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'REFA CE

This in terna tional Symposium  on the  biology of m em ory was held in the  
Biological Research In s titu te  a t T ihany, Lake B alaton in Septem ber 1969. 
The m eeting covered nearly  all biological aspects o f recent research on 
elem entary  learning and  m em ory storage. This complex approach proved 
to  be fru itfu l: the  lectures, discussions, as well as the  th e  chairm en’s con­
cluding rem arks reflected the m ain problem s of th is most exciting, bu t 
ra th e r controversial field of in terdiscip linary  research.

The volum e contains the  th ir ty  papers read  a t th e  Symposium, arranged 
in a different sequence th an  th ey  had  been presented during the  four-day 
m eeting. These changes m ade by  th e  E d ito r were necessary in order to  
follow the  logical succession of the  different topics, ra th e r th an  the  chron­
ology o f the  lectures, which was inevitab ly  influenced by the  itineraries 
of some of the  partic ipan ts  from  abroad. Consequently the  sequence o f the 
concluding rem arks had  to  be altered, too. The division of the  book into 
six p a r ts  according to  the  different topics is ten ta tiv e  because of the  m ul­
tip le overlappings. The discussions of the  lectures had to  be digested, since 
the  presen tation  of a complete record would have been difficult.

The Symposium  was organized by th e  D epartm ent of C om parative P h y si­
ology of Eötvös L oránd U niversity , B udapest, each m em ber of which - 
engaged in electrophysiological and biochemical research of m em ory 
mechanism  has been an en thusiastic m anager of the conference. The staff 
of the  host In s titu te  deserves g ra titude as well for the  excellent help in 
organization. T hanks are due to  Dr. Erzsébet M. Szász for the  perfect 
technical p reparation  of th e  book, and  to  Mrs. L. K eviczky for the  accurate 
clerical assistance.

I  wish to  express my acknowledgem ent to  the  Publishing House of the 
H ungarian Academ y of Sciences for the  beautifu l presen tation  of the  volume.

B udapest, M arch 1970
G. Adám
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OPENING ADDRESS

by

G. ÁDÁM

< )n behalf of the  Organizing Com m ittee I  would like to  express my w arm est 
greetings and  welcome to  all partic ipan ts  of our Symposium , especially to  
those colleagues who have come from abroad. We are delighted to  have you 
here in H ungary, in T ihany, for our first conference on learning and  memory.

The biological aspects of m em ory storage are ho tly  debated  in  these 
days: it is also unfortunate ly- a “ fashionable” problem , and  th a t  is why 
it seems to  me very  im p o rtan t a t least to  speak a common language, to  
have a m utual understanding concerning th e  main physiological, biochem i­
cal and pharm acological questions of th is highly com plicated brain  m echa­
nism.

We th in k  th a t th is Symposium is an appropriate  occasion to  s ta r t  such 
a m utual understanding. D istinguished workers from E astern  and  W estern 
Europe and  from America have come here to  the  picturesque L ake B alaton, 
to  this fine In s titu te  to  reduce to  the  same denom inator some of th e  main 
questions of inform ation storage.

A few weeks ago a t th e  In tern a tio n al Congress of Psychology in London 
several sym posia on learning and  m em ory took place. I  m ust confess th a t 
an atm osphere of scepticism  and pessimism has been characteristic of these 
meetings. One of our distinguished colleagues even alluded to  his “sw an­
song” in th is controversial field. I  cannot agree w ith such a pessim istic 
view. L et us hope th a t our Symposium  will no t no tify  the  decline, b u t the 
s ta r t of a real understanding!
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WELCOMING ADDRESS

b y

J .  Sa lá n k i

D uring th e  past few years it  has become trad itio n a l th a t  a th e  end of the  
sum m er th is  In s titu te  provides an opportun ity  for some national or in te r­
national scientific m eeting, and  we are all tru th fu lly  very pleased. We are 
especially glad when th e  program m es of these m eetings cover fields sa tis­
fying n o t only the  in terest of those who are directly  working in i t  bu t, being 
o f general im portance, a ttra c t  a tten tio n  widely am ong biologists and  non­
biologists. I t  m ay be s ta ted  w ithou t exaggeration th a t  the  problem s of 
learning and  m em ory belong to  this category of recent biological investiga­
tions. On th e  o ther hand, it  is unquestionable th a t our knowledge is ra th e r 
restric ted  in  this field, and  th a t  the  various trends of research are ra th e r 
controversial.Therefore, a Symposium like this, where scientists from differ­
ent laboratories exchange ideas and  discuss the  latest experim ents and  
results, m ight prove to  be very fruitful.

In  th is in s titu te  we do no t work directly  on th e  biology of m em ory. 
Nevertheless, our D epartm en t of E xperim ental Zoology, investigating th e  
physiology, functional m orphology and  chem istry of th e  nervous system  in 
lower anim als is carrying ou t research on those structu res and  m echanism s 
which also serve as basic elem ents for learning and  m em ory. R esearch on 
the  neurobiology of invertebrates has called a tten tio n  in m any cases to  the  
fact th a t  in  th e  approach to  some basic problem s lower anim als m ay be 
of excellent service either because of analogy or just as a result of d iver­
gency. Since the phvlogenetical developm ent of function is probably  valid  
for all neuronal processes, I  am  convinced - as shown also by the  program m e 
of th is Sym posium —th a t  the  com parative approach is of g reat im portance 
also in the  forthcom ing discoveries in problem s of memory. F o r th is very 
reason we are particu larly  glad to  welcome here th is Symposium.
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Section  1

M ORPHOLOGICAL BACKGROUND  

OF MEMORY PR O C E SSE S





MEMORY FUNCTIONS AND T H E  STRUCTURAL 

ORGANIZATION OF T H E  B RA IN

by

J .  SZENTÁGOTHAI

D e p a rtm e n t o f  A natom y , U n iv e rs ity  M edical School,
B u d ap est, H u n g a ry

(1) G E N E R A L  C O N SID E R A T IO N S

N eural organization is essentially a device for the  recording and  processing 
o f inform ation, including its  storage and  use for th e  control of various p h y ­
siological functions. This task  is accomplished, in  m ulticellular organism s 
of the  anim al kingdom , by  a set of special cells the  neurones (and certain  
auxiliary  elem ents: the  glial cells) in which th e  above general properties 
o f living m a tte r have developed to  a  rem arkably  high degree. In  living organ­
isms a  device for handling of inform ation could be based, theoretically , 
on tw o principles: (i) a purely chemical inform ation system  w ith  specific 
chemical encoding and  signals b u t no specificity of the  connecting chan­
nels,* or (ii) a m ultichannel “ connectiv ity” system  based on specific con­
nexions, in which the  inform ation is encoded and  tran sm itted  in some very  
general and  propagated  change o f the  physiological s ta te  of the  individual 
channels. As is well known, neither of these principles is encountered in the 
anim al kingdom  in its  pure or even in a predom inant form. In  the  neural 
organization both  principles are applied in  a very  large varie ty  of com bina­
tions. The m ost general although by no m eans unique —com bination is 
th a t  inform ation is conducted w ithin the  lim its of the  cell either by  p ropa­
gated  im pulses for longer distances or perhaps by electrotonic changes for 
shorter ones, whereas transm ission from  one cell to  ano ther is effected by 
chem ical signals.

I t  is quite obvious th a t even in nervous system s based on th e  com bina­
tion of the  two, one mechanism  m ight become so dom inant th a t  it com plete­
ly overrides th e  significance of the  other. One m ight conceive quite easily 
a nervous system  having a t its  disposal only a  single k ind  of neu ro trans­
m itte r and two possible kinds of subsynaptic receptors, one producing 
excitation on receipt o f th e  m ediator and  th e  o ther producing inhibition. 
Such a nervous system  would, obviously, require a very  high degree of 
connexion specificity, and  it would be also quite uneconomical from  the 
poin t of view of “ specific in tegration  capacities” , i.e. the  am ount and 
varie ty  of possible functional “decisions” calculated for th e  num ber of 
s tru c tu ra l elements.

Conversely, one m ight conceive a nervous system  in which larger distances 
between various p arts  of th e  nervous system  (or of the  body) would be 
bridged by  nerve fibres w ith th e  capacity  to  conduct im pulses very  rapidly,

* T he endocrine sy s tem  is based  on th is  principle.
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b u t w ith  ra th e r poor connectiv ity  a t bo th  ends o f tlie fibres. The term inals 
of these fibres could be conceived to  discharge very  specific neu ro tran s­
m itters  in to  regional common tissue spaces, from  which th en  the  num erous 
receptors of the local nerve cells could pick up the  com bination of chemical 
inform ation th ey  are able to  in te rp re t and  to  use.*

A lthough m any exam ples could be cited from various p arts  o f the  nervous 
system  in which e ither of the  two m echanisms becomes dom inant, an 
overall dom inance o f one principle against the  o ther does no t occur. The 
tw o basic principles of construction and  function are interw oven in the 
m ost in trica te  w ay and  in most cases bo th  aspects can be recognized depend­
ing on the  view point o f our consideration. I t  m ight be rew arding to  carry 
th rough  such speculations to  their u ltim ate  consequences, w ith  special 
consideration of th e  “specific in tegrative capacity” of the  nervous tissue 
in  th e  above-m entioned sense. Calculations could be made, for example, 
on how m any b its  of inform ation could be processed by a simple neurone 
netw ork of th e  relay nucleus ty p e  if  it were bu ilt on th e  classical structu ra l 
principle of th e  neurone theory  w ith axon term inals arranged side-by-side 
on th e  surface of th e  dendrites or of th e  soinata, and  using as tran sm itte r 
a  single kind of neurohum our or tw o neurohum ours: one excita tory  and 
ano th er inhib itory . A nd th is  m ight be com pared w ith  the  inform ation 
processing capacities of ano th er netw ork w ith all o ther param eters equal, 
b u t having complex synap tic  arrangem ents (glom erular synapses etc.) in 
which th e  transm ission o f im pulses would be envisaged to  occur no t p rim a­
rily  on th e  principle of connectiv ity  b u t on th a t  o f the  specificity of a 
v arie ty  of m ediators. A lthough we do no t have any th ing  b u t vague ideas 
on how such a synaptic  system  m ight work, i t  is quite obvious th a t the 
in tegrative capacities o f the  second neurone netw ork would be larger by 
order o f m agnitude. Hence a nervous system  bu ilt on this principle ought 
to  be more economical th an  one built p redom inantly  on the  principle of 
specific connectivity.

T aking in to  account these considerations, however speculative for the 
tim e being, it would be sheer naiv ity  to  try  to  explain any th ing  b u t the 
m ost elem entary  nervous m echanisms on the basis of one of th e  tw o funda­
m ental functional aspects. A lready a t  the  ra th e r basic level of inform ation 
processing under which I  m ean here no thing more th an  the  spatio- 
tem poral transform s th a t  happen to  any  p a tte rn  of excitation while being 
tran sm itted  from  one level of the  CNS to  another** we wou Id 1 ie a t  a loss 
if  we were to  explain every th ing  on th e  basis of connectivity , i.e. to  solve 
all problem s arising by means of simple switching. The difficult ies, evidently ,

* A na to m ica l s tu d y  o f th e  CNS on th e  e lec tron  m icroscope level h as  revealed  a 
considerab le  n u m b er o f com plex sy n a p tic  a rran g em en ts  (glom eruli etc .) Ih a t a re  
su rrounded , an d  p ro b ab ly  sep a ra ted  from  th e  env ironm en t, b y  glial e lem ents. I t  
w ould  be com plete ly  possib le th a t  th e  g lom eruli (S zen tágo thai, 19(15«, 1970« )  and  
sy n a p tic  ca rtrid g es (S zen tágo tha i, 1969, 19706) w ould  be such  “ reg ional tissue  spaces"’ 
in to  w hich various k inds o f  n eu ro tra n sm itte rs  m ig h t be released  b y  th e  several axon 
te rm in a ls  p resen t. T he de ta iled  conn ec tiv ity  in  such assem blies m ig h t be u n im p o rta n t.

** M ost co n ven ien tly  one m ig h t th in k  o f th e  tran sfo rm s th a t  occur in  th e  afferen t 
p a th w ay s  from  recep to r fields to  cortex .
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increase if  we begin to  consider higher levels o f neural functions, such as 
storage and  retrieval of inform ation. E ven  if  we were convinced th a t in for­
m ation is sto red  for long term s in th e  nervous system  in changes of m acro­
molecules, neither d istribu tion  to  th e  u ltim ate  elem ents th a t  can be stored, 
nor th e ir re trieval would ever be explained w ithout proper understanding  
of th e  connectivity  or circuitry  aspects. Thinking in general term s of in for­
m ation handling —both  in  living organism s and  in  technical devices it  is 
n o t th e  storage in some m olecular conform ation change th a t  is th e  m ain 
problem, b u t how th e  message th a t  is to  be stored is broken down in to  its  
elem ents, how these are d istribu ted  to  th e ir sites of storage, and  how the 
message can be re trieved  by assembling the  elem ents appropriately  and  in 
reasonable tim e (Elsässer, 1958).

YVc do know  very  little  as y e t of the  logic of breaking down any  message 
by  to e  CNS into storable elem ents, a lthough we have now some knowledge 
how th e  m ain sensory pathw ays can assemble elem entary  inform ation 
picked up by  the  receptors, in to  messages th a t  are m eaningful to  th e  anim al. 
W e are now labelling certain  nerve cells, a t  various levels of the  sensory 
system s, as “novelty  detec to rs” , “ sameness detectors” , “size- and  m ovem ent 
detec to rs” , “direction detectors” etc. All of these are complex properties 
th a t  could no t be perceived bv any  single k ind  of receptor. The basic con­
dition for such processing is an  extrem ely complex and  specific convergence 
and  evidence is accum ulating quickly abou t th e  very  high specificity of 
individual neurons, a t  all levels o f the  CNS, w ith  respect to  precisely d e ter­
m ined specific convergences from  very  different sources. W e know of neu ­
rones having n o t only m ulti-m odal convergence w ithin a given sensory 
region (for exam ple skin) b u t convergence upon individual neurones from 
entirely  different sense organs. I t  is the  question w hether such cells, or 
groups of cells connected to  such m ulti-sensorv cells, could re ta in  complex 
inform ation  in  the  form  of some Gestalt. Or, conversely, w hether inform a­
tio n  reaching such cells is again broken down in to  elem ents and  stored  as 
such, d istribu ted  to  hundreds or even millions o f cells. A t th is poin t psychol­
ogy will be an  essential tool in  understanding  th e  logic o f the  bra in  in 
breaking down (and reassem bling) Gestalt ty p e  messages in to  storable b its 
of inform ation.

But irrespective of w hether messages are stored in the  CNS as Gestalt 
ty p e  complexes in sped  lie cells of very  highly selective convergence patterns, 
or w hether th is Gestalt is broken down again in to  elem ents fu rth e r d is trib ­
u ted , bo th  solutions would need an  unbelievable degree of specific con­
nectiv ity . In  addition, th is  connectiv ity  cannot be of a one-way character, 
i t  m ust be reciprocal. Indeed, over all the  CNS there is everywhere an 
extrem ely  rich, m ultiplex and  reciprocal connectivity. In  th is respect the 
usual tex tbook diagram s of pathw ays and  neurone chains are highly m islead­
ing by  no t showing reciprocity  and m ultip licity  of connections to  which 
a tten tio n  was called first by  L orente de Nó (1933). I f  this character of con­
nec tiv ity  is considered, th e  rud im entary  capacities of lower centres to  re ta in  
traces of earlier functional events for certain  du ra tion  of tim e become highly 
significant. We will no longer th ink th a t  th is could be explained prim arily 
by  assum ing th a t i t  ought to  be due to  changes a t specific synaptic  sites.



In stead  it  will be realized th a t it is th e  assem bly of neurons ra th er, with 
a m ultitude of possible changes (to be discussed in th e  second p a r t  o f th is 
paper), th a t  could be the  m ateria l basis of the  re ta ined  trace. E x trap o la tin g  
this to  higher levels, it  is quite obvious to  assum e th a t  the capacity  for 
retain ing  traces of functional events will be somehow rela ted  to  th e  richness 
and  m ultip licity  o f in terna l connexions. I f  this speculation were correct, 
we would have to  assum e th a t  centres w ith low and  stereo typed  in ternal 
connectiv ity  would be less able to  re ta in  traces (memory) an d  form  new 
functional connections (learning) th an  those having a rich, m ultiple, and 
reciprocal connectivity. The cerebellum, for example, w ith  its  rem arkably  
low in terna l (associative) connectiv ity  and  stereo typed  s truc tu re , ought to 
be considered in th is line of reasoning as a “ lim ited-purpose com puter” 
fo r the  solution of ac tua l problem s and  of little  if  any  significance in long 
term  retain ing  of traces. The cerebral cortex, conversely, with its  spectac­
u lar w ealth, m ultip licity  and  high specificity o f connexions bo th  inside 
restric ted  areas (in tracortical) and between neighbouring and  d is tan t areas 
(associative and  com m issural), and  o f connexions relayed over subcortical 
nuclei, would be the  ideal place for bo th  m em ory and  learning; as we all 
know it  indeed is.

Considering the  “ ligh tn ing” speed w ith  which messages can be stored 
aw ay and  even more w ith which th ey  m ay be retrieved, one has also to  
speculate on how quickly inform ation from  any given site of th e  CNS m ight 
reach any num ber of o ther sites. This would m ean in anatom ical term s: 
how m any synapses, on th e  average, would be needed in order to  reach 
from  a given neurone any  o ther possible neurone o f the  CNS? A lthough we 
have no direct inform ation a t hand in answering this question, the  num ber 
is rem arkab ly  low if one tries to  th in k  it over from  w hat we know about 
CNS connectiv ity  in general. I t  would be a fair guess to  assum e th a t the 
num ber ought to  be somewhere around ten  -a s  an  order of m agnitude. 
R estricting  th is speculation to  the cerebrum , the  num ber m ight even be 
reduced by a factor of two. This m eans th a t w ithin ten  synapses any  point 
o f th e  CNS would be connected p o ten tia lly - w ith any  other. Conse­
quently , th e  nervous system  could be regarded, w ith  m inor restrictions, 
as som ething like a continuous m edium  to which, for example, th e  principle 
o f holography (Julesz and  Pennington, 1965; P rib ram , 1966; Longuet- 
Higgins, 1968; W estlake, 1967; Gabor, 1968; Greguss, 1968) could be cer­
ta in ly  applied, a t  least theoretically . This is by  no m eans a suggestion th a t 
m em ory is, in fact, based on a principle analogous to  th a t of holography. 
I am  im plying only th a t the  anatom ical s tru c tu re  of th e  nervous system  
would certain ly  no t rule out or one m ight even say th a t it  would not 
seriously contrad ict the assum ption th a t m em ory functions could be 
based on principles analogous to  holography.

