d i f f e r e n c e  between the 

sensing o f  phys io log i ca l  processes tha t  r e l a t e  t o  t ransmiss ion and t ransac t i on  

o f  in format ion,  as opposed t o  i t s  storage, Future developments i n  such areas 

as impedance measuring techniques may enhance knowledge o f  those d e l i c a t e  

processes under ly ing  storage, and es tab l i sh  the bas i s  o f  s t r u c t u r a l  and 

func t i ona l  o rgan iza t i on  which endow b r a i n  t i s s u e  w i t h  a uniqueness n o t  found 

i n  "non-learning" neura l  systems o f  admi t ted l y  great  complexi ty,  such as the 

human sp ina l  cord.  A t  least ,  these s tud ies  have r a i s e d  quest ions as t o  

whether per ineuronal  t i ssue,  inc lud ing  the neurogl ia ,  may no t  on ly  be the s i t e  

o f  impedance changes, bu t  a l s o  whether the i n t e r f a c e  between g l i a l  and neuronal 

t i ssue  may be a reg ion  of spec ia l  s ign i f i cance  i n  the storage o f  in format ion.  
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Fig. 1 .  Typ ica l  examp es o f  c o r t i c a l  sur face  ( top t race )  and i n t r a c e l l u l a r  

( lower t race)  records n the same domain of  t i ssue.  

sur face  record bears a c lose  resemblance t o  the i n t r a c e l l u l a r  record i n  

i t s  frequency c h a r a c t e r i s t i c s ,  bu t  i s  r a r e l y  coherent w i t h  i t .  I n i t i a t i o n  

o f  a c t i o n  p o t e n t i a l s  i n  the i n t r a c e l l u l a r  records occurs on the depo la r i z ing  

phase o f  the  concurrent  wave process, but  no t  necessa r i l y  on the l a r g e s t  

waves. 

and i n t r a c e l l u l a r  traces, whereas the a l e r t e d  record (C) i s  f a s t e r  in  both. 

(From E l u l ,  1965). 

The much smal ler  

Records A and B du r ing  sleep show slow waves i n  both e x t r a c e l l u l a r  
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A: sc 

c o n t r o  

Fig.  2. Development o f  an i n h i b i t o r y  c o n d i t i o n a l  response i n  an habenular 

unit. 

dots, a s i n g l e  t r i a l .  T r i a l s  a r t  grouped according t o  s t imulus cond i t ions  

a t i c  nerve s t i m u l a t i o n  on ly  vs. c o n t r o l ;  B: f l a s h  o n l y  (CS) 

; C: f l a s h  and s c i a t i c  ( f i r s t  sequence o f  t r a i n i n g  t r i a l s ,  etc. 

Each d o t  represents a u n i t  discharge and each h o r i z o n t a l  row o f  

L e f t  v e r t i c a l  l i n e  (marked f l a s h )  ind icates t ime o f  CS presentat ion.  

V e r t i c a l  l i n e  marked s c i a t i c  ind lcates t ime o f  onset of US. (From Kamikawa, 

Hc I lwa in  and Adey , 1964) 
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Fig.  3 .  

cue. Approach commences a t  L end of  time marker bar. 

burst  a t  S-6 cycles per second appears i n  dorsal hippocampus (RDH) and 

entorhinal  cortex (RENT). S l m l  l a r  but less regular  t ra ins  appear simultaneously 

I n  midbrain r e t i c u l a r  formation (LHBRF) and visual  cortex (L.0QC). 

Typical EEG records during approach t o  food reward wi th  a visual  

Regular theta 
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Fig.  4. 

o f  hippocampal traces a t  mid-training a f t e r  first cue reversal ( l e f t ) .  

Note i r regu lar  character o f  averages. Later  i n  t r a i n i n g ,  regular  average 

appeared ( r i g h t )  and sustained into over t ra in ing.  (From Adey and 

Walter ,  1963). 

Representative EEG records w i t h  computed averages from 20 p a i r s  
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F ig .  5. Averages of EEG from midbrain r e t i c u l a r  formation i n  successive reversals 

o f  t r a i n i n g  cues, f i rs t  t o  l i g h t  ( A ) ,  then successively to  dark ( B ) ,  l i g h t  ( C )  

and dark ( D ) ,  From Adey and Walter, 1963). 
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F ig .  6. E f f e c t s  o f  i n t r o d u c t i o n  o f  o r i e n t i n g  t r i a l s  ( d a i l y  H = 40) i n t o  

t r a i n i n g  schedules o f  a cat  already a t  a h igh  l e v e l  i n  d i s c r i m i n a t i v e  task 

performance, Computed averages dur ing  d i s c r i m i n a t i o n  (A) showed h igh  

amp1 i tude waves a t  6 cyc les  per second. 

t r i a l s  (B) e x h i b i t e d  a lower ampli tude 4 t o  5 cycles per  second rhythm 

i n  l a t e r  p a r t s  o f  ana lys is  epoch, (From Radulovacki and Adey, 1965). 

Randomly interspersed o r i e n t i n g  
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Fig. 7. Simultaneous impedance and EEG records dur ing various physiological  

st imul i. Top l e f t :  impedance record from l e f t  dorsal hippocampus (L. Dorsal 

HIPP.), and EEG record from R. v isual  cortex (R. V I S .  CORTEX). 

impedance record from L, septum and simultaneous EEG records from l e f t  

and r i g h t  dorsal hippocampi, Bottom: Septal impedance record and EEG 

t rac ings from R. amygdala (R. AMYG) and L. dorsal hippocampus (L. DORSAL 

HIPP).  

head, i n  the top r i g h t  record the stimulus was sexual, and i n  the lower 

t races o l factory .  I n  each case there was a t rans ient  drop i n  impedance, as 

indicated by the ca l ibrat ions.  

Top r i g h t  

I n  the top l e f t  record, the animal made o r i e n t i n g  movements of  the 
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Fig. 8. 

impedance responses i n  hippocampus dur ing acqu is i t i on  o f  the T-box d isc r im ina t ive  

task. 

performance were essen t ia l l y  i r regular ;  showed sane a t  80 per cent correct ;  

and sustained regu la r i t y  a t  100 per cent. impedance records a t  the same 

leve ls  o f  t r a i n i n g  (e) i n i t i a l l y  showed only  i r regu la r  pertubations; a t  

80 per  cent a small f a l l  a t  the s t a r t  o f  the performance fol lowed by a 

r i se ;  and a t  100 per cent a profound f a l l  out  l a s t i n g  the performance. In 

i t s  f u l l  conf igurat ion (C),  the response i s  biphasic and l a s t s  about 5 

seconds. The animal takes about 1.5 seconds t o  reach the food reward. 

(From Adey and Kado, S c i e n t i f i c  American, In press). 

Development o f  r e g u l a r i t y  i n  b ra in  wave t r a i n s  and appearance o f  

Computed averages o f  b r a i n  wave records (A) a t  chance levels  o f  
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Fig.  9. Changes i n  blood pressure i n  cat  wi th  cerv ica l  cord transection 

during hypothermia, p lo t ted  concurrent\y with core temperature and 

r e s i s t i v e  and react ive impedance factors. No re lat ionship  was noted 

between blood pressure and typica l  impedance changes (From Adey, Kado 

and Ma 1 t e r ,  1965) . 