(2) R E P E R C U S S IO N S  O F F U N C T IO N  U P O N  S T R U C T U R E

A fter these general considerations it  is obviously expected from  th e  an a to ­
m ist to  tell abou t th e  possible changes th a t m ay occur in  neural structu res 
as the consequence of functional load or deprivation. Such changes have been
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observed since long and  m any neurobiologists have felt th a t  m em ory and 
learning functions m ight be re la ted  in some way or o ther to  th e  phenom ena 
of grow th (Hebb, 1949) and  its reverse (i.e. to  building up or breaking 
down of living m atter). As w ith  all o ther tissues, also in  th e  neural tissues 
use or functional load increase the  mass and  stru c tu ra l order of m atter, 
whereas disuse leads to  its  decrease and  loss. T h at functional efficiency 
again is re la ted  to  mass and  order of s tructu re  is common knowledge. These 
relations have been shown to be operational in  th e  nervous system  in quite 
a num ber of s tru c tu ra l param eters.

(a) Overall volume of nervous tissue. I t  has been known for a long tim e 
th a t so-called transneuronal atrophies m anifest them selves m ost clearly 
by a reduction of grey m a tte r volum e. However, as discussed in more detail 
elsewhere (Szentágothai and  H ám ori, 1969), transneuronal atrophies are 
probably  produced by th e  loss o f o ther trophic relations an d  by  th a t  of 
function. They cannot, therefore be considered as pure functional atrophies. 
An atro p h y  th a t  is m ore likely to  be purely  functional occurs in th e  spinal 
grey m a tte r a fte r rem oval in young anim als (dogs, 14 days of age) of the 
long bones (femur, tib ia  and fibula) of th e  lower limbs (Szentágothai and 
R ajkovits, 1955). The reduction in  volum e of th e  ven tra l horn is 9-5 per cent 
as com pared w ith the  opposite side (which m ay be considered as function­
ally overloaded) a t  the age of 3-5 m onths. The reduction in  tissue volume 
(4-8 per cent) is less clear in  th e  dorsal horn, b u t th is is understandable 
when considering th e  functional changes th a t  are likely to  occur in  a limb 
deprived of its  skeleton (subsection b). A sim ilar a tro p h y  is experienced 
in  the  la te ra l geniculate body if  young anim als are deprived of pa tte rn ed  
vision (Wiesel and H ubei, 1963). As cell bodies constitu te  only a m inor 
fraction  of th e  to ta l volum e of grey m a tte r i t  is m ost likely th a t  th e  m ajor 
factor in  th e  overall volum e reduction is caused by th e  dendritic  tree. 
A “w ithering” of th e  dendrites or som ewhat less elaborate and  profuse 
branching a t their peripheries m ight cause quite considerable changes in 
tissue volume. I t  is also known from  the  stu d y  of la ter stages in neural tissue 
developm ent th a t elaboration and  a certain  “shaping” of th e  dendritic  tree 
to  its  final adu lt p a tte rn  is one of the  la test steps in  th e  m aturing  of the 
tissue. This is by  no m eans a  simple process running in one direction by 
growing ou t m ore branches to  larger distances. On th e  contrary , m any 
exam ples could be cited especially in  neurons having dendritic  trees of 
very  elaborate and  specific shape and  branching patterns*  th a t  m aturing  
means w ithdraw al of dendritic  branches th a t have grown too far and  do 
n o t fit in to  th e  final branching p a tte rn . This process strik ingly  resembles 
the  pruning  of trees. This aspect shall be discussed in some more detail 
in subsection (d).

(b) Fibre diameter is a s tru c tu ra l p aram eter of nervous tissue th a t is 
re la tively  easy to  m easure and  to  compare. A considerable am ount of ev i­
dence has been accum ulated on nerve caliber spectra under various cir-

* N erve cells th a t  h av e  been labelled  b y  K am on-M oliner an d  N a u ta  (1966) as 
<viso d en d ritic” .
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F ig . 1. A . T ransverse  section  o f  v en tra l ro o t (L 7) o f a 
4 -m onth-o ld  dog on in ta c t  fu n c tio n a lly  overloaded 
(above), and  (below) sam e from  th e  op e ra ted  side, 
w here th e  long bones (fem ur, tib ia  and  fibula) have  
been  rem oved  a t  14 days o f age. B . T ransverse  sec­
tio n  o f dorsal ro o t (L 7) from  norm al side (above) and 
op era ted  side (below) from  th e  sam e dog. G. N um bers 
o f m y e lin a ted  fibres and  ca liber-spec tra  from  dorsal 
ro o ts  (L 7) o f sam e dog, show ing a  sign ifican t loss in  
m y e lin a ted  fibres an d  d isappearance  of th e  th ird  p eak  
co rrespond ing  to  th e  large ca liber (16-18 n) a fferen ts on 
th e  o p era ted  side (S /.en tágo thai an d  R a jk o v its , 1955).
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eum stances of regeneration and  transneuronal a trophy ; however, i t  is no t 
clear, w hether th e  observed changes can be directly  re la ted  to  functional 
deprivation  or overload. H y p ertro p h y  of nerve fibres th a t  supply func­
tionally  overloaded muscle has been shown by M acEdds (1950) and  an obvious 
difference can be seen between both  the  ven tra l (Fig. 1 A )  and  th e  dorsal 
(Fig. 1R) roots supplying a limb deprived of the  long bones and  th e  co n tra­
lateral functionally  overloaded limb (Szentágothai and  R ajkovits, 1955). 
A t inspection th e  difference seems more app aren t in th e  v en tra l root, 
however, when counting th e  m yelinated fibres, a reduction in  num ber by 
16-5 per cent is ob tained  for th e  dorsal root, as against a 7 per cent reduction 
only in th e  ven tra l root. The caliber spectrum  (Fig. 1(7) shows a com plete 
disappearance of the  th ird  peak  corresponding to  th e  large 14-16 fi d iam ­
eter fibres. This m ight indicate th a t th e  large caliber muscle afferents 
suffer specifically from  the  loss of the  skeleton. As these fibres do not have 
significant synaptic connections in the  dorsal horn (Szentágothai, 1967), the  
larger reduction in  grey m atte r volum e of the  ven tra l horn (m entioned in 
subsection a) would have a simple explanation. The great loss in m yelinated 
fibres can be explained only by  assum ing th a t a num ber of sm all caliber 
fibres th a t are norm ally m yelinated have not developed a m yelin sheath .

A nother experim ental model stud ied  by  Szentágothai and  R ajkov its 
(1955) was th e  optic nerve of anim als whose eyelid had  been su tu red  
shortly  a f te r  b irth . The caliber spectra o f th e  two optic nerves o f the  same 
anim al, w ith  one eye su tu red  and  the  o ther left open, showed the  same 
difference as the  dorsal roots in  th e  previously described model w ith rem oval 
of the  long bones of th e  limb.

(c) Synapse size has been envisaged by  several neurobiologists as a  pos­
sible m eans by which functional load or deprivation m ight have a direct 
repercussion of effectivity of synaptic transm ission. Few  a ttem p ts  have, 
so far, been m ade a t  determ ining the  size changes th a t  m ight be expected 
to  occur under extrem e circum stances. Changes were detectable, although 
not sufficiently significant, a fte r rem oval of the  long bones of th e  lower 
limb. The changes in synapse size were quite obvious in the  base of the  dorsal 
horn and  th e  in term ediate zone of the  spinal grey m atte r a f te r  excision in 
early  you th  of th e  peripheric nerves and  prohibiting  th e ir regeneration 
(Szentágothai and  R ajkovits, 1955). As shown in a stereodiagram  and 
histogram s of the  optic profiles of term inal knobs (Fig. 2), th e  difference 
in synaptic  size is quite convincing. Trophic changes cannot be ru led  out 
under such circum stances, however, as the  change in th e  o ther s tru c tu ra l 
param eters (grey m a tte r  volume, fibre diam eter) was significant and  of the 
sam e direction in the  experim ents bo th  w ith  rem oval of the  leng bones 
and  w ith excision of the  peripheric nerves, it s tands to  reason th a t  reduction 
of synapse size occurs also under circum stances of purely functional dep ri­
vation and/or overload.

An a ttem p t was m ade a t recording, in a more indirect way, changes in 
the optic pathw ay  on the  level of the  electron microscope (EM) a f te r  su tu r­
ing the  eyelids a t  an  early age. As it would be extrem ely difficult to  get 
reliable d irect inform ation on the  size o f the  optic nerve term inals o f the 
geniculate body in EM  pictures, th e  ra tio  of synaptic surface profile length
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Fig. 2. A  an d  B. Size of sy n ap tic  knobs a t  th e  base 
o f th e  dorsal h o rn  an d  in th e  in te rm ed ia te  zone o f  L 0 
on th e  no rm al side o f a  5-m onth-o ld  dog (left) an d  on 
th e  op e ra ted  side (righ t) a f te r  excision of all p eripheric  
nerves from  h ind lim b  a t  7 days of age. T he p h o to g rap h s 
show  tw o view s o f ste reoh is tog ram s in  w hich th e  d iam ­
e te rs  o f sy n ap tic  knobs a re  in d ica ted  in  size classes o f 
1, 1-5, 2, 2-5, . . . fi, th e  longer d iam eters  grow ing from  
b ack  to  fro n t an d  th e  sh o rte r  ones from  le f t to  righ t. 
H e ig h t o f th e  w h ite  p rism s corresponds to  p e r  cen t oc­
currence  o f  te rm in a l knobs th a t  belong to  th e  v arious 
size classes. C . Sam e in  sim plified surface a rea  h is tog ram s 
in  th re e  d ifferen t an im als (S zen tágo tha i and  R a jk o v its , 

1955).

versus overall length of optic term inal profile surface was determ ined 
(Szentágothai and  H ám ori, 1969). In  the characteristic synaptic  glomeruli 
o f the  LGB advan tage was tak en  of the  fact th a t  optic term inals can easily 
be recognized in the  EM p ictu re and  can be separated  from  axon term inals 
o f o ther origin. As seen in Table 1, the  ra tio  is clearly lower in anim als w ith 
su tu red  eyelids as com pared w ith their norm al litte r-m ate  controls. I  bis 
does no t show, of course, th a t  there is any difference in absolute size of the 
optic term inals. B u t i t  does indicate a dependence upon norm al vision of 
the  size o f synaptic  contact surface, w hich is obviously more im portan t 
th an  the  size of the  term inal.

(d) Cell migration and process formation has been suspected since long 
ago to  be in some connection w ith specific and  neural functions m ainly on
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TABLE 1

C on tact profile  len g th  of o p tic  te rm in a ls  in th e  c a t LGB expressed  as p ercen tage  
o f to ta l  o p tic  profile c ircum ference

Type of contact Controls Eyelids sutured 
after birth

Contact w ith dendritic profile 34-6 ±  3-2 I 7 
39-1 ±  2-9 J

26-2 ±  1-8 |
Contact w ith monoptic axons 27-5 ±  1-4 J ’
Contact w ith glial elements 26-4 ±  5-1 46 ±  0-7
Synaptic thickenings of optic terminals 12-4 8-9

the  basis of phylogenetic observations and  reasoning. I t  appears as though 
nerve cells would ten d  in th e  long phylogenetic scale—to  m igrate tow ard 
their chief sources of stim ulation or to  d irect th e ir dendrites in  these d irec­
tions (Ariens-Kappers, 1921). H ow ever naive the early concepts on ' ‘neuro­
b io tax is” m ight seem to  us today , the  basic facts are real enough, and  they  
have received some unexpected support from  the  field of experim ental 
neurology. Shofer e t al. (1964) have shown w ith  a m ost im pressive exam ple 
th a t a fte r rem oval in the  cerebellum  of th e  superficial parallel fibres by 
X -ray  irradiation* the  dendrites o f th e  P u rk in je  cells tu rn  down in a weep­
ing-willow fashion tow ards th e  undam aged deeper parallel fibres. Move­
m ents of Golgi 2nd ty p e  in terneurons during the  m atu ra tion  of th e  p rim ary  
optic cortex can be arrested  by  depriving anim als of th e ir vision (Valverde,
1968). A sim ilar a rrest of the  m ovem ent of ex ternal granule cells in the  
cerebellar cortex tow ards the dep th  has been shown by  H ám ori (1969) to  
occur in th e  crossed cerebellar-atrophy a fte r lesion of the  cerebral cortex. 
As discussed a t some length recently  (Szentágothai and  H ám ori, 1969), 
such observations furnish no evidence a t  all to  cells or dendrites being a ttra c ted  
directly  by  the  presence of axon term inals or by neural stim uli. The m echa­
nism  works, obviously in an indirect way, probably  over a complex in te r­
m ediate chain of causal links, b u t the  end result is still th e  same.

(e) Changes in  the internal structure of neurones have  no t been, so far, 
sufficiently stud ied  under extrem e circum stances of functional load and  
deprivation. There are quite clear m orphological signs of shifting th e  protein  
synthesis m achinery to  higher or lower gear according to  functional load, 
b u t th is will be discussed from  a more general view point in Section 3. 
I t  would be logical to  assum e th a t  the  relatively crude changes observed 
on th e  light microscope level (subsections a and h ought to  have th e ir 
equivalents in the  u ltras tru c tu re  of the processes. Very little, unfortunate ly , 
has been known about such changes. I t  appears though th a t in hyp o th a l­
am ic nuclei, which can be driven functionally  by experim ental interference 
w ith endocrine mechanisms, the  dendritic  m icrotubular system s become 
hypertrophic in nerve cells th a t  otherw ise show clear signs of increased

* T heir cells a re  in  m o s t lab o ra to ry  m am m als in an  u n d iffe ren tia ted  neuroblaS tie 
s tage  a t  b ir th  and  can  be destroyed  easily  by  X -irrad ia t ion, w hile th e  cells o f th e  deeper 
p a ra lle l fibres h ave  d iffe ren tia ted  earlie r and  a re  m u ch  less sensitive.
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pro tein  synthesis (Szentágothai, 19656). This accidental observation has 
not y e t been stud ied  in detail, so th a t it should be trea ted  with due reserve.

(/) Changes in  the complexity of synaptic articulation surfaces begin now 
to  emerge as a field o f m ajor im portance. Various kinds of s tru c tu ra l arrange­
m ents have been brought in to  focus by electron microscopy th a t exhibit 
clear evidence o f the  repercussion o f specific function on nerve tissue s tru c ­
tu re . D endritic spines have been shown on the  light microscope level to  
depend very strongly  on in tac t d is tan t connections (Globus and Scheibel, 
1967; Valverde, 1968) and  even on orderly function (Valverde, 1967). 
Spine-like processes of LGB relay neuron dendrites, which in norm al dogs 
by the  age o f two m onths pro ject into deep invaginations of the  optic 
afferents, have been shown not to  develop a t  all if th e  eyelids are sutured 
shortly  a f te r  b irth  (Szentágothai, 1968; Szentágothai and H ám ori, 1969). 
Micro-spines or spinules are found in m any synaptic  regions (Szentágothai, 
1965a; Eccles e t al., 1967, C hapter V II) and even ordinary  dendritic  spines 
m ay show secondary outgrow ths so-called secondary spines th a t  appear 
to  establish secondary synapses in add ition  to  the  usual single synaptic 
contact of the  spine (Hám ori and  Szentágothai, 1964). The m ost puzzling 
in these spinules and  secondary spines is th e ir variab ility  bo th  in size and 
in num ber. They m ay be ab undan t in one anim al and m ay be ra re  or lacking 
in ano ther in th e  sam e ty p e  of synapse. The only logical exp lanation  is 
the  assum ption th a t  such additional com plexities o f the  synaptic  contacts 
are induced by some unknow n factor in the  functional history o f th e  anim als 
in which they  occur.

(3) FU N C T IO N A L L Y  IN D U C E D  S T R U C T U R E  C H A N G E S 
A N D  I’ROT KIN SY N T H E SIS

11 rem ains now to  find a common biological fram e for the s tru c tu ra l changes 
induced by functional load or deprivation and to  re la te  them  to  the  m echa­
nisms of grow th. There is no doubt th a t  most, if no t all, of the  changes 
described in Section 2 can be related  in some way or o th er to  protein sy n th e­
sis. I t  has long been know n th a t  functional load enhances th e  synthesis 
of proteins and  the building of various o ther plasm a constituen ts in a wide 
varie ty  of tissues. The m ost conspicuous signs of increased protein synthesis, 
such as increase in the  nucleolar size and  nuclear size, plasm a basophilia 
have been widely used by histologists even before more exact modes of 
assays became available for assessing increased or decreased specific-func­
tional activ ity . The relations between specific function and  protein synthesis 
have been analyzed since the early studies o f H ydén (1943) and  H am berger 
and H ydén  (1949) in m any ways and  from several aspects. I t  has been shown 
quite recently (W egener, 1970) th a t spatial p a tte rn s  of physiological s tim u ­
lation can be m atched w ith sim ilar p a tte rn s  of increased protein synthesis. 
I t  has become clear by now th a t  the basic cellular m echanisms underlying 
developm ental process form ation, grow th and m atu ra tion  of processes 
(chiefly of axons and  their term inals), process regeneration, and functionally 
induced s tru c tu ra l changes are essentially similar.



I t  would be, however, an  ex trem e sim plification to  consider th e  neurone
w ith respect to  protein  synthesis, or m ore generally to  th e  building up 

o f tissue m a tte r sim ply as ano ther k ind  of cell reacting to  functional load 
in the  general way, w ith  an  increased synthesis of its m aterials. F rom  the 
observations reported  in Section 2, subsection b it  becomes obvious th a t 
functional load increases the  form ation of myelin. As myelin is syn thetized  
an d  form ed by Schwann cells in  the periphery  and by  Oligodendroglia in 
the  centre, th e  assum ption th a t  specific function has repercussions no t only 
upon th e  nerve elem ents them selves b u t also upon th e  surrounding glial 
cells seems logical. Quite clear u ltra s tru c tu ra l changes can be seen in  glial 
processes in  hypothalam ic nuclei th a t  are functionally  driven (Szentágothai 
et ah, 1968).* A tten tion  has been called to  the  im portance of m etabolic 
interrelations between glia and  neurones by H ydén (1964), and  im p o rtan t 
biophysical and physiological aspects of these in terrelations have been 
unravelled by  Kuffier (1967). In teresting  speculations abou t the  possible 
significance o f myelin in  the  storage of inform ations have been m ade by 
.YlacKay (1954).

The problem  of pro tein  synthesis in neurones is fu rther com plicated by the 
selective specificity in  the  site of th e  s tru c tu ra l changes. From  the  accum u­
lated  evidence it  appears th a t  functionally  induced stru c tu ra l changes are 
not sim ply a sh ift of the  synthetic  m achinery to  higher gear, b u t building 
up of m a tte r and s tru c tu re  a t  very specific sites. S trangely, th e  m ajor s tru c ­
tu ra l change is more often recorded a t the  postsynaptic site. D endritic 
grow th, dendritic  protrusions, spines and  spinű les are all elem ents showing 
the  highest degree of s tru c tu ra l p lastic ity  (Szentágothai and  H ám ori, 1969). 
W hether th is can be re la ted  to  the  local availability  of pro tein  syn thetic  
m achinery (ribosomes, occasionally o f Golgi system s, specific groupings 
o f m itochondria and  of various kinds of endoplasm ic m em brane system s, 
etc.) is unknow n. U p take of am ino acids s ta rts  undoubted ly  in th e  nerve 
cell bodies (Droz and  Leblond, 1963) and an  early m ovem ent of th e  incor­
porated  m aterial tow ards dendrites can be readily  observed, b u t th is  does 
not preclude very specific m echanisms of synthesis in the  d istal p a rts  of 
dendrites. Axon term inals lacking in ribosomes m ight be envisaged as depend­
ing more on supply of m aterials through th e  axons and  on local up take. 
F or local uptake of m aterials from  the  in tercellu lar space axons have the  
u ltras tru c tu ra l m achinery in the  form  o f very active pinocytosis, an d  u p take 
from  local source o f specific neurohum ours in to  axon term inals has been 
unequivocally shown (Wolfe et ah, 1962). In  spite of th a t, accum ulation 
of g reat num bers of m itochondria in axon term inals m ight indicate ra th e r 
specific m etabolic activities in  presynaptic sites. Certain differences in  histo- 
chemical staining properties o f th e  m itochondria of the cell body or proxim al 
dendrite and  of the  synaptic axon term inals in th e  sam e neurone (Hajós 
and  K erpel-Fronius, 1969) m ight also po in t to  specific differences between 
th e  m etabolic m achinery in different p a rts  of the  neurone.

* T he h y p o th a lam u s  h as th e  a d v an ta g e  th a t  som e o f its  nuclei can  be specifically 
d riven  by  in te rfe rin g  w ith  various endocrine functions.
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(4) G R O W T H  V E R SU S P R O T E IN  H Y P O T H E S IS  O F MEMORY

The concept of m em ory traces th e  elusive engram m e—being encoded in 
the  ribonuclear self-reproducing m achinery of the  nerve cell has the obvious 
advan tage of giving an intelligible m olecular explanation of b o th  the  long 
te rm  stab ility  and  specificity of th e  encoded inform ation. The growth 
concept, on the  o ther hand, has the  m erit of giving a t least a fa in t idea of 
how any th ing  th a t  is encoded in some molecular change of th e  neurone 
m ight be re trieved  as a change in th e  p a tte rn  o f electrogenic events. I t  is, 
of course, im p o rtan t to  realize from  th e  m aterial reviewed in Section 2 
th a t  the  s tru c tu ra l change induced by any specific functional event cannot 
be im agined as some q u an tita tiv e  change in  one or the  o ther of the  s tru c­
tu ra l param eters o f the  neurone. On the  contrary , every stored  elem ent 
ought to  be enviasged as a whole p a tte rn  of m inute molecular changes in:
(i) the  central self-reproducing (nuclear and  cytoplasm ic) m achinery, (ii) the  
various kinds o f m aterial conveying m achineries of neuron processes (neuro- 
tubuli, neurofilam ents),* (Hi) the  u ltras tru c tu ra l and  m acrom olecular organ­
ization of the  myelin sheaths, (iv) th e  local m etabolic and  svnthetizing 
m achinery (ribosomal, m itochondrial, endoplasm ic m em brane, etc.) of the 
im m ediate postsvnaptic  elem ents and  postsynaptic portions of dendrites and 
axons, (v) various structu res and  geom etric param eters of the  postsynaptic 
s tructu res (spines, spinules, dendritic  protrusions and  crests),** and (vi) in 
the  protein-lipid (and possibly o ther m acrom olecular) s tructu res of the 
synap tic  m em branes. I t  can be im agined w hat am ount of specific inform a­
tion m ight be encoded in such a complex p a tte rn  of possible changes. And 
w hat is more, m any o f these changes are readily available for the “ read o u t” 
by having an im m ediate repercussion upon th e  principal physiological param ­
eters (thresholds, conduction, am plitude, recovery, repetition  rates, qu an ­
t i ty  an d  tim e param eters of m ediator release, etc.) of the  neurone.

I f  looked upon in  th is way, there  is no contradiction or antagonism  
w hatever between th e  tw o concepts. They are com plem entary to  each other 
and in  m any respects only tw o different aspects of the  same thing. I t  is 
also in th is way of reasoning th a t the ap p a ren t contradictions between the 
connectiv ity  and  chemical specificity aspects, from which we s ta rted  out 
at the  beginning (Section 1), are being resolved, a t least in perspective.

T he em bryon ic  deve lopm en t o f th e  nervous system , accord ing  to  all in fo rm ation  
availab le , requ ires a  refined an d  h igh ly  selective sy s tem  o f p resu m ab ly  biochem ical 
specificities, w hich secures th a t  various k inds o f neurones estab lish  connexions in  
s tr ic t ly  p red e te rm in ed  fash ion . N o th ing , v ir tu a lly , is know n  a b o u t how  ax o n  te rm ina ls  
recognize th e  specific neurones w ith  w hich th e y  h av e  to  estab lish  sy n ap tic  co n tac ts . 
I t  is p ro b ab le  th o u g h  th a t  m acrom olecules a tta c h e d  to  I he o u te r  surface o f th e  m em ­
b ranes w ill decide w h eth er a n  axon  te rm in a l a rr iv in g  a t  a  ce rta in  s ite  a t  a  c e rta in  stage

* I t  is im possib le to  e n te r h ere  even  m arg in a lly  in to  a  d iscussion of th e  fasc in a tin g  
p rob lem  o f th e  m echan ism s th a t  ensure m a te ria l m ovem en ts  o f flows a t  various speeds 
in  neurone processes (for ref. see recen t review  of th is  p rob lem  b y F . O. S ch m itt, 1968).

** I  h ave  discussed th e  v arious k inds o f p o s tsy n ap tic  s tru c tu re  d ifferen tia tions 
o f th e  den d rite s  recen tly  elsew here (Szen tágo thai, 1970b,).



o f d ev e lopm en t estab lishes a  synapse  w ith  th e  first neu rone it encoun te rs, o r w h e th e r 
i t  h as  to  grow  on fo r a  few  ten s  o f m icrons in o rd e r to  find an o th e r  m ore ap p ro p ria te  
neuron . T he surface  p ro p ertie s  responsible fo r e s tab lish m en t (or conversely  avo id ing  
estab lishm en t) o f a  co n tac t a re  n o t d is tr ib u te d  equally  on th e  surface o f th e  neurones, 
as can  be deduced  from  th e  fa c t th a t  synapses betw een  th e  neurons a re  n o t estab lished  
random ly  in  a n y  p a r t o f th e  p o s tsy n ap tic  neurone, bu t on a  s tr ic tly  d e te rm in ed  p a rt 
o f th e  recep tive  surface an d  w ith  dete rm ined  geom etry . T he m echan ism s fo r th e  specific 
selection  o f a p p ro p r ia te  connections a re  n o t in h e ren t to  th e  n eu ro b lasts  from  th e  very- 
beg inn ing  o f th e ir  existence, b u t  are  g rad u a lly  em erging in  a n  epigenetic  fash ion  from  
various inductions th a t  th e y  receive accord ing  to  th e ir  position . T here  is th u s  am ple  
evidence from  th e  field of descrip tive , an d  p a rtic u la r ly  from  experim en ta l, n eu ro ­
em bryology  fo r n o t only  a  refined sy s tem  o f  specificities (p robab ly  m acrom olecu lar 
in  n a tu re ) b u t even for one th a t  em erges in a  crude and  general form  an d  th a t  becom es 
m ore anil m ore  refined w ith  deve lopm en t an d  m a tu ra tio n . I t  is th u s  by  no m eans 
inconceivable th a t  m em ory  an d  learn ing  a re  b u t fu r th e r  s tep s o f n eu ra l specification  
in  th e  p o s tn a ta l developm ent.

These considerations and  analogies are certain ly  entirely  inadequate to  
serve as models for a realistic approach to  the  problem s of m em ory and 
learning. They m ight, however, help to  set the  stage for, or give som ething 
resembling, a prelim inary  fram ework into which our speculations and  fu tu re 
efforts have to  be fitted.
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FUNCTIONAL CONTROL OF N ERV E F IB R E  
CONNECTIONS

by

R . M . G a z e " an d  M . J .  K e a t in g “’ 6

N eurobio logy  R esearch  U n it, P hysio logy  D ep a rtm en t, E d inbu rgh  
U n iv e rs ity , G rea t B rita in

Most physiological studies of m em ory m echanisms involve experim entally  
produced a lterations in neural ac tiv ity  followed by a search for any long­
term  stru c tu ra l or functional changes th a t m ay be induced by  the  experi­
m ental procedure. An alternative  methodological approach would be to 
stu d y  a  nervous system  in which gross observable changes in s tru c tu re  and 
function are tak ing  place and  to  a ttem p t to  elucidate the  m echanism s p ro ­
ducing these changes. The developing nervous system  provides just such 
a situation . Since synaptic changes feature prom inently  in  most current 
physiological theories o f memory, investigations of the  factors involved in 
the  form ation of synaptic connections are highly relevant. Of particu lar 
in te rest would be th e  dem onstration th a t specific p a tte rn s  of neural con­
nec tiv ity  could be produced by specific changes in  the  functional ac tiv ity  
of the  developing nervous system , since any  such functionally  induced 
changes in connectivity  could yield useful inform ation for the  fu rther s tudy  
of m em ory mechanisms. We propose to  discuss the  functional control of 
fibre connections in re lation to  one stric tly  circum scribed area of neural 
activ ity - the  developing anuran  visual system .

As a resu lt of the  work of Sperry and  his associates (Sperry, 1943, 1944, 
1945, 1951; Sperry and  Miner, 1949; A ttard i and Sperry, 1963; Sperry and 
Arora, 1965) i t  is now widely accepted th a t th e  ontogenesis of certain  
neural connections reflects the  existence of refined chemospecificity m echa­
nisms which m atch up  appropria te  sets of neurones w ith one ano ther or 
w ith  the  non-neural periphery . A considerable am ount of th e  experim ental 
work which led up to  th e  hypothesis o f neuronal specificity has been done 
on the am phibian visual system  and  in th is system  it appears th a t  (i) the 
ganglion cells of th e  re tin a  become differentiated  one from  ano ther during 
em bryogenesis by the  developm ent of individual, presum ably biochemical, 
differences. This differentiation of the  re tin a  occurs separately  and  at 
different tim es across th e  th ree spatial axes of the  re tina  (Székely, 1954; 
E akin , 1947; Jacobson, 1967). (i i ) The tectum  undergoes a  com parable 
and  m atching chemospecification during developm ent, such th a t  m atching 
fibres from  the  re tin a  eventually  term inate  a t the  appropriate  tec ta l locus 
by a process akin to  ‘sniffing’ th e  specificities. (Hi) There exists also, p ro b ­
ably, a form  of p athw ay  specification such th a t  growing fibres, under

“ P re se n t address: N a tio n a l In s t i tu te  fo r M edical R esearch , Mill H ill, L o n d o n  N .W . 7.
b B a rry  S tevens M em orial Fellow , M ental H ea lth  R esearch  F u n d .



favourable circum stances, will choose the  correct a lternative  when p re ­
sented w ith a Y -junction sp a tia l choice (A ttardi and  Sperry, 1963). The 
hypothesis of neuronal specificity has received considerable support over 
th e  past ten  years from  electrophysiological experim ents on nerve regener­
ation  and  developm ent (Gaze, 1959, 1960, 1967; Gaze and Jacobson, 1963; 
Gaze et al., 1963, 1965; Jacobson and  Gaze, 1965).

The spatial specification of th e  re tin a  m anifests itse lf early  during the 
developm ent of the  eye, while th e  eye anlage is still in  a prefunctional (pre­
visual) sta te . Thus re tina l specification of th is n a tu re  is independent of 
visual function. Operations perform ed on the em bryonic eye a f te r  th e  re tina  
has become specified and  before re tino tec ta l connections and  visual function 
appear, resu lt in  an  abnorm ality  of visually  controlled behaviour which 
closely corresponds to  the  ty p e  of abnorm ality  produced by the  operation 
in th e  spatial relationship between th e  eye and  the  brain. Thus an  eye 
ro ta ted  180° results in th e  eventual developm ent of visuom otor behaviour 
which is also back-to-fron t and  upside-down. Such m aladaptive behaviour 
persits indefinitely w ith little  or no sign of im provem ent as a result of visual 
function.

These experim ents on th e  am phibian visual system  gave rise to  the  hypo­
thesis of neuronal specificity; and the  hypothesis can account very  nicely 
(though only, so far, a t a superficial level) for th e  phenom ena from  which it 
was derived. But the  p a r t of the  visual system  th a t  was stud ied  in these 
experim ents was th e  d irect con tra latera l re tino tec ta l projection, which in 
these anim als covers th e  entire visual field. At th e  tim e of Sperry’s early 
experim ents th is con tra la tera l projection was th e  only visual projection 
recognized. There exists also, however, an  ipsilateral visual projection in 
the  frog (Zagorul’ko, 1957; Gaze, 1958; Gaze and  Jacobson, 1962) and  recent 
evidence (Gaze and Jacobson, 1963; K eating  and  Gaze, in  preparation) 
suggests th a t  the  pathw ays concerned in  the  ipsilateral projection involve 
passage of impulses first to  the  con tra latera l tec tum  and  th en  back, v ia an 
in te rtec ta l linkage, to  the  ipsilateral tectum . This projection is thus com ­
posed of two stages (at least); a first stage, which is p a r t of the d irect co n tra­
lateral re tino tec ta l projection, studied in the  classical experim ents of Sperry 
and others; and  a second stage, which involves connection, probably  via the 
post-optic commissures (K eating and Gaze, in preparation), betw een appro 
p ria te  p a r ts  of th e  two tecta .

One of th e  observations m ade by Gaze and  Jacobson (1962) in their 
electrophysiological investigation of th e  ipsilateral projection in the  frog, 
was th a t, w ithin the  binocular field, one point in  visual space projected  via 
both eyes to  one po in t on the  left tec tum  and  to  ano ther (not necessarily 
sym m etrical) po in t on th e  righ t tectum . Only those points lying in the 
m idsagitta l plane of the  anim al would pro ject to  sym m etrical positions 
on the tw o tecta .

In  th e  d irect con tra la tera l re tino tec ta l projection, nasal field (tem poral 
retina) projects to  ro stra l tec tum  and  tem poral field (nasal re tina) to  caudal 
tec tum ; and since th e  nasal ex trem ity  of the  field for the  righ t eye lies to  
the  left of the  anim al while the  nasal ex trem ity  of th e  field for the  left eye 
lies to  the  righ t of the  anim al, any  object extended in the  horizontal direc-
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tion  in the  binocular visual field m ust 
be represented extended in one direc­
tion  rostrocaudally  on the  left tec tum  
and  in the  opposite direction on the 
righ t tec tu m  (Fig. 1).

The observations (Gaze and  Jac o b ­
son, 1962) th a t one po in t in the  b in­
ocular field projects via both eyes to  
one po in t on the left tec tum  and  to  
ano ther po int on the  right tectum , 
th u s indicates th a t, th rough  one eye, 
the  ipsilateral projection of the naso- 
tem poral field axis will have the  reverse 
o rien ta tion  to  the  con tra latera l p rojec­
tion of th is  axis. A nd since the  second 
stage of the  ipsilateral projection invol­
ves an in te rtec ta l linkage, th is linkage 
m ust connect rostra l con tra latera l 
tec tum  w ith  more caudal ipsilateral 
tectum , and  more caudal contra latera l 
tec tum  w ith  rostral ipsilateral tec tum
(Fig. 1).

We m ay now represent the  con tra la­
tera l and  ipsilateral projections of the 
nasotem poral field axis in the form of 
a linear diagram  (Fig. 2a). The in te r­
tecta l connections th a t  form  th e  se­
cond stage of the  ipsilateral visual 
projection are precise and  retinoto- 
pically organized. How m ight they  be 
set up during developm ent ? I f  we a r ­
gue th a t th ey  are form ed by a  m echa­
nism of neuronal specificity akin to  th a t 
which is operative in  th e  form ation 
of the  con tra la tera l re tino tec ta l p rojec­
tion, then , as is th e  case w ith  th is  la tte r  projection, ro ta tion  of th e  eye 
a f te r  th e  tim e of in te rtec ta l specification should result in inversion of the  
ip sila te ra l projection. This is a necessary requirem ent of hypothesis; since 
w ith  prespecified in te rtec ta l connections, inversion o f th e  first stage of the  
ipsila te ral p ro jection m ust resu lt in inversion of the second stage also 
(Fig. 2b).

The experim ental findings in th is  s ituation  are different. I f  the  eye o f 
a Xenopus is ro ta ted  during larval life, a fte r re tinal specification has occur­
red, its  con tra latera l field projection is, of course, ro ta ted ; b u t its ipsilateral 
field projection is normal (Fig. 2c). And moreover, the  con tra la tera l p rojec­
tion  from  the  norm al eye in th is  situation  is, na tu ra lly , norm al, whereas the  
ipsilateral field projection from  th e  normal eye is rotated, and  to  th e  same 
ex ten t as the  ro ta tio n  of the  operated  eye (Gaze et al., 1970). These

Binocular field

Fig. 1. D iagram  rep resen tin g  th e  p ro ­
jection , ro s tro cau d a lly  on  th e  tw o  te c ­
ta , o f th e  n aso tem p o ra l b in o cu la r field 
axis fo r each eye. F o r b o th  th e  rig h t 
anil le ft eye th e  nasa l asp ec t o f th e  field 
p ro jec ts  ro s tra lly  on  th e  tec tu m , w ith  
m ore tem poral field rep resen ted  m ore  
caudally . The co n tra la te ra l te c ta l r e p ­
re sen ta tio n  o f th e  field a rro w  th u s  
p o in ts  in a  d ifferen t d irec tio n  on  each 
te c tu m . Since one po in t in b inocu la r 
v isual space p ro jec ts  v ia  b o th  eyes to  
one te c ta l p o in t on one side and  to  a 
d ifferen t te c ta l p o in t on th e  o th e r , th e  
in te r te c ta l connections effectively  ex ­
is ting  a re  ind ica ted , in  ou tline, by  th e  
dashed  lines. T he rep re sen ta tio n  o f th e  
in te r te c ta l connect ions ind ica tes  m erely  
th e  overall re su lt o f th e  connections, 

n o t th e  p a th w ay .



Fig. 2. (a) L in ea r rep re sen ta tio n  o f th e  c o n tra la te ra l and  ip s ila te ra l p ro jec tions o f 
th e  field o f th e  r ig h t eye; (b) L in ea r ap p ro x im atio n  to  w h a t m ig h t he expected  
in  th e  ease o f a n  eye ro ta te d  by  180° if  th e  in te r te c ta l connections w ere d e te r­
m ined  by  a  specific ity  m echan ism  ak in  to  th a t  d e te rm in ing  th e  co n tra la te ra l reti- 
n o tec ta l p ro jec tion . In th is  case b o th  co n tra la te ra l and  ip s ila te ra l p ro jec tions o f 
th e  field are  ro ta te d ; (c) A ctual field p ro jec tions found in  an im als w ith  one eye ro ta ted  
by 180°. T he co n tra la te ra l p ro jec tio n  from  th e  ro ta te d  eye is ro ta te d  w hile th e  ip sila­

te ra l p ro jec tio n  is n o t. N, nasa l; T, tem pora l; C, caudal; B , ro s tra l.

findings exclude a simple prefunctional specificity system  as the  m echanism 
responsible for the  elaboration of the  retinotopically  organized ipsilateral 
projection in th is frog.

The situation  in the  case of an  anim al w ith  a ro ta ted  eye m ay be repre­
sented as in Fig. 3. Both projections to  one tectum  are ro ta ted  (and con­
gruent); th a t  is, the  con tra la tera l projection from  the ro ta ted  eye and  the  
ipsilateral projection from  the  norm al eye bo th  go to  one and  the same 
tectum  and  are both  ro ta ted  to  the  sam e ex ten t; and  bo th  projections to 
the  o ther tectum , th a t is, the contra latera l projection from  the  norm al eye 
an d  the  ipsilateral projection from  the  ro ta ted  eye, are norm al (Fig. 3). 
This means th a t  the  p a tte rn  o f in te rtec ta l connections seen in an anim al 
w ith a ro ta ted  eye is different from th a t  seen in a norm al anim al (Fig. 2c). 
K eating  (1968) has proposed th a t  the in te rtec ta l connections th a t  m ake up 
the  second stage of the ipsilateral projection depend on a  junctional in te r­
action between the  inpu ts  from  the  tw o eyes.

Fhe abnorm ality  in the  ipsilateral projection from th e  norm al eye reflects 
accurately  the abnorm ality  in the  con tra latera l projection from  the  oper­
ated eve to  the sam e tectum ; and  sim ilarly, the  norm ality  of the  ipsilateral 
projection from  the  operated  eye to  the  o ther tec tum  reflects the  norm ality
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of the  contra latera l projection 
from  the  norm al eve to  th a t 
tectum . I t  seems thus th a t the 
ipsilateral projection from one 
eve is dependent on the input 
to  the  sam e tectum  from  the 
con tra latera l eye. The ipsila­
te ra l projection appears to  re ­
quire an  in teraction , a t tec ta l 
level, betw een the  tw o eyes.
And since it is one p o in t in 
visual space th a t projects via 
bo th  eves to  one point on the 
tectum , no m atte r w hat tlie re­
lative positions of the  retinae, 
it is th e  field  th a t  is of im por­
tance ra th e r th an  the  geogra­
phy of the  re tinal po int s tim ­
ulated; th e  in teraction  th a t 
occurs appears to  be a func­
tional in teraction .

The hypothesis is th a t, a t 
some stage of developm ent, the 
impulses from  one eye cross to 
their appropria te  position (de­
term ined  by the m echanisms 
of prefunctional specificity) on the  con tra latera l tectum  and  thence recross 
to  th a t po int on the ipsilateral tec tum  which is sim ultaneously receiving 
a sim ilar spatio tem poral p a tte rn  of excitation v ia  the o ther eye from the  
sam e po in t in  the  binocular field. Po in ts on th e  tw o tec ta  receiving sim ilar 
excitation pa tte rns become specifically linked together (Keating, 1968; 
Gaze et al., 1970).

The hypothesis o f functional in teraction can account for the  developm ent 
o f the norm al ipsilateral projection, for th a t  obtained a f te r  ro ta tio n  o f a 
larval eye and  for th a t  found in anim als w ith ‘com pound eyes’ (Gaze et al., 
1963, 1965). In agreem ent w ith th e  hypothesis is the fact th a t, during larval 
life, when the  eves (in X enopus) look out laterally , there is no ipsilateral 
projection. The first ipsilateral responses are found a t abou t stage 62 
(Nieuwkoop and Faber, 1956), during  m etam orphosis, when the  eyes have 
s ta rted  to  move round to  th e ir adu lt position. Furtherm ore, the  ipsilateral 
projection found in anim als which have had  one eve anlage rem oved early 
in developm ent, is abnorm al in th a t it is diffuse; in th is case there  has been 
no possibility of functional in teraction  between the  two visual inpu ts since 
only one is present.

A t the  presen t tim e the  developm ental stages over which the  in teraction 
mechanism m ay work are being investigated. P relim inary results would 
indicate th a t this tim e m ay cover a period during and  just a fte r m eta­
morphosis.

Fig. 3. S u m m ary  of t he, p ro jec tions form ed fol­
low ing ro ta tio n  o f a  la rv a l am p h ib ian  eye. P ro ­
jec tions to  th e  le ft te c tu m  a re  show n b y  do ts , 
those  to  th e  r ig h t te c tu m  b y  clashes. I n  each  
case, th e  co n tra la te ra l p ro jec tions a re  show n 
w ith in  tram lines. The ip s ila te ra l connections 
m erely  show  th e  effect ive fu n c tio n a l link , n o t 

th e  p a th w ay .
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The significance, if  any, of th is developm ental mechanism  for the  study  
of learning or m em ory is, of course, unknow n. I t  m ay be relevant, however, 
th a t  som ewhat com parable m echanisms have been proposed concerning 
th e  mode of form ation of conditioned reflexes (Grastyán, 1967; H ebb, 1949). 
A nd whereas th e  im portance of functional in teraction  in the  preservation 
of the  norm al b inocularity  of visual cortical cells in  cats has been dem on­
s tra ted  by Hubei and  Wiesel (Hubei and  Wiesel, 1963, 1965; W iesel and 
H ubei, 1963, 1965), the  observations described here and  trea ted  in  detail 
by  Gaze e t al. (1970) appear to  dem onstrate  the  form ation of a  new, 
precise, spatial arrangem ent of fibres as a result of b inocular in teraction  
between the  tw o eyes, wich could involve visual function.
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N ote added in  proof. Since th is  p ap e r w as su b m itte d  we h av e  in v es tig a ted  th e  
p a t te rn  o f  in te r te c ta l linkages in  X en o p u s  rea red  in  th e  d a rk  (J . P hysio l, in  
press). I n  th ese  an im als , an  a p p ro x im a te ly  n o rm al ip s ila te ra l v isu a l p ro jec tio n  
w as found; th e  significance o f these , an d  o th e r  re ia v a n t resu lts , w ill be d is­
cussed in  follow ing papers .

DISCUSSION

F . R o se n b l a t t : I s th e re  a  tim e-lag  betw een  th e  ap p e a ra n ce  o f  c o n tra ­
la te ra l a n d  ip sila te ra l connections in  th e  ro ta te d  eye ex p erim en ts?

R. M. Ga z e : In  the  experim ents th a t  I  have been describing, th e  eye 
ro tations were performed early in larval life and  th e  recordings m ade some 
tim e a f te r  m etam orphosis, when b o th  projections had appeared; so these 
experim ents do n o t allow us to  answer th a t  question . However, as I  said 
in m y ta lk , the  ipsilateral projection in X enopus only appears a t  or shortly  
a fte r m etam orphosis, whereas the  con tra la tera l projection appears early 
in larval life. In  th is sense, certainly, the  con tra la tera l projection appears 
in norm al developm ent before the  ipsilateral one.

F . R o se n b l a t t : D o you  h av e  a n y  ev idence th a t  w ould  d is tin g u ish  b e ­
tw een  th e  a lte rn a tiv e s  o f  a single fibre te rm in a tio n  h u n tin g  fo r a p o in t o f 
c o n tra la te ra l a c tiv ity , o r a large n e tw o rk  o f  p o te n tia l fibre p a th w a y s , from  
w hich  th e  a p p ro p r ia te  one is selected?

R. M. G a z e : W e have ind irec t evidence only on th is point. F irstly , the 
developm ent of an ipsilateral projection in anim als w ith only one eye, even 
though th is projection is abnorm al, would suggest th a t  various in te rtec ta l 
connections m av exist even in the  absence o f in teraction . Secondlv, in the



early  stages of regeneration of the  frog optic nerve (Gaze, R. M. and  Jaco b ­
son, M., 1963, Proc. Roy. Soc. B157, 420) we found th a t fibres from a small 
localised region o f th e  re tina  could tran sm it ac tiv ity  to  a wide region of the 
tectum ; this suggests extensive branching of the  fibres a t  th is tim e, which 
is n o t norm ally found.

G. H o r n : How specific is the  restoration  of the  con tra la tera l connections 
a fte r ro ta ting  the  eye? Is the  colum nar organisation restored?

R. M. Ga z e : The con tra latera l projection m ay be restored in a highly 
specific fashion a f te r  eye ro ta tio n  and nerve section. The result m ay be just 
as if th e  eye had  been ro ta ted  w ithout nerve section. The colum nar organi­
sation  m ay also be restored.

G. H o r n : W ithin a column, is th e  horizontal organisation restored?
R. M. Ga z e : Yes. As was first shown by M aturana et al. (M aturana, H . R., 

L ettv in , J . Y ., McCulloch, W. S. and  P itts , W. H ., 1959, Science I'M). 1709), 
the  d ep th  organisation m ay be restored  a f te r  nerve regeneration. However, 
we have found (Gaze, R. M. and  K eating , M. J .  1968, J . Physiol. 200. 
128-129) th a t  the  relative depths of various response types is less a fte r 
regeneration. This presum ably  reflects th e  dim inished thickness of the  
superficial layers of the  tec tu m  afte r nerve section and  regeneration. The 
regenerating fibres appear to  grow down into the  tectum  un til they  meet 
up w ith their app ropria te  sites of term ination , ra th e r th an  to  grow down 
for a predeterm ined distance and  there term inate.

O. L. W o l t h u is : I f  you were to  pro ject light in to  tw o  different areas of 
the left and  righ t eye, would you get false connections in th e  tectum  ? 
According to  your hypothesis th is would occur.

R . M. Ga z e : This should occur under certain  circum stances and  we are 
curren tly  try ing  to  do com parable experim ents. We would like to  be able 
to  deviate the  optic axis of one eye by  optical m eans and  see w hether th is 
upsets the  ipsilateral projection. So far the  technical difficulties are proving 
form idable. We have so far one case of a ‘n a tu ra lly  produced’ optical 
defect (two lenses; Gaze, K eating, Székely and Beazley, 1970) which 
appeared  to  produce th e  expected result. We are currently  also rearing 
anim als in the  dark  to  observe th e  effect on the  ipsilateral projection.

S. F r e e d : T o w h a t e x te n t does th e  an im al b eh av e  as if  th e  rem em b ered  
ev en ts  before  th e  eye w as ro ta te d ?

R. M. G a z e : We have not m ade behavioural observations, since these c a n  
tell us no th ing  useful abou t the  ac tua l connections formed. But the  earlier 
work of Stone and  Sperry (reviewed by Sperry, 1951, in Handbook of 
Experim ental Psychology, p. 236, E d . S. S. Stevens, Wiley, New York) 
indicates th a t  these anim als are com pletely misled by eye ro ta tion  and  th a t 
they  show no sign of learning or ad ap ta tio n  to  th e ir a ltered  visual environ­
m ent for periods of years.
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FRO N TA L LOBE IN JU R Y  AND MEMORY 
FUNCTIONS

by

M. G e r b n e r

Psychological I n s t i tu te  o f th e  H u n g a rian  A cadem y o f Sciences, 
B u d ap est, H u n g a ry

L earned reactions are m arkedly altered  by injuries of the  p refron tal area 
and  the excitable m otor areas of the fron ta l lobe. H yper-reactiv ity , perseve­
ration, deterioration of discrim inative perform ance, discrim ination reversal 
and  delayed reaction as well as de-inhibition of differential conditioned 
reflexes are frequently  observed in lesions of the prefrontal area (Jacobsen, 
1935, 1936: Allen, 1939, 1941, 1943, 1949; K onorski et al., 1952; Lawicka 
and  K onorski, 1959, 1961; K onorski and  Lawicka, 1964; B rutkow ski et ah, 
1956; B rutkow ski, 1959, 1964; Brutkowski and Dabrowska, 1963; P ribram , 
1961; P rib ram  et ah, 1964; Gross, 1963; Gross and W eiskrantz, 1964). 
W ell-defined sensory disorders were, however, no t found, and th e  injuries 
of the  prefron tal cortex did not influence the  execution of m otor acts 
(Rosvold and  Mishkin, 1961; B attig  et ah, 1962; Brutkow ski, 1964, 1965; 
Luria, 1966a, b). The syndrom e observed a fte r a p refrontal lesion has often 
been considered to  involve an im pairm ent of act-inhibition  (Kalischer, 1911; 
»Stanley and  Jayness, 1949), or a loss of inhibition in com peting response 
tendencies (Brush et ah, 1961; B attig  et ah, 1962; Brutkow ski, 1964, 1965; 
Mishkin, 1964; Shumilina, 1966). This hypothesis is p resently  in  the  best 
agreem ent w ith the  observed experim ental facts. This explanation of the 
reaction changes observed a fte r prefrontal injuries involves an  alteration  
of the  elem entary m em ory functions, i.e. m em ory traces and  their e lab­
oration.

Concerning th e  loss of m otor responses, frequently  observed a fte r injuries 
of the  excitable m otor region of the  fron ta l lobe, tw o contradictory  exp lana­
tions were forw arded a long tim e ago. According to  the first one th is  loss 
would be due to  a defect of merely the  executive m echanisms not affecting 
the  m em ory functions (Ferrier, 1890; L eyton and Sherrington, 1917; Bucy, 
1934, 1949; W alshe, 1947; Penfield, 1954; P rib ram  et ah, 1955/56). The 
second one claimed the  presence of m em ory disfunctions and  did no t believe 
in  the  existence of disorders in the  m otor mechanism  (Hitzig, 1874; Franz, 
1907). Thus an  analysis of th e  two fundam ental solutions possible seems to  
be unavoidable for the  investigator of the problem s which re la te the  frontal 
lobe to  m em ory functions.
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M E T H O D S

Dogs standing on a p latform  in a sound-proof cham ber were used. The righ t 
foreleg of the  anim al was placed passively on the  feeder and  food was 
offered. A fter several repetitions th e  anim al became capable to  carry  out 
this limb m ovem ent actively. W hen th is occurred, a 300 cps generator 
sound was introduced, and  only th e  reactions which were elicited by this 
stim ulus were reinforced. A fter several associations the  anim al could carry 
ou t th e  limb m ovem ent in response to  th e  stim ulus, i.e. conditioned in s tru ­
m ental m otor reflex developed. As soon as the  response becam e firm ly 
established a  700 cps sound was presented w ithout rew ard. In  due tim e, 
the  in itially  generalized m otor response failed to  operate in  th e  la tte r  case 
as an  indication of the developm ent of a conditioned instrum en tal differen­
tia tion . C oncurrently, any  response given to  the sound of a buzzer was re in ­
forced by  food except when the  buzzer sound was preceded b y  the  ringing 
of a bell 5 sec earlier (called conditioned inhibitor). Proceeding in parallel 
w ith th e  conditioned in strum en tal d ifferentiation th is procedure developed 
a conditioned inhibition. The criterion to  perform  the operative lesion was 
e ither a response level a t  which the  anim al responded correctly to  the  re in­
forced stim ulus in  95 per cent of th e  trials, and  uncorrect responses to  the  
non-reinforced stim ulus did  no t exceed 5-10 per cent, or when th e  num ber 
o f tra in ing  sessions a tta in ed  200. The respective fron ta l lobe areas were 
aseptically in jured  by subpial suction under intravenous p o ten tia ted  anaes­
thesia. A fter a recovery phase of 5 to  7 days we investigated  the  effects of 
the  lesions on the  perform ance of learned reactions. The dogs were sacrificed 
a fte r the  post-operative experim ents. Their brains were rem oved and  fixed 
in  formol solution. The area of th e  lesion was identified m acroscopically 
by  using ferric chloride and  ferrous cyanide to  stain  th e  grey m atter.

T H E  E F F E C T S  O F T H E  V A R IO U S L E SIO N S

The m ost significant effects were found in association w ith the  following 
localization of lesions:

(1) In  the  fron ta l gyrus, i.e. the  dorsal p refron tal area.
(2) In  the  la teral p a r t of th e  an terio r sigmoid gyrus, i.e. the  la teral p re­

m otor area.
(3) In  bo th  th e  fron ta l and the an terio r sigmoid gvri.
(4) In  the  m otor area lying betw een the  cruciate and  coronal sulci (Fig. 1).

The p refron tal lesions did no t affect the  reinforced conditioned reflexes. 
On the  o ther hand, erroneous, i.e. non-reinforced responses, as well as inter- 
signal reactions were more frequen t a fte r the  in ju ry  in  all anim als. A fter 
the in ju ry  of the  lateral prem otor area four of the anim als lost th e ir learned 
responses completely, and  th e  fifth one partia lly . Thus the lesion of the p re­
fron ta l area in terfered  w ith  the  inhibition  of non-reinforced reactions (in 
agreem ent w ith th e  observation of the  au tho rs m entioned), while prem otor 
lesions resulted  in a deterioration  of reinforced responses (Fig. 2, left side).
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Fig. 1. T he ty p ica l location  o f lesions.

The conditioned response was com pletely lost in the  four anim als in 
which both  th e  prefron tal and  th e  prem otor areas were injured. The re in ­
forced response rem ained in tac t only in the  case of the  fifth  dog whose p re ­
m otor lesion was the  least severe. In  the  la tte r  case th e  errors com m itted 
by responding to  non-reinforced stim uli increased in the  m anner observed 
a fte r p refrontal lesions. Since solitary  prefrontal lesions involved a more 
frequent m anifestation of erroneous non-reinforced reactions, th is result 
indicates th a t  the  presence of the prem otor area is a necessary condition 
to  obtain  such errors in case the  p refrontal area had  been in ju red  (Fig. 2, 
m iddle p art) .

The reflex-loss following the  p rem otor lesion m ight be a ttr ib u ted  to  a 
defect in  the  m otor mechanism. Accordingly, we determ ined and  in jured  
the  m otor region whose threshold-curren t stim ulation had previously evoked 
an optim al contraction of th e  contra latera l leg. All anim als showed m otor 
disorders; th ey  raised th e ir forelegs higher th an  before the lesion, and  
crossed them . Sometimes the  leg was ben t backw ard from  the  ankle. H ow ­
ever, th e  conditioned response was lost in only one dog. Thus th e  loss of 
conditioned reactions does no t derive from an im pairm ent of the  m otor 
m echanism  (Fig. 2, righ t side).
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Fig. 2. T he effect o f th e  lesions perfo rm ed  in  th e  respective  
a reas o f th e  fro n ta l lobe. 10 t rials a re  one u n it  on th e  abscissa. 
O rd in a te , n u m b e r o f responses. C orrect responses to  th e  re in ­
forced stim u lu s are  ind ica ted  by  w hite  bars, erroneous ones 
g iven  to  th e  non-reinforced  s tim u lu s  by  b lack  bars . T he lines 
show  th e  nu m b er of in tersignal responses. N um bers represent 

ind iv idua l an im als before and  a f te r  th e  lesion.

IMPAIRED INHIBITION OF RESPONSES AFTER PREFRONTAL INJVRY

A fter a prefrontal in ju ry  the  non-reinforced differential stim ulus and  the 
conditioned inh ib itor elicited fewer erroneous responses th an  the  partia lly  
reinforced com ponent of the  conditioned inhib itory  complex. We found also 
a ’ more elevated ra te  of intersignal responses. I t  has to  be no ted  here th a t 
a t  the  very  beginning of the  train ing  trials such responses were reinforced 
(Fig. 3).

Thus the  effect of p artia l reinforcem ent was m anifested also when the  
inhibition of the  response was im paired by the  p refron ta l lesion. In  agree­
m ent with a previous sim ilar observation of B rutkow ski et al. (1956), the  
ex ten t of th e  im pairm ent of the  inhibition  depended also on the  occasions 
of th e  reinforced em ploym ent of th e  same stim ulus. Consequently, the 
im paired inhibition of responses a fte r p refron ta l in jury  is no t sim ply the
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Fig. T  T he im p a irm en t o f response inh ib itio n  a f te r  p re fro n ta l 
in ju ry . Ten non-reinforced  tr ia ls  a re  one u n it  on th e  abscissa. 
40 tr ia ls  each before and  a f te r  th e  in ju ry  p e rfo rm ed  in  six 
an im als; n u m b ers  rep re sen t in d iv id u a l an im als . The erroneous 
responses g iven to  th e  various non-reinforced  s tim u li a re  
in d ica ted  on th e  o rd in a te . W h ite  an d  s tr ia te d  b a rs  rep resen t 
erroneous responses befo re  and  a f te r  th e  p re fro n ta l lesion, 

re sp ec tiv e ly .

result o f a defect restric ted  to  the  inh ib itory  m em ory functions. In  case it 
was em ployed, th e  m em ory function of a previous p artia l reinforcem ent 
m ay also become operative.

TUE I.OSS OF RESPONSES AFTER PREMOTOR INJURY

The conditioned reactions lost a fte r the  in ju ry  of the  la tera l p rem otor 
area becam e again elicitable in  four of th e  anim als a fte r 60-120 trials. 
C oncurrently, their erroneous responses given to  th e  non-reinforced s tim u ­
lus increased for a  tim e to  a higher level th an  before the  lesion. One half 
o f th e  anim als also showed an increase in  the  erroneous intersignal reactions 
(Fig. 4).

In  four o ther anim als the  prem otor lesion caused a lasting loss of con­
ditioned responses. The conditioned leg reaction was re -tau g h t when the  
anim als failed to  react in any  of the  300 trials. Re-learning was fast, in 
tw o o f the  anim als even faster th an  the  first learning. However, th e  non-
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Ten trial block before lesion Ten trial block a f te r  lesion

Fig. 4. Spon taneous recovery  o f responses a f te r  p rem o to r 
in ju ry . F o r legends see Fig. 2.

reinforced stim ulus evoked fewer errors th an  before, in con trast to  the  an i­
mals with spontaneous reflex recovery. The inhibition  once acquired was 
n o t dam aged in connection w ith  th e  lasting loss and  re-learning o f condi­
tioned responses following prem otor lesions (Fig. 5).

The tem porary  increase of erroneous responses observed in spontaneous 
recovery seems to  suggest th e  action of a com pensatory m echanism . Such 
over-com pensation occurs also in o ther n a tu ra l and  artificial regulating 
system s based on an antagonistic m echanism. Concerning the origin of 
th is com pensation only ten ta tiv e  answers m ay be given. In  th e  lasting loss 
of reactions a f te r  a prem otor in ju ry  no effective com pensation could be 
found. Accordingly, over-com pensation did not occur during re-learning.

A H Y P O T H E S IS  C O N C E R N IN G  T H E  S T R U C T U R E  O F F R O N T A L  
L O B E  M EM O RY  FU N C T IO N S

The prefrontal lesion was shown to interfere w ith  the  inhibition of non- 
reinforced responses. On the  o ther hand, the  prem otor in ju ry  im paired 
the  perform ance of reinforced reactions. The defects in the  tw o fundam ental 
m anifestations of elem entary  learning, nam ely the  response to  reinforced
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Fig. 5. A  com parison  o f  o rig inal a n d  re-learn ing  
follow ing th e  loss o f responses b y  p rem o to r in ­
ju ry . A bscissa, sessions; o rd in a te , th e  n u m b er o f 
responses expressed  as a  p e rcen tag e  of ad m in is­
te red  stim u li. N um bers deno te  in d iv id u a l anim als. 
R einforced  tr ia ls  a re  show n on th e  le f t side o f the 
figure, and  non-rein fo rced  ones on  th e  r ig h t side.

stim uli, and  its  inhibition  in  case of o ther stim uli, depend on the  in ju red  
region o f the  fron ta l lobe.

However, the  num ber of errors com m itted  a fte r p refrontal in ju ry  is not 
only re la ted  to  th e  defect in  th e  inhibition  evoked by the  non-reinforced 
application of the  stim ulus, b u t also to  the  num ber of the  adm inistered 
reinforcem ents. Furtherm ore, the  erroneous reactions observed a fte r p re ­
fron ta l in ju ry  seem to  be m ediated  by prem otor mechanisms. Again, the 
increased num ber of erroneous responses which were observed during the 
spontaneous re tu rn  of reflexes a fte r prem otor in ju ry  m ay be a ttr ib u ted  to  
an antagonistic com pensatory mechanism.

All these changes in  th e  elem entary  acquired responses th a t follow the 
in ju ry  of the  investigated  regions o f the  fron ta l lobe m ight derive from 
a defect in the  system  storing and  elaborating m em ory traces. In  th e  sug­
gested corresponding system  for m em ory functions (i) the prefrontal struc-
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tű re  w ould take  an active part in the  inhibition of responses which were 
associated w ith non-reinforced inform ation, (ii) prem otor activ ity  would 
cooperate in such learned  responses th a t derived from reinforced inform a­
tion, (iii) th e  tw o regions would ac t in com bination, i.e. th e  relationship 
of the  tw o directions o f th is m em ory function would be reflected by a quan­
tita tiv e  p robab ility  of th e  response, and  the  prem otor m echanism  would 
m ediate th e  effect of p refron ta l in jury , and  (iv) the  in terven tion  of a com ­
pensa to ry  m echanism  m ight be postu lated . The present experim ents indicate 
th a t the  p re fro n ta l and  prem otor areas of the  fron ta l cortex are p a r t of 
a  system  of response regulation which exerts its  influence in conjunction 
w ith  o ther stru c tu res of elem entary learning and  re tention. B y utilizing 
its  stored inform ation th is system  governs the  responses which are linked 
to  ac tua l stim uli.
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MEMORY AND B R A IN  STEM FUNCTION
b y

F . K atona

In s t i tu te  o f N eurosurgery , B u d ap est, H u n g a ry

“ T his is a  g if t th a t  I  h ave  sim ple, sim ple; a  foolish
e x tra v a g a n t sp irit, fu ll o f form s, figures, shapes, o b ­
jec ts, ideas, apprehensions, m otions, revo lu tions: 
these  a re  bego t in  th e  ven tric le  o f m em ory , nourished  
in  th e  w om b o f p ia  m a te r , and  delivered  u p o n  th e  
m ellow ing of occasion .”

(Shakespeare: L ove’s L ab o u r 's  L ost)

“ T here a re  those  w ho dispose th e  facu lties acco rd ­
ing to  th e  ven tric les, like M ichael Scot, T hom as A qu i­
nas, A lbertu s  M agnus etc. locate  th e  m em ory  h e re .”

(W illiam  H arv ey : A natom y)

In  the  16th cen tu ry  it  was ju st as com m onplace as it  is today  th a t  m em ory 
is located in  th e  brain. L itera tu re , philosophy, theology and  m edical science 
all agreed upon th is question, and  following th e  tren d  of th e  A lexandrian 
school o f medicine th ey  placed the  faculty  of hum an m em ory in  th e  posterior 
ventricle of th e  brain.

Our scientific approach m ore refined and  cleared by errors m ade during 
the  past, knows a t  least where n o t to  search for m em ory traces, and  avoids 
a t present the  ventricu lar system , which was favoured for 2000 years.

The present tren d  in research of m em ory and  m em ory transfer seems to  
avoid any  question of localized organization in  the  central nervous system . 
U pon the  tra its  of Betho, Lashley etc. th e  whole brain, the  com plete volum e 
of the cen tral nervous system  is tak en  out and  is given homogenized into 
ano ther anim al to  control possible results o f transferred  behaviour. On the 
o ther hand, neurophysiology looks for a more definite site in the  brain, 
the  tem poral lobe and  its  correlate system .

W hile up-to-date m ethods of neurophysiology m ake use of old theories of 
th e  localizationist and  equipoten tialist clinical medicine seems to  be a t 
a  loss in  th is question?

This m eeting has proved th a t even those who apply the  classic psycho- 
biological m ethodology in  research on learning, memory, and  m em ory 
transfer and  work w ith  whole brain  in ra ts , rely upon clinical evidence. 
Thus several rem arks have been m ade on th e  well-known observations of 
Penfield et al. regarding tem poral lobe function and  hum an memory. 
Localization and  antilocalization is p a rtly  confused due to  difficulties in 
transfer technique in large num bers of anim als, where ab lation m ethods 
com bined w ith  learning and transfer would decrease the  statis tica l figures 
produced by the  easier non-localization m ethod. However, one would sug-



Fig. 1.

gest th is tren d  as a  m ethod of choice, a t least from  the clinician’s point 
of view.

In  clinical p ractice where m em ory problem s emerge usually  we deal w ith 
some dam age of the  brain. I t  should be jm inted out th a t  Penfield’s obser­
vations were m ade only on epileptic patien ts , which fact has not been m en­
tioned here.

I f  we look for serious generalized dam age in the  brain  affecting large 
areas in order to  satisfy th e  school of Lashlev, we come to  the disease of 
infantile hydrocephalus. In  some cases the  enlarged ven tricu lar system , 
the  pressure of the  cerebrospinal fluid on the  brain leaves b u t a th in  layer 
of 1-3 cm of the  cortex. A considerable p a r t of the  brain is ab lated , and  
m ost dam age is usually done to  the  fron ta l and  tem poral lobes, whereas 
subcortical s tructu res are b e tte r preserved.

I t  is clear th a t  behaviour of these in fan ts is regulated  by  subcortical 
mechanisms, and  elem entary  reflexes develop and  function according to  
inborn patterns.
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However, in some cases where functional ab ility  is preserved, certain  
elem ents of learning and  storage can definitely be observed. Such an elem ent 
is tim e and  feeding. No doubt th a t  th e  re lation between feeding and  tim e 
is a well-known prim itive m em ory p a tte rn  in  norm al in fan ts. This con­
nection of feeding and  tim e is m ain tained  in hydrocephalic in fan ts in  spite 
o f considerable loss in brain  volume.

Though the  overall volum e of the  brain  decreases considerably in  such 
cases, no p a r t  of th e  hem ispheres is entirely  lost in the  sense of ablation. 
The ou ter layer of th e  lobes, e.g. are preserved (Figs 1 and  2).

In  such cases elem entary  orien ta tion  and  learning is present. Tim e reac­
tion to  feeding develops to  the  hour, and  shifting of this tim ing is stabilized 
again and  again in th e  in fan ts as long as conscience is m aintained. The to l­
erance of basic m ental function to  extrem e volum e losses is one of th e  reasons 
why hydrocephalic in fan ts can be successfully tre a ted  by th e  m ethod of 
ventricu loatria l shunt. Dim inishing the  volum e of the  CSF in th e  ventric-



Fig. 3.

Fig. 4.
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ular system  decreases th e  pressure acting on the  brain  and  a successive 
expansion increases the  to ta l volum e of the hemispheres. M ental develop­
m ent takes place as a result of elem entary  learning and  storage m ain tained  
even during expansion of the  fluid and  shrinkage of the  brain.

These cases are basically different from  the  ab lative m ethods applied 
by Lashley and  followers in order to  stu d y  intelligence perform ances. 
Nevertheless n a tu re  sometimes produces spontaneous ablations as a  result 
of congenital m alform ation. In  such cases sometimes com plete lobes, e.g. 
the  tem poral or fro n ta l lobes do not develop a t all or only in  a rud im ental 
form. I t  is well known th a t  o ther lobes of th e  brain  m ay com pensate the 
loss and  th ey  are discovered only incidentally. Sometimes there are no 
m ental defects in these cases even in  the  absence of com plete lobes of the 
brain (Figs 4 to  8).

However, if  both  lobes are com pletely involved bilaterally , severe d iso r­
ders of intelligence, learning, and  storage develop. In  cases o f serious un i­
lateral dam age, som etim es considerable learning capacity  is preserved and
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Fig. G.

not only elem entary o rien ta tion  develops, b u t a thorough contact is bu ilt 
up w ith  the  surrounding world.

I t  is well know n in clinical practice th a t hem ispherectom y of the  non­
dom inant p a r t does n o t a lte r grossly intelligence perform ances.

How loss of brain volume interferes w ith m em ory and  storage is a problem  
o f clinical medicine. H ydrocephalus developing in sm all children does not a l­
te r  m ental faculties if  the pressure builds up slowly and  the  brain  can yield 
owing to  the expanding skull. In  a typ ical case, for example, a gradually  
developing hydrocephalus owing to  a tum our blocking the  ven tricu lar sys 
tern d ilated  the  ventricles. Nevertheless the 4-vear-old boy was in an  excel 
lent m ental s ta te . His m em ory was com pletely in tac t, he was able to  recite 
long poems (Figs 9, 10).

However, if  lesions of th e  brain stem  are suspected or jn’oved there is 
always a chance to  face severe d isturbances of memory even if  conscience

GO



is n o t d istu rbed  and  m utism  does no t develop. In  such p a tien ts  som etim es 
astonishing m em ory perform ances are experienced. Long poems are recited, 
if  the trigger is pulled by telling th e  first sentence. However, a fte r finishing 
th e  poem, it  will no t be recited  again upon telling th e  title  or th e  story  
in it, only upon reciting the first sentence. There is no possibility to  learn 
any th ing  new.

In  more serious cases even self-feeding is difficult, the  p a tien t has to  learn 
elem entary processes by long strenuous repetitions, while conscience is m ain­
ta ined  and  the  E E G  shows signs of deep lesion.

Thus clinical m edicine has to  preserve th e  conception of definitively 
localized system s in th e  brain  organizing th e  function of m em ory storage 
and  reproduction. There is a long way to  reach an elem entary  understanding  
abou t th e  organization of elem entary  m em ory. The analysis of p o stn a ta l 
hum an developm ent and  thorough clinieo-physiological s tudy  of each clin­
ical case is the m ethod of choice clinical medicine is able to  offer in  th is 
respect.
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CONCLUDING REMARKS
by  th e  C hairm an 

S. X arikashvir.i

To-day we heard  a series of m ost in teresting lectures. I  th ink  it  is unneces­
sary  to  com m ent on each of them , I  would ra th e r raise some general problem s 
re la ted  to  the  mechanism  and stru c tu ra l background of m em ory processes.

We all know abou t th e  extrem e im portance of the investigation of these 
plastic phenom ena. The research in this direction is im p o rtan t not only 
from  th e  po int of view of neurophysiology and  behavioural sciences, bu t 
also from  th a t of neurokybernetics and  technical sciences. These very 
different, nevertheless related  disciplines m ust m ake a common effort to  
elucidate such problem s as the im printing, storage, consolidation and  recall 
of m em ory contents, the  process of forgetting, etc. A pparently  the  first 
step  to  approach these m ost com plicated problem s m ust be the  clarification 
of morphological, biochem ical and  physiological changes related to  infor­
m ation processing and  learning. We m ust resolve th e  dilem m a: should we 
concentrate on one m ain problem , the  problem  of the  mechanism  of learning, 
or ra th e r investigate the  whole series o f unresolved questions related  to  the  
fa te  of inform ation in th e  cen tral nervous system . Of course it would be 
preferable to  go step by step, b u t our knowledge regarding elem entary p ro ­
cesses is very scarce. Therefore, m aybe it is b e tte r in the  present situation  
to  study  all these problem s from m any aspects and  directions a t th e  same 
tim e, w ithou t — however pretending to  elucidate th e  basic mechanisms 
of the  origin of these processes. The investigations concerning m echanisms 
of m em ory are a t present in a perm anent change, in a period which we can 
call "blind searching” .

Taking in to  consideration the  situation  outlined above, the  experim ents 
w ith  sensory deprivation  and  artificial environm ental enrichm ent m en­
tioned in Professor Szentágothai’s lecture seemed to  be the  m ost im portan t. 
WTe know from  the  lite ra tu re  a g reat num ber o f papers dealing w ith  m orpho­
logical, physiological and biochem ical changes in the  s ta te  of sensory dep ri­
vation and  in an enriched environm ent, nam ely in the early stages of in d i­
vidual developm ent. I t  seems to  me th a t  th is neuro-ontogenetical direction 
of investigations could be very fru itfu l in understanding  the  specific changes 
and  processes underlying learning and memory.

I  would like to  call your a tten tio n  to  ano ther problem , to  th a t  of rever­
berating  impulses circulating on closed neuronal circuits. This process 
investigated  by our team  m ay underlie th e  phenom enon of short-term  
memorv. U nfortunately  we do no t know exactly  the real n a tu re  of such



circular events; w ith th e  exception of the  in teresting d a ta  of Verzeano and 
Negishi there is no evidence on th e  way of propagation of such impulses. 
S ta rtin g  from the  morphological description of L orente de No we sim ply 
presum e th e  existence of such reverberating phenom ena. I f  we wish to  
clarify the  basic events of th e  first stage, th e  labile period of m em ory func­
tions, we cannot avoid th e  collection o f d irect evidence on self-reinforcing 
reverberating neuronal circuits. I  inv ite  you to  such common efforts. Thank 
you for your atten tion .
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DO SPEC IFIC  BIOCHEMICAL CORRELATES TO 
LEA R N IN G  PROCESSES E X IS T  IN  BRA IN  CELLS

b y

H. H y d é n  and P. W. L ange

In s t i tu te  o f N eurobiology, F a c u lty  o f M edicine, U n iv e rs ity  o f G öteborg,
G öteborg , Sw eden

The presen t paper will deal m ainly w ith th e  biochem ical changes observed 
in neurones during th ree  different learning experim ents. F irst, however, 
some experim ents showing differences in th e  protein  com position of nerve 
and  glia cells will be described. Of the  learning experim ents, the  first is a 
case o f instrum en tal learning in ra ts , in  which changes in the  synthesis of 
th ree  acidic neuronal proteins and  in  the  RNA base com position of neurons 
occurred; th e  argum ents th a t  these changes are specifically re la ted  to  the 
tra in ing  and  th a t  th ey  are an  expression of increased gene activation  will 
be presented. In  the  nex t study , th e  pro tein  changes observed in  bra in  cells 
during simple sensory conditioning in ra ts  will be described, and  i t  will be 
argued th a t  these are due to  an increased level of a tten tio n  ra th e r th an  to  
learning, per se. F inally, some R N A  d a ta  on neurons from  m onkeys p e r­
forming a visual discrim ination tes t will be reported.

N E U R O N A L  A N D  G L IA L  P R O T E IN S

F our years ago, Moore and  collaborators (Moore, 1965; Moore and  
McGregor, 1965) described a brain-specific protein , called S100, because it 
is soluble in sa tu ra ted  am m onium  sulfate. I t  is an  acidic protein , has a 
m olecular weight of around  20,000, constitu tes 0-1%  per cent of th e  brain 
proteins and  moves close to  the  anodal fron t in electrophoresis. I t  develops 
a fte r 12 days postnata lly  in th e  ra t  and  is p resent only in  nervous tissue. 
T h irty  per 100 moles of its  am ino acids are acidic. I t  contains 30 per cent 
glutam ic acid and no try p to p h an e . S100 can be fu rth e r separated  in to  a t 
least 3 fractions, of which 2 have a high tu rnover and react im m unologically 
w ith an tiserum  against S100 (McEwen and H ydén  1966). The S100 pro tein  
is n o t linked to  carbohydrates (Fig. 1).

H ydén and  McEwen (1966) have shown by an tiserum  precip ita tion  reac­
tions supported  b y  th e  Coons (1957) technique th a t  S100 is m ainly a glial 
p rotein  which in nerve cells is found only in  the  nuclei. R ecently , Benda 
et al. (1968) confirmed its  presence in glia and  showed its 10-fold grow th 
in a  clonal s tra in  of glial tum ors. Perez and  Moore (1968) have also p re ­
sented evidence th a t  S i00 is m ainly a  glial protein. Moore and  Perez 
(1966, 1968) have described an o th er brain-specific protein which seems to
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be localized exclusively to  th e  nerve 
cells and  which has been nam ed the 
14-3-2 protein.

There is evidence for the  existence 
of still o ther brain-specific soluble 
proteins. M acPherson and  Liakopolou
(1965) have described one in th e  ^-glo­
bulin range, Kosinski and  G rabar (1967) 
have described five soluble proteins, 
and  W arecka and  B auer (1967a, b) re ­
cently  described an a-glycoprotein rich 
in neuram inic acid, which develops 
th ree m onths a fte r b irth  in m an and 
is probably derived from glia. B ennett 
and Edelm an (1968) have purified and 
characterized still ano ther acidic brain- 
specific protein.

AN IM M U N O LO G ICA L STUD Y  O F 
D E IT E R S ’ N U C L EU S

We have exam ined the  properties of 
antibodies p repared  against neurones 
and  glia (Mihailovic and  H ydén,
1969) ob tained  from  D eiters’ nucleus 

in  th e  continuing a ttem p t to  iden tify  brain-specific proteins in  them . The 
antigens in brain cells presum ably  num ber in th e  order of hundreds: 
Huneeus-Cox (1964), as well as Huneeus-Cox e t al. (1966) for instance, 
successfully prepared an tisera  against eleven antigens in preparations of 
squid axoplasm  th a t  did  not include th e  ex ternal m em branes. In  our study  
antigen consisted of glia m aterial dissected from  the  D eiters’ nucleus of 
th e  rab b it by  th e  free-hand technique previously described (Hydén, 1959). 
The dissection was carried out a t  4 °C, w ith careful rem oval o f capillaries 
and  nerve cell bodies and  processes; in th is  way, 3-2 mg of D eiters’ nucleus 
glia was collected from 40 rabbits. The o ther antigen consisted of F 3  g of 
whole D eiters’ nucleus, containing both  neurons an d  glia, dissected from 
100 rabbits.

E ach  of these antigens was homogenized and  mixed w ith both com plete 
and  incom plete F reu n d ’s ad ju v an t. A group of six rhesus m onkeys weighing 
3-3-5 kg were injected in tram uscularly  w ith 0-6 ml of one or the  o ther 
emulsion once a week for 4 weeks. None ever showed neurological sym ptom s, 
or signs of tuberculosis. The anim als were bled a fte r one week. On day  44 
each m onkey received a booster injection of 0-2 ml o f its  antigen emulsion 
p recip ita ted  w ith A12(S 0 4)3, and  was bled one week later. These sera were 
tested  on O uchterlony plates against ex tracts  of glia and of D eiters’ nucleus, 
and  th e ir precip ita tion  activ ities against sucrose-Triton X-100 ex tracts  of 
both  glia and of D eiters’ nucleus m aterial were also evaluated. In  addition.

Fig. 1. Specific rad io a c tiv ity  o f bands 
Oa, ()|j, an d  Oc sep a ra ted  on  11-2 per 
cen t po lyacry lam ide  gels as a  function  
o f tim e  betw een iso tope in jec tion  and  
sacrifice. R a d io a c tiv ity  w as dete rm ined  
a f te r  com bustion  o f slices o f th e  p o ly ­
acry lam ide  gels b y  liqu id  sc in tilla tio n  
coun ting . Iso to p e : l-leueine-4 , 5 T.
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the  m icrom ethod for double diffusion in one dimension in glass capillaries 
previously described (Hvdén and  McEwen, 196(5) was used as an  assay 
system , th e  Coons (1957) m ultiple layer indirect m ethod for im m uno­
fluorescence applied to  cryosta t sections through the D eiters’ nucleus, w ith 
evaluation of the  specific fluorescence appearing in th e  nerve and  glia cells 
was also used. Some samples of the  an tisera were absorbed in two or th ree 
steps w ith sucrose-Triton X-100 hom ogenates of glia and  of rab b it spleen, 
while o thers were tw ice absorbed w ith rab b it spleen and th en  absorbed 
w ith glia.

Tables 1 to  4 sum m arize some results of these studies. Both the anti- 
D eiters’ nucleus and  the  antig lia sera form ed well-defined precip ita tes w ith 
/uglfil am ounts of their respective antigens (Table 1). Table 2 shows th a t  the 
an tig lia serum  formed p recip itates w ith  th e  glia bu t not w ith nerve cells 
obtained from D eiters’ nucleus, and  th a t  no precipitates form ed when norm al 
rabb it serum  was used against these antigens.

TABLE 1

A) Gel p rec ip ita tio n  reac tions ( + )  be tw een  a n ti nucleus D e ite rs’ an tise ru m  (1 : 512) 
an d  a  hom ogenate  o f nucleus D eiters

Antigen Reaction Antigen Antigen Hoaction
MS Im1 figl/tl /'S//'! MglM*

8-20 0-80 0-30 , i 0-05
4-10 0-50 +  0-20 0-02
2-10 0-40 4- o i o 0-01
1-00

Gel pn scipitation reac tio n s ( 4 )  betw een  a n ti  D e ite rs’ glia an tise ru m  (1 : 512
an d  a n  an tigen  hom ogenate  o f D e ite rs’ g ia

Antigen. Reaction Antigen Reaction
Mg Im' Mg/t‘ i

0*67 - f  0*08
0-60 : 0-04
O-K) +  0-02

Table 3 shows the  results of an antigen dilution study : hom ogenates of 
isolated nerve cells and  of the same volumes of glial cells were tested  against 
th e  an tig lia antiserum  in th e  dilution 1 : 512. E ven when 300 isolated nerve 
cells were used no precipitation was obtained, bu t glial hom ogenates gave 
well-defined precipitates.

P recip itates were obtained when the  an ti D eiters’ glia antiserum  was 
tes ted  against glia dissected from  other parts of the brain , e.g. from the 
hypoglossal nucleus and from the spinal cord and cerebral cortex, b u t none



1

TABLE 2

Gel p rec ip ita tio n  reac tions ( - f )  betw een  a n ti  D e ite rs’ g lia  an tise ru m  and  0-9 fig o f 
p ro te in  ex trac ted  from  nerve  and  glia  cells d issected  from  D e ite rs’ nucleus. N orm al 

se rum  con tro ls neg a tiv e  in  each case

A ntiserum  dilution
Protein  from

Nerve cell I Glia cell

1 : (54

1 : 1 28

1 : 25(5 

1 : 5 1 2  

1 : 1 0 2 4  

1 : 2 0 4 8

| _

TABLE 2

P rec ip ita tio n  reac tio n  betw een  a n ti D eite rs’ g lia  a n tise ru m  (1 : 512) an d  hom ogenates 
o f D eite rs’ nerve  cells an d  co rresponding  volum es o f glia. N euronal p ro te in  e s tim a te  
based  on  12,000 fi/ig  o f p ro te in  p e r cell. G lial p ro te in  p e r  u n it  volum e es tim a ted  a t

50 p e r cen t neu ronal

Deiters’ neurones Deiters’ glia (same volume 
as nerve cells)

Number of 
nerve cells

Calcul. protein10 -4 g
rrccip.

Calcul. protein 
io-« g Preeip.

300 3-15 1-8 +  2 p p t
150 1-8 0-9 2 p p t
70 0-9 0-45 2 p p t
(50 0-72 0-36 1 p p t
30 0-36 — 0-18 1 p p t
15 0-18 — 0-09

(5 0-09 0-048
3 0-045 — 0-022

appeared  against hom ogenates of m otor neurones, pyram idal nerve cells 
of the  hippocam pus and  g ranu lar cells from  the cerebellum, all containing 
from  3-5 to  0 1  jug of p rotein  per m icrolitre.

A ntiserum  against the  whole D eiters’ nucleus gave tw o p recip ita tion  lines 
w ith  bo th  glia and  nerve cells as antigens. However, when th is antiserum  
was absorbed w ith  glia or w ith spleen, only the  nerve cell hom ogenates 
gave precip ita tes (Table 4).

The results w ith  the  fluorescence technique m atched those ob ta ined  with 
the  im m unodiffusion technique as sum m arized in the  Tables. E xperim ents 
were carried out according to  the  m ultiple layer m ethod of Coons (1957, 
1958). F ive fx th ick  cryosta t sections through the la tera l vestibu lar nucleus 
were first dried (sometimes left overnight in the  refrigerator a t  - f4  °C)
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TABLE 4

N u m b er o f p rec ip ita tio n  lines a f te r  ab so rp tio n  o f a n ti D e ite rs’ nucleus an tise rum . 
A n tigen : hom ogenates from  120 iso la ted  nerve  cells an d  co rresponding  a m o u n t o f 
g lia  con ta in ing  1-6 /ig used in  each case. A ll d ilu tions te s ted  (1 : 2, 1 : 4, 1 : 8, 1 : lb)

gave th e  sam e resu lt

Protein from

Nerve cells Glia cells

Unabsorbed 2 2
Absorbed w ith glia 1 0
Absorbed w ith spleen I 0

an d  subsequently  fixed in  cold acetone for 30 sec. A fter being washed for 
5 min in  th e  buffered saline, the sections were covered w ith the antiserum  to 
be investigated  for 30 min. A fter thorough washing (3 x 5  min) in a cold 
pH  7-1 phosphate buffered saline, a goat-an tim onkev  g lobulin-gam m a­
globulin conjugated with fluorescein isothiocvanate (Difco product) was 
applied to  the  sections for 30 min and  the  excess rem oved by repeated  
washing (again 3 x 5  min) in the  buffer. Control sections heated w ith norm al 
m onkey serum  and  w ith conjugated gam m aglobulin only were regularly 
used w ith each experim ental series. The sections were finally m ounted in 
a sm all drop of buffered glycerol (9 p arts  of glycerol, 1 p a r t of buffered 
saline) under a coverslip and  im m ediately observed in a Zeiss fluorescence 
microscope. A fter the photographs were taken  using the high speed E k ta- 
chrome film w ith exposures varying from 1 to  5 sec, the  sections were 
restained  w ith E hrlich ’s hem atoxylin-eosin. The fields previously pho to ­
graphed were identified under the light microscope, and rephotographed  
in black and  white, thus enabling com parison of conventional microscopical 
appearances of the stru c tu ra l details with fluorescent pictures.

A ntiserum  to  whole D eiters’ nucleus when absorbed w ith glia, or w ith 
spleen, or w ith both, gave no fluorescence in glial cells, b u t did  so in nerve 
cells; th is fluorescence was localized to  the  ou ter rim  of the  cell body and 
to  the  dendritic  processes, which could be traced  through th e  section by 
th e ir b rillian t fluorescence, suggesting th a t the  antigens were localized in  
the p lasm a m em branes. The reaction was positive furtherm ore in th e  nerve 
cell nucleus, b u t no t a t the  site of th e  nucleolus.

From  these observations the  following conclusions can be made. Neurones 
and  glia differ w ith respect to  antigen composition. This is an  in teresting 
finding from  the  po int of view th a t  bo th  types of cells develop from  the 
sam e ty p e  of ectoderm al stem  cell. The question is then  w hether th e  a n ti­
gens are specific for the ty p e  of cell in which th ey  occur. Judged  by the  
absorption experim ents, th e  neuronal antigens seem to  be specific for th a t  
ty p e  of cell. I t should be noted th a t the  neurone-specific antigens were con­
cen tra ted  to  the  processes, to  the outerm ost p a r t of the  cell and  to  the 
nucleus, and  especially to  the nuclear m em brane.



I t  seemed on th e  o ther hand  clear th a t  the antigens in  th e  glia were not 
glia-specific. T hey were localized all over in th e  cell body, b u t no t in the 
nucleus. I f  the  im m unological organ specificity is considered, it  seems to  
be due to  the  presence of antigens in  the  neurones.

On the  o ther hand, glial cells possess protein  which is confined only to  
the  nerve tissue and  which they  share w ith neurones, nam ely th e  acidic 
S100 protein. The presence of this antigen cannot be dem onstra ted  by  the 
m ethod used in th is s tudy  to  prepare im m une sera (Levin and  Moore, 1965).

A L T E R E D  P R O T E IN  S Y N T H E S IS  D U R IN G  T R A IN IN G

EXPERIMENT 1: HANDEDNESS TRANSFER 

( A )  Incorporation o f 3H -leucine into the acidic protein fractions 4 and  5

I f  a narrow  glass tu b e  is arranged a few centim etres from the  floor, filled 
in  its  lower th ird  w ith pro tein  pills, 4 m m  diam eter and  slightly tilted  dow n­
w ard a t  its  lower end, ra ts  will reach down in to  th e  tube to  retrieve the  pills, 
one by  one. They generally use either the  left or righ t hand  as they  perform  
th is  task , and  th ey  can be induced to  transfer th is handedness (Hvdén 
and  Egyházi, 1964). W hen tested  in  free-choice Teachings, all th e  ra ts  in 
the  present s tu d y  showed clear preference for th e  le ft or righ t han d  in 23 
ou t of 25 reaches. A wall was then  placed parallel to  the  glass tu b e  so as to  
p reven t use of th e  preferred  paw; the  ra ts  began to  retrieve the  food pills 
w ith  the  non-preferred paw. W hen given two train ing  periods of 25 m inutes 
per day  in th is situation , their perform ance, m easured as the  num ber of 
successful reaches per 25 m inutes, increased linearly up to  day  8. P erfo r­
mance curves were ob tained  on all ra ts  used in our experim ents and were 
sim ilar to  th a t  shown in Fig. 2, which dem onstrates the  perform ance curve 
of a separate set of 12 ra ts  during 16 days. Once learned, this new behaviour 
is re ta ined  for a long tim e. Since no stress (surgical, m echanical or shock) 
is applied to  induce th e  new behaviour, th is procedure has d istinct a d v a n t­

ages over o ther behavioural exper­
im ents used in rats.

To trace protein  synthesis during 
this learning, th e  ra ts  under fluo- 
th an e  anaesthesia received 60 pC of 
:!H-leucine in 60 pi in traven tricu larly  
in both hemispheres half an hour 
before th e ir final tra in ing  period. 
H ippocam pal nerve cell samples 
were then tak en  for analysis 15 m i­
nutes a fte r the  last train ing  period. 
N erve cells of the  hippocam pus were 
selected because (i) several clinical 
and behavioural studies have shown 
the  im portance of th is s tru c tu re  for 
the  form ation of long-term  m em ory

o 150

E
i  100 -

* ?

t f
15 Days

F ig . 2. P erfo rm ance  a t  reversa l o f h a n d ­
edness as th e  average  n u m b e r o f  su c ­
cessful reaches fo r 10 ra ts  tra in ed  2 x  25 

m in u te s  p e r  d ay  d u rin g  l(i days.



Volume of sample prop to weight 
of total protein in sample

Sample 1 0-5 >ug ,3  102 cells Sample 2 100 ug , 105cells

1 Homogenization 
buffer ♦ triton 
*300 jj j 12,000 rpm

Homogenization in 
sucrose ♦ triton

2 Centrifugation

3 Micro-el. phoresis Sample-^+
*210 Gel— fl-

4 Interference microscopy 
protein mass per disc 
1CT6-1Cf9g

5 Sectioning under 
microscope

6 Combustion at 650°C 
Zn, perchlorate

7 Activity detm. corrected 
at unit 3H-leucine cone.
( 5-10 cpm /10  g protein)

2 Precipitation with TCA
^  ~ -fc.

3 Supernatant  U Precipitate
activity detm. 1n NaOH

5 Prof. detm. 6 activity 
lowry detm.

J _______ !_ T
Measure of 

3H-leucine conc.= 
- tot.supernat.act. _ 

tot.prot. wt.
_ 3
"T

Sp- act.»
_tot. prot.act. 
* tot. prof . wt.

4
7 Sp.act.of prot.at

unit 3H -leucine cone. = — ; jj- or y

F ig . 3. O utline of th e  m ierodisc  elec trophoresis p rocedure  for 
sep a ra tio n  o f 10 ~7 to  10~9 g o f p ro te in  an d  ev a lu a tio n  o f 
in co rp o ra tio n  o f rad io ac tiv e  am ino  acid  in to  th e  in d iv id u a l 
frac tions. V olum e o f sam ple is p ro p o rtio n a l to  w eigh t o f to ta l 

p ro te in  in  sam ple.

(see e.g. Meissner, 1966; Ojem ann, 1966; Penfield, 1952; B uresova e t al., 
1962; Adev et al., 1964); (ü) its  b ilateral destruction results in severe 
defects in  learning and form ation of m em ory (Meissner, 1966; Ojem ann, 
1966); (in) during a tten ta tiv e  learning, im pedance changes occur in  the  
hippocam pus (Adey e t al., 1964); and  (iv) no m em ory is form ed if  protein 
synthesis in the  hippocam pus is inh ib ited  by  90 per cent (Barondes and  
Cohen, 1967; F lexner and  Flexner, 1968).

The m icrom ethod used for p rotein  analysis was as follows. A bout 300 
pyram idal cells from  th e  CA3 region o f th e  hippocam pus, separately  d is­
sected ou t freehand on a cooling table, were analysed for p ro tein  by a  tech ­
nique already described (Hydén and  Lange, 1968«).* An outline of this

* One m a y  ask  w hy  i t  seem s necessary  to  strugg le  w ith  such  m in u te  a m o u n ts  ol 
m a te r ia l an d  w ith  th e  d issection  o f such  sm all a reas w ith in  th e  b ra in . As an  answ er, 
we w ould  like to  ad v o ca te  th e  view  th a t  a lte red  syn thesis , if  any , is m ore  likely  to  
be found  in  a  un ifo rm  cell p o p u la tio n  from  an  a rea  th a t  is c learly  involved  functionally . 
I n  a  m ixed  cell p o p u la tio n  from  a  w hole b ra in  such changes easily  d isap p ea r in  th e  
background  noise.



procedure is given in Fig. 3. 
The left side of th e  scheme 
gives the  various steps leading 
to  the  value of the  specific 
activ ities per am ount of p ro ­
tein  in each protein  m icrofrac­
tion.

Since these specific activ ity  
values vary , because of v a r ia ­
tion in the  local concentration 
of 3H-leucine, th e  correction 
procedure shown on th e  right 
side of Fig. 3 was applied in 
order to  allow a com parison of 
values from id en tica l p a rts  of 
bo th  hem ispheres or from  d if­
ferent anim als. T his was ac ­
complished in a separate  ex­
perim ent, where th e  relation 

between the  uncorrected specific activ ities and  the  concen tration  of the 
free 3H-leucine in the  hippocam pal nerve cells was determ ined a n d  found 
to  be linear. D ividing the  specific ac tiv ity  values obtained by  the  values 
of th e  3H-leucine concentration determ ined locally allowed all specific 
activ ities to  be com pared a t  uniform  free 3H -leucine concentration.

In  an  earlier s tudy  (H ydén and  Lange, 19685), the  incorporation of 
3H -leucine in  th e  CA3 nerve cell p ro tein  fractions 4 and  5 (Fig. 4) was 
evaluated  on th e  fifth day  of train ing , i.e. on the  linear, increasing p a r t of 
th e  perform ance curve. The specific activ ities of th ese  protein fractions 
were significantly g reater in tra ined  ra ts  com pared w ith  control ra ts  of the 
sam e age (p  O  0-005), and  there was some evidence for higher incorporation 
in the hippocam pus con tra latera l to  th e  train ing  paw.

P ro tein  fractions 4 and  5 presum ably  each contain several species of 
proteins, and  there is no reason as yet to  believe th a t the  q u alita tiv e  char­
acteristics of the  protein form ed during train ing  is specific for the process 
since no d a ta  as to  the  com position of these proteins exist. Nevertheless, 
it is p ertin en t to  ask w hether th e  increased synthesis of fractions 4 and 5 is 
specific for the  train ing.

This we a ttem p ted  in the  present s tu d y  by  m easuring fractions 4 and 5 in 
ra ts  given 5, 7, and  10 train ing  sessions according to  th e  following schedule. 
A group of 24 ra ts  were given 5 days of train ing. F ive of these (Group 1) 
received 3H-leucine prior to  the  last train ing  session and  the CA3 hippo­
cam pal nerve cell m aterial was taken  for analysis as described above. The 
rem aining anim als were placed in cages, and  given food and  w ater ad libitum. 
A fter fourteen days, they  were all subjected  to  two tra in ing  periods of 25 
m inutes each; five of these anim als (Group II) were given 3H-leucine and  
th e  CA3 nerve cell m aterial was taken  for analysis. The rem aining ra ts  
(Group I I I )  were re tu rned  to  their cages for fourteen additional days, then  
tra in ed  for th ree days w ith two train ing  periods per day  (each of 25 m inutes),

Fig. 4. P ro te in  o f p y ram id a l nerve  cells o f th e  
h ippocam pus, CA3 region, sep a ra ted  on 400 /i 
d ia m e te r  p o lyacry lam ide  gels, an d  s ta in ed  w ith  
am ido  black. F rac tio n s  4 an d  5 from  th e  anodal 

fro n t a re  ind ica ted  by  arrow s.
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TABLE 5

A verage nu m b er o f successful reaches per d ay  for ra ts  using th e  nonp refe rred  paw  
to  re tr ie v e  food pills from  a  narrow  glass tu b e

No. of rats Reaches

Group I (Performance on day 5) 
Group I I  (Performance on day 14) 
Group I I I  (Performance on day 30)

24
19
14

100
90
90

and, a fte r :iH -leucine injection, th e ir hippocam pal brain cells were taken 
for analysis. The controls were u n tra ined  ra ts  of the  sam e age of which 50 
per cent were litte rm ates of the experim ental animals.

The perform ance of the  ra ts  in the  th ree groups are shown in Table 5. 
Table 6 dem onstrates th a t  the  specific activ ites of p rotein  fractions 4 and  
5 were significantly increased a f te r  5 and  7 tra in ing  days b u t no t a f te r  10. 
The corrected specific activ ites  (counts per m inu te  per m icrogram ) of pro­
tein  fractions 4 and  5 differ from  th e  corresponding values in a paper re ­
cently  published (H vdén and Lange, 1968&); th is is due to  a more refined 
separation  technique which allowed a  b e tte r  separation  of sm aller am ounts 
o f the p ro te in  sam ple. The values found for the  unseparated  pro tein  were, 
of course, not affected. The unseparated  protein of the CA3 pyram idal nerve 
cells behaved like th a t of fractions 4 and 5 in showing higher incorporation 
values in  Groups I and 11, b u t no t in Group I I I .

TABLE 8

C orrected  specific ac tiv itie s  o f h ippocam pal CA3 n erv e  cell p ro te in s, b o th  th e  unsep-
a ra te d  an d  frac tio n s  4 and  5

Fractions 4 and 5 Unseparated protein

No. of rats No. of gels
Corrected 
spec. act. 

T ® ±  S.E.
No. of 
samples

Corrected 
spec. act.

1 opm ^  S.E.

Group I
(training 5 days) 

Group 11
5 10 3-3 ±  0-40 10 14-20 ±  1-90

(resumed training day 14) 5 10 3-9 ±  0-48 10 15-50 ±  1-90
Group IIA

(half training time) 
Group I I I

2 5 13-0 ±  0-60

(resumed training day 30) 14 35 1-8 ±  0-17 28 5-10 ± 0 -5 8
Control 10 24 1-5 ±  0 1 6 20 6-00 ±  0-92

Following a chance observation, we m ade a stu d y  of the  incorporation 
of :sH-leucine by  two ra ts  which were subjected  to  half the  in itia l train ing  
tim e allowed the  o ther ra ts. W hereas Group I  had  10 train ing  sessions



S100 (2 x 2 5  m inutes X 5 days), these 2 ra ts  
had 5 (2 x 2 5  m inutes for 2 days, 
1X 25 m inutes on day  3), and  on 
day  14, th ey  were given only a  single 
25 m inute tra in ing  session before 
being killed for analysis. On train ing  
day 3 th ey  had  m ade 120 reaches, and 
in  the  final session 100 reaches. These 
anim als, Group 1IA in Table 6, gave 
a g reater pro tein  synthesis response 
th an  those receiving the longer training.

Since the incorporation of 3H-leucine 
into the  4 and  5 pro tein  fractions 
increased significantly during the  tra in ­
ing, it  became im p o rtan t to  know 

th e  re la tion  of these fractions to  the  rest o f the  nerve cell protein in term s 
of 3H -leucine incorporation. P ro te in  of the  CA3 nerve cells from  Group I  
ra ts  (trained for 5 days) was therefore separated  on polyacrylam ide gels, 
divided in four p arts , and  th e  rad ioactiv ity  was determ ined in  each p art; 
as can be seen from  Fig. 5, th e  rad ioactiv ity  of protein fractions 4 and 5 is 
relatively  high.

5 AI

— 1L L T I f P n
1 21 o ; 47 5 13■0 6 A

F ig . 5. Gels 400 y  in  d iam ete r, con ­
ta in in g  sep a ra ted  3H -labelled  p y r a ­
m idal n e rv e  cell p ro te in  from  th e  CA3 
region, w ere c u t in  fo u r pieces and  
th e  rad io a c tiv ity  w as d e te rm in ed  as 
coun ts  p e r  m in u te  a f te r  com bustion . 
N o te  th a t  th e  ra d io a c tiv ity  in p ro ­
te in  frac tio n s  4 an d  5 is re la tiv e ly  

g rea t.

( B )  Increased synthesis o f S I 00 protein

Both the  electrophoretic p a tte rn  of the  soluble CA3 nerve cell protein 
isolated  in the  experim ent ju st described and  m icro-densitom eter recordings 
(Fig. 7) m ade o f 75 protein  separations stained  w ith b rillian t blue showed 
tw o protein  bands a t the  fron t in the  tra ined  ra ts  com pared to  only one in 
th e  controls (Figs 6 and  7, Table 7). This protein fraction  of th e  controls 
gave a  positive im m unological reaction when trea ted  w ith an tiserum  against 
the  SlOO protein . F igure 7 shows th a t the  am ount of p rotein  contained in 
th e  tw o anodal bands of tra in ed  ra ts  was greater th an  the  am ount o f protein 
contained in th e  one band  of controls. Furtherm ore, when gel cylinders 
from experim ental ra ts  w ith tw o anodal fron t bands were im m ersed in satu-

TABI.E 7

F req u en cy  of single an d  double  fro n t anodal p ro te in  frac tio n s in th e  e lec trophore tic  
p a tte rn  o f 75 po lyacry lam ide  gels from  23 ra ts  (7 contro ls, 4 resum ed tra in in g  on 

14th day , 12 resum ed  tra in in g  on 14th d ay  and  on  30th day)

No. of protein bands

One Two

Control 2 0 0

Group II 5 10

Group III 2 0 2 0
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Fig. G. P h o to g rap h s  o f n e rv e  cell 
p ro te in  o f th e  h ip p o cam p u s, CA3 
region, sep a ra ted  on po ly ac ry lam id e  
gels 400 ß  in  d iam e te r an d  s ta in ed  
by  am ido  black, (a) F ro m  con tro l 
ra t ,  (b) from  r a t  on  d a y  5 o f t r a in ­
ing w ith  th e  non p re fe rred  paw . 
T he acid ic p ro te in s  m ig ra te  to w ard  

th e  b o tto m  of th e  gel.

Fig. 7. M icrodensitom etric  
reco rd ing  o f th e  anoda l front, 
p ro te in  frac tio n s  show n in 
Fig. 6a, con tro l (a) and  
in  F ig . 66, tra in ed  an im al 

( 6 ) .

ra ted  (N H 4)2S 0 4 solution for 20 m inutes, th e  ban d  closest to  th e  anode 
disappeared, identifying it  as S100. These facts -  the electrophoretic locali­
zation o f the  new protein fraction, its  disappearance in sa tu ra ted  (N H 4)2S 0 4 
and  the  increased am ount o f front p rotein  in  the  tra ined  ra ts  suggest th a t 
brain-speciűc S100 protein  increased in am ount during train ing. This S100 
protein  was presum ably  localized in the  nuclei of the  hippocam pal neurones.

A t th is  po int it seems appropria te  to  com m ent on the  pro tein  changes 
during th e  in te rm itte n t train ing  over a period of one m onth.

The ra ts  perform ed well bo th  on the  5th, 14th, and  30th day, i.e. when 
they  had  received tra in ing  for 5, 7, and  10 days. I f  the  increased synthesis 
in the hippocam pal nerve cells had been an expression of increased and 
sustained  neural function, then  the  increased incorporation values on the  
5th  day  of in itial tra in ing  and  on the  14th day  of resum ed train ing  would 
have presum ably  been found also when the ra ts  were subjected  to  3 days 
of resum ed train ing  30 days a fte r th e  in itia l train ing  sessions. The fact th a t  
the  incorporation values did  no t a t  th a t  last stage differ from  those of the  
controls is a  strong indication th a t the  observed increase in synthesis is 
correlated to  learning processes occurring during the  train ing . We would 
like to  suggest the  in te rp re ta tio n  th a t  when th e  novelty  of th e  task  has 
passed, th e  hippocam pal nerve cells ceased to  respond w ith increased sy n th e­
sis of th is ty p e  of protein. A response m ay well occur in o ther p a r ts  of the  
brain.

I t  is even more strik ing th a t th e  S i00 protein  increased in  am ount 
during the  learning to  reverse hand  since it is a brain-specific protein and 
thus can be expected to  m ediate specific bra in  functions.

Our in te rp re ta tio n  of the  result given above is th a t  th e  increase of the  
S i 00 pro tein  during reversal of handedness specifically relates the  S i00
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protein  to  the learning processes. However, as we pointed out above, tra in ­
ing involves several factors no t related  to  learning per se. In  th e  reversal 
of handedness experim ents, the  unspecific factors have been elim inated or 
reduced to  a m inim um . The m otor and sensory ac tiv ity , a tten tion , m o tiva­
tion, and  rew ard are equated  between the  experim ental and control anim als, 
and  the  stress involved in reversal of handedness is m inim al. In  view of 
these considerations, we used a technique which specifically related  the  
S i00 protein  during reversal of handedness to  learning per se.

A grouj) of 8 ra ts  were tra ined  during 2 x  25 m inutes per day for th ree 
days. Between the  first and  second train ing  session of the fourth  day, half 
of th e  ra ts  were in jected  in traven trieu larly  on both  sides w ith  2 x  25 pg 
of an tiserum  against S100 in  2 x 2 5  pi. The other h a lf of the  group was 
sim ilarly in jected  w ith  the  same am ount and volume of an tiserum  against 
r a t  y-globulin. The ra ts  were slightly  anaesthetized  w ith fluothane. The 
anim als were tra ined  a  second session on the  fourth  day  45 m inutes afte r 
th e  injections. A fter th is trea tm en t, th e  ra ts  were tra ined  for th ree fu rther 
days w ith 2 x 2 5  m inutes per day. The results are presented in Fig. 8. 
The num ber of reaches is p lo tted  against the  num ber of tra in ing  days. 
Before injection of antisera, all ra ts  followed an identical perform ance curve. 
A fter the  injection of antiserum  against ra t  y-globulin, these ra ts  followed 
a perform ance curve which was an extrapolation  of the  perform ance curve 
before the  injection. The same was th e  case w ith a ra t  which was injected 
with the  sam e volum e of physiological NaCl.

B y contrast, th e  ra ts  in jected  w ith an tiserum  against S100 protein did 
no t increase in perform ance, i.e. the  num ber of reaches per day  rem ained

1 2  3 4 5 6 7
Days of training

Fig. 8. P erfo rm ance cu rves o f tw o groups of 
ra ts , (> experim en ta l, 5 contro ls. One group  
in jec ted  w ith  an tise ru m  aga in s t S100, th e  o th er 
w ith  a n tise ru m  ag a in s t r a t  gam m a-g lobu lin  on 

th e  fo u r th  d ay  o f tra in ing .

AS against S 100

AS against 
y-globulin
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at the same values as those immediately before the injection. As is seen 
from the curves in Fig. 8, the difference in number of reaches between the 
two groups of injected rats is clearly significant.

A nother way to  present the  results is the  following. F or each ra t, th e  
sum  of reaches for the  first th ree tra in ing  days is calculated as is also 
th e  sum  of reaches for the  last th ree  tra in ing  days. The num ber of reaches 
during th e  day  of injection are thus no t included in these sums. The ra tio  
between the  first and  second sum is determ ined. The averages of th is  ra tio  
are 0-73 dr 0-053 for the  ra ts  in jected  w ith S100 antiserum  (6 rats), and 
0-42 dr 0-033 for th e  control ra ts  (5 rats). The difference betw een these 
ratios is highly significant (p  <  0-001). I t  is obvious th a t  the  experim ental 
ra ts  show a decrease in learning capacity.

I f  instead  the  difference between the  second and  the  first sum is calculated, 
you obtain  for the  ra ts  in jected  w ith S100 an tiserum  78 d; 18, and  for the  
control ra ts  206 dr 10 reaches. The difference between these num bers (128) 
is highly significant (p  <[ 0-001) leading to  the  same conclusion as above 
th a t the  experim ental ra ts  show a decrease in  learning capacity . Thus, 
the  S100 pro tein  is specifically correlated to  learning processes.

EXPERIMENT 2: SENSORY CONDITIONING TEST IN RATS:
INCORPORATION OF 3H LEUCINE INTO NEURONAL PROTEIN

This experim ent was designed to  lim it partic ipa tion  of such factors as 
m otivation, m otor ac tiv ity  and  reinforcem ent in  an  experim ent involving 
change o f behaviour (H ydén et ah, to  be published). F o r th a t  purpose we 
m easured pro tein  synthesis in  ra ts  subjected to  paired  and unpaired  tone 
and  light stim uli, and  to  light stim ulus alone. A to ta l of 80 ra ts  were used 
in pilot tests, behavioural checks and  for final experim ents. The ra t  was 
placed in  a cage w ith a w ired floor in a sound absorbing dim ly lit room for 
20 m inutes prior to  the  experim ent. One group of ra ts  received an acoustic 
signal of 1,000 Hz (conditioning stim ulus) followed by a v isual (uncondi­
tioned) stim ulus. The tone and  light stim uli bo th  lasted  0-2 sec and  were 
presented autom atically  a t  a frequency of 6 per m inute. A nother group of 
ra ts  was used as behavioural controls. In  th is group the  tone and  light 
stim uli were followed by an electric shock; in ten  trials the  ra ts  learned to  
jum p up to  a shelf to  escape the electric shock (criterion 8 ou t of 10) when 
th e  tone-light stim uli were presented. This test, a ty p e  of sensory con­
ditioning described and  discussed by Morrell (1967), dem onstrated  th a t 
a linkage had  been form ed between the  tw o sensory areas. A th ird  group 
o f ra ts  received tone and  light stim uli d istribu ted  a t  random . A fourth  
group received only light stim ulus a t a frequency of 6 per m inute.

The experim ental ra ts  were first b ilaterally  in jected  w ith  3H-leucine 
in traven tricu larly  during light fluothane anaesthesia, then  given sound-light 
or sound-light at-random  stim ulation for 15 m inutes. The tim e lapse from 
th e  last injection to  sam pling of brain m aterial was 40 m inutes.

B oth  types of stim ulation  increased the  incorporation of 3H-leucine in to  
th e  neuronal protein of th e  hippocam pus b u t decreased i t  in the  visual cortex
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TABLE 8

T one-ligh t cond ition ing  in  ra ts .
In co rp o ra tio n  o f 3H -leueine in to  p ro te in  iso lated  from  h ipp o cam p a l n e rv e  cell and 

v isual co rtex  o f ra ts . D a ta  in cpm  to ta l p ro te in /cp m  to ta l su p e rn a te

Stimuli No. of J ncorporation of 3H-leucine
samples Visual cortex Hippocampi is

Paired 8 3-49 ±  0-23 3-43 ±  0-41
Unpaired 8 3-50 ±  0-23 4-45 ±  0-56
Light only 12 3-48 ± 0 -1 8
Control 8 4-46 ±  0-41 2-86 ±  0-41

(Table 8). Control animals given light stimulus alone showed decreased 
incorporation in the visual cortex.

There are two findings in this sensory conditioning experiment which 
seem to exclude the possibility tha t the protein changes were correlated 
with learning processes during the conditioning. The first is the fact that 
light stimulus alone gave the same incorporation values of the visual cortex 
as did the paired and unpaired tone-light stimuli. The second circumstance 
is the fact that the tone-light stimuli distributed at random gave the highest 
incorporation of 3H-leucine into the protein of the hippocampal nerve cells. 
Therefore, the conclusion is that the protein changes observed during the 
conditioning presumably are expression of increased attention or orientation 
reflexes. The finding that the incorporation values for the cells of the visual 
cortex in all three types of sensory experiments were lower than those of 
the controls, agrees with electrophysiological observations.

DISCUSSION

The aim  of the studies reported  here has been to  correlate protein  changes 
in nerve cells (and glial cells) in particu la r p a rts  o f th e  brain  w ith  learning 
processes which occur during train ing. I t  seems evident th a t  m apping the 
areas th a t  respond w ith defined changes in  protein  fractions during beh a­
vioural experim ents is prerequisite for a  com prehensive theo ry  on the  
m echanisms relating  macro-molecules in  bra in  cells to  storage and  retrieval 
of inform ation. The observations relating behavioural responses to  synthesis 
and  com position of IINA in nerve and  glial cells (Hydén and  Egyházi, 
1962, 1963, 1964; H ydén and  Lange, 1965; Shashoua, 1968), tak en  in con­
junction w ith th e  observations on pro tein  reported  here, m ay be considered 
a beginning which m ay eventually  form  the  basis of such a theory .

I t  is in teresting th a t  th e  im m unological stu d y  reported  here brought out 
such clear differences in  the  antigen com positions of neurones and  glia. 
This finding brings in to  question th e  m a tte r of tran sfer of RNA from  glia 
to  neurone for which view there  exists some evidence (H ydén an d  Lange,
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1966). Such transfer could still take  place even if  th e  neuronal p rotein  
program m ed by th e  glial RXA was no t antigenic for rabb its challenged by 
our technique. S100 pro tein  for instance, is not antigenic unless in jected  
under special circum stances.

This S100 protein  seems, however, to  be definitely linked to  learning, 
as is dem onstrated  especially well in  the  experim ent where antiserum  
against S i00 im paired learning while th a t  against y-globulin did  n o t (Fig. 8). 
All factors including th a t of stress were identical for the  control and  ex ­
perim ental ra ts  in  th is study . Before and  a fte r the  antisera injections all were 
subjected to  th e  same train ing  program  and  th e  injections in to  th e  brain 
ventricles were carried ou t under identical conditions. A dditional food was 
supplied to  ra ts  receiving S i00 protein  antiserum  to  com pensate for the  
different am ounts of reinforcem ent obtained. The resu lt showing th a t  only 
the  S100 protein  an tiserum  inh ib ited  fu rth e r learning seems clearly to  
link th is brain-specific protein, S100, to  learning processes occurring during 
training.

As for the nerve cell proteins 4 and  5, these are acidic even though their 
com position is still unknown. T heir response during in te rm itte n t train ing  
spread over one m onth seems significant and  is pertin en t for th e  in te r­
p re ta tion  th a t  th e  synthetic  response was linked to  learning processes 
w ithin th e  train ing. The fact th a t  th e  hippocam pal nerve cells did  n o t 
respond w ith increased synthesis o f these proteins a fte r the  last train ing  
sessions (a m onth  a fte r th e  in itial training) excludes the  possibility th a t  the 
increased pro tein  synthesis during the  two previous train ing  sessions was 
merely an  expression of increased m otor activ ity , sensory ac tiv ity , a tte n ­
tion, or change in  age.

The pro tein  changes in  th e  transfer of handedness experim ent, a case of 
instrum ental learning, can be com pared w ith  those in th e  sensory-sensory 
experim ents, a case of classical conditioning. The in strum en tal case is a 
com plicated ty p e  involving i.a. m otor-sensory activities, m otiva tion  and 
a tten tio n . The acidic including S I00 —protein  in  hippocam pal nerve cells 
rises during acquisition o f behaviour in th is case, bu t during sensory con­
ditioning no system atic change re la ted  to  learning can be seen in e ither the  
hippocam pal or the  cortical cells. The protein  synthetic  response of h ippo­
cam pal cells in th is ty p e  of classical conditioning cannot therefore be equated  
w ith  th a t  tak ing  place during in strum en tal learning. In  sensory conditioning, 
the  direction and  m agnitude of hippocam pal pro tein  synthesis changes 
seem only to  follow the  response of the  cells to  the  sensory inpu t, and  to  
have no re la tion  to  th e  learning factors involved.

Thus bo th  th e  light-tone and  th e  at-random  stim uli gave high incorpora­
tion  values of 3H-leucine in to  the  hippocam pal nerve cell protein. A t visual 
cortex th e  incorporation values were equal an d  lower com pared to  th e  con­
trols for all conditions of stim ulation. I t  m ay therefore be te n ta tiv e ly  con­
cluded th a t in  hippocam pal cells th e  biochem ical m echanisms tak in g  place 
during in strum en tal learning differ from  those during classical sensory 
conditioning.
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DISCUSSION

G. U n g a r : The significance of all the  experim ents dealing w ith  chemical 
changes depends on their correlation w ith learning or “ m ere” neural ac tiv ­
ity . This seems to  be an  alm ost insoluble problem  because we cannot isolate
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learning from all the  concom itant neural processes. A good exam ple o f this 
signal to  noise in terrelationship  is the  investigation in which an  isolated 
catfish head has heen subm itted  to  various olfactory stim uli and  th e  sub­
sequent changes in bra in  RNA have been estim ated . Most stim uli produced 
changes in base ratios irrespective of w hether they  were relevant to  the 
fish or no t. F o r example, both  m enthol and  shrim p ex tract produced sim ilar 
changes although the  form er is certain ly  a novel stim ulus, while the  la tte r  
is p a r t of th e  norm al environm ent of the fish. D id learning tak e  place in 
bo th  cases or in neither? It is im possible to  say. This is, therefore, a serious 
conceptual obstacle to  the  correct in te rp re ta tio n  of all the  results ob tained  
by Dr. H vdén  and  others who were looking for chemical changes in brain 
RNA and  protein.

H . Hy d é n : The experim ents 1 have talked  abou t here were all perform ed 
on m am m als. A few years ago we published th e  results o f th e  experim ents 
in w hich we obtained  base ra tio  changes of R N A  in th e  m otor neurones 
of fish by  extensive m otor ac tiv ity . Sim ilar results were never achieved 
in analogue experim ents w ith m am m als. We stressed th a t  bo th  m orphology 
and  organization of nucleic acids, m orphology and  composition of nerve 
cells of inverteb rates and fish n o t to  speak abou t the  glia- differ from  
those o f m am m als in  th is respect. I  do no t th ink  therefore th a t conceptual 
difficulties were involved here. I  believe th a t  i t  is clear th a t  one should be 
catious in  equating  th e  results obtained  from cold-blooded anim als w ith the 
effects received on m am m als.

G. H o r n : D r. H ydén, w ith regard  to  your last rem ark, did  you not 
refer in your ta lk  to  Shashoua’s results on goldfish ?

H. H y d é n  : Yes, I  alluded to  his results, too. He used a system  where he 
tried  to  change th e  whole nervous system  and  th en  to  analyse the  changes 
by try ing  to  separate m otor ac tiv ity  and  stress factors.

G. H o r n : D r. U ngar has raised an  im p o rtan t issue, nam ely th a t  of d is tin ­
guishing betw een neural ac tiv ity  which is th o u g h t to  be bo th  necessary 
and  sufficient for learning from neural ac tiv ity  which is th ough t to  be neces­
sary  b u t n o t sufficient. I t  is difficult to  see ju s t w hat controls can be used 
to  distinguish the  two kinds of ac tiv ity  (but see H orn  et ah, N ature , in 
press, 1971). One approach th a t  is commonly used is to  allow the experi­
m ental anim al to  form a conditioned association and  to  use as the  control 
an anim al which is not allowed to  form  the  association. However, the  two 
anim als will probably  learn  something, though each m ay learn som ething 
different. A nother com plication is th a t  the  tw o procedures will evoke very  
different behavioural responses in the  two anim als and  th ey  will alm ost 
certain ly  be subjected  to  different degrees of fru stra tio n  and  stress. N on­
specific stress m ay have an effect on neural ac tiv ity  (see Sem iginovsky et 
ah, L ife  Sciences 2, 1169-1180, 1970). R ecently  I  was in terested  to  read  of 
findings th a t  corticosterone is selectively taken  up  by cells in  the  h ippo­
cam pus (MeEwan et ah , Nature  220, 911-912, 1968), an  effect which m ay 
also be re levan t to  your results.

H . H y d é n : I  agree w ith  your last com m ents abou t th e  background noise. 
E ven  the  use o f the  determ ination  of the  17-ketosteroids in the  urine of ra ts  
is insufficient for the  rem oval of old doubts abou t the  stress factors. As far



as a tten tio n  and  m otivation  are concerned, of course, there is no learning 
in  an anim al experim ent except where th e  factors o f unspecific atten tion  
have been elim inated. I t  seems to  me th a t  when one speaks abou t the  
“ quiet environm ent” or the  “stim ulating  environm ent” as in Rosenzweig’s 
experim ents, if  one speaks abou t naive anim als, controls and  cage-animals, 
i t  is essential to  define exactly  the  conditions o f these anim als, too, and  no t 
only those of th e  experim ental anim als. Therefore, I th in k  a discussion 
about the controls is very m uch needed.
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D IS K  ELEC TR O PH O R ETIC  ANALYSIS OF SOLUBLE 
B R A IN  PR O TE IN S IN  TH E  B R A IN  OF MONKEYS 

SU BJECTED  TO VISUAL DISCRIM IN A TION  
TR A IN IN G

by

L j . Mih a il o v ic , L j . K r Za l ic , B. P etro v ic  and D. Cu pic

In s t i tu te  o f P a tho log ica l Physio logy , F a c u lty  o f M edicine,
U n iv e rs ity  o f B elgrade , Y ugoslav ia

An appreciab le body o f work, largely inspired  by H ydén and  reviewed by 
him a t  th is conference (p. 69), has provided a  reasonable support to  the 
concept th a t  RN A  and  especially proteins, w ith th e ir conform ational capac­
ities, are “ th e  strongest candidates as executive m olecules” involved in 
th e  m echanism s o f storage an d  re trieval of inform ation.

In  view of th e  possibility, heralded by  our previous studies (Mihailovic 
and  Jankovic, 1965; M ihailovic e t al., 1969; M ihailovic and  H ydén, 1969) 
th a t  by  applying th e  im m uno-neurological m ethods one could no t only 
a tte m p t to  stu d y  th e  physiological role of these m acromolecules in th e  p ro ­
cesses of learning and  m em ory b u t even approach th e ir u ltim ate  id en ti­
fication, a series o f investigations has been devised encom passing a num ber 
o f sim ultaneously com bined psychophysiological, biochemical, im munological 
and electrophysiological experim ents oriented tow ards th is  obviously most 
com plex and  difficult goal. The first encouraging results to  be briefly sum ­
m arized below are the  prelim inary  biochemical p a r t of th is  more general 
project.

The presen t experim ents have been undertaken , therefore, to  investigate 
protein changes in  th e  brain  o f m onkeys subjected to  visual discrim ination 
train ing  and, in particu lar, to  search for th e  possible presence in th e  brain 
o f a hypo thetical p rotein  specific for the  process of learning and  the  in for­
m ation storage.

Three groups of anim als (Rhesus monkeys) were used. Subjects from  the  
first group were tau g h t (in Wisconsin General Testing A pparatus — WGTA) 
(Fig. 1) to  perform  p a tte rn  discrim inations to  th e  criterion of 90 per cent 
correct responses in  tw o successive days for each of 24 successive tasks. 
The anim als were subsequently  tra ined  to  d iscrim inate in  succession a 
series of different objects (300 pairs) un til th e  establishm ent o f th e  learn ­
ing set.

In  order to  control for nonspecific, m otor, sensory and  o ther behavioural 
concom itants of th e  learning process which have been shown to  increase 
th e  R N A  synthesis (Hydén, 1967; Pevzner, 1966) thus possibly influencing 
the  protein  synthesis as well, each of these anim als had  its coun terpart in 
the  subject assigned to  the  second group o f anim als, which was exposed 
to  identical experim ental situation , p resen ted  w ith th e  sam e visual discrim ­
ination tasks and  given exactly  th e  same num ber of tria ls bo th , per day 
and  to ta l, b u t in such a w ay as to  re ta in  the  chance perform ance (Fig. 2).
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F ig . 1. M onkey in  W G TA  perfo rm ing  ob jec t d iscri­
m in a tio n  task .

This was made possible by the use of two Gellerman schedules enabling 
random association of the reward (a cube of apple) to the assigned pattern. 
I t  should be emphasized, however, that these animals, although deprived 
of regular reinforcement remained highly motivated to test throughout the 
long-lasting experiment.

The third group of animals consisted of subjects not exposed to visual 
discrimination training but kept and maintained under the same general 
laboratory conditions. Before sacrificed, the animals from the first two 
groups were retested on the last pal tern discrimination task and presented 
a series of ten pairs of entirely new objects, respectively.

Proteins in sucrose-Triton x-l()0 extracts of the brain tissue from the 
inferior temporal gyrus, gyrus principalis and hippocampus were then deter-

F ig . 2. Show ing th e  co rrec t tr ia l score o f to ta l 
responses fo r each o f 24 d ifferen t p a tte rn s . N o te  
th e  chance level o f co rrec t responses in  an im als 
tra in ed  n o t to  acqu ire  v isual d isc rim in a tio n  cap ­
a c ity  as com pared  to  th e  h igh p ercen tage  o f  to ta l 
co rrec t responses in an im als w hich d id  learn  p a t ­

te rn  d iscrim ination .

88



m ined according to  th e  m ethod of Low ry et al. (1951) and  electrophoreti- 
cally separated  on 7 per cent polyacrylam ide gels according to  the  m ethod 
of D avis (1964), under rigorously standard ized  conditions (200 [ig protein/gel, 
using a  curren t of 2-5 mA for 90 min). The listed brain regions were selected 
to  be analysed for th e  following reasons: th e  inferior tem poral gyrus for 
its  repeated ly  dem onstrated  crutial and  specific relevance for visual discrim ­
ination learning (Chow, 1952; Mishkin and  P ribram , 1954), gyrus p rin ­
cipalis for i t  has no t been shown to  be indispensible for th is ty p e  of learning 
(W eiskrantz e t al., 1962; W eiskrantz, 1964), and  hippocam pus for its  
am ply dem onstrated  im portance for th e  recording any  curren t expe­
rience and  th e  establishm ent of th e  new behaviour (Scoville and  Milner, 
1957: Penfield, 1958: G rastyán, 1961).

Following densitom etry , only th e  prealbum in -an o d al—p art of the  gels, 
in  which th e  protein  fractions were quite clearly distinguishable and  gave 
densitom etric records precisely and  reliably analysable, was subjected to  
sem i-quan tita tive analysis. A nother reason was th e  finding th a t  during the 
establishm ent of the  new behaviour it  was the  synthesis of these acidic 
proteins (which a t  electrophoresis m ove near th e  separation front) th a t  was 
significantly changed (Hydcn and  Lange, 1968). The in teg ra ted  densito­
m etric values of th e  square areas below individual peaks were quantified 
and  expressed relative to  band I  (see diagram  in Fig. 3), which was found 
to  contain insignificantly different am ounts of protein in the  sam ples

T,

.
2 i;

o  lc n> I a I

Fig. 3. R ep re sen ta tiv e  e lec tropho re tic  p a tte rn s  w ith  th e  co rresponding  d ensitom etric  
records o f soluble b ra in  p ro te in s  e x trac ted  from  th e  in ferio r tem p o ra l gy ri o f ex p eri­
m en ta lly  na ive  m onkeys (A) \  m onkeys w hich  w ere tra in ed  b u t d id  n o t lea rn  v isual 
d isc rim in a tio n  ( IÍ) ; an d  m onkeys w hich d id  lea rn  v isual d isc rim in a tio n . N o te  in  
H th e  rem ark ab le  decrease in  th e  a m o u n t o f p ro te in  con ta ined  in th e  b an d  Ic as desig­

n a te d  a rb itra r ily  on th e  d iag ram  a t  th e  b o tto m  o f th e  F igure.
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obtained  from  all the  different brain regions from  bo th  experim ental and 
control groups of anim als. Thus ob tained  d a ta  were t tested.

Analysis of the  results revealed significant differences in the  am ounts of 
p ro tein  in  th e  tw o prealbum in hands (O and  Ic) in different groups of an i­
mals as well as in various regions of the  same anim al. The m ain and  most 
consistent finding, however, was th a t  the  am ount of protein contained in 
band  Ic separated  from  th e  ex tracts  o f bo th  the  inferior tem poral gyrus 
and  hippocam pus b u t no t o f th e  gyrus principalis, was significantly sm aller 
in the  anim als which were tra ined  n o t to  acquire visual discrim ination th an  
in naive controls. The corresponding values in anim als which did learn  v i­
sual d iscrim ination and  experim entally  naive, un tra ined  controls were, 
however, no t sta tis tica lly  different. The results concerning th e  changes 
found in th e  inferior tem poral gyrus are illu stra ted  in Fig. 3 and  presented 
in Table 1.

TABLE 1
In fe rio r tem p o ra l gy rus

Group of anim als
No. of 
animals

0

Electrophoretic fractions 

Ic I  b I

Trained to  learn 4 9 -3  ±  M 2 6 -5  ±  2 -6 4 1 0 -0  +  1 -5 8 23 * 0  ±  3 -3 9

p  >  0 -0 5 p  >  0 -0 5 p  >  0 -0 5 p  >  0 -0 5

Controls

Trained not to  learn

4 7 -5  ±  1 -2 2 7 -0  ±  1 -87 8 -3  ±  1 -5 3 2 T 7 5  d :  5* 14

— p  >  0 -0 5 p  <  0 -0 5 p  >  0 -0 5 p  >  0 -0 5

4 8 -8  i  0 -5 5 3 -5  ±  1-8 8 -8  ±  1 -3 4 2 2 -5  ±  2 -0 6

I t  seems highly re levant ju st to  m ention in  the  presen t con tex t th a t  the  
R N A  base ra tios in  th e  cells from  th e  inferior tem poral gyrus of th e  sam e 
anim als [determ ined in Prof. H y d én ’s laboratory , according to  th e  m icro­
m ethod of E dström  (1964) and  em ploying the  double blind procedure] 
exhibited  also statis tica lly  significant change of th e  same ty p e  as originally 
observed by H ydén and  Egyházi (1964) in ra ts  subjected  to  th e  transfer 
of handedness and  confirmed subsequently  by  Shashoua (1968) in th e  gold­
fish tra ined  to  acquire a new swimming skill. In  our m onkeys which did 
learn visual discrim ination G +  C : A -f- U  values were significantly lower 
th an  th e  corresponding ra tios in anim als bo th  tra ined  not to  learn visual 
discrim ination and  experim entally  naive controls.

A nother in teresting  and  sta tistica lly  significant finding was an  increase 
of p ro tein  in th e  fron t band  O separated  from  the  hippocam pal ex tracts  of 
m onkeys which learned visual discrim ination as com pared to  the  correspond­
ing value in experim entally  naive controls.
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The resu lts p resen ted  challange discussion in m any directions and  con­
sideration of g reat m any problem s such as th e  adequacy o f controls, proper 
tim ing  of sam ple tak ing  during th e  learning experience, th e  d istribu tion  of 
Undings etc. The results are considered, however, too few and  perplexing a t 
th e  presen t m om ent to  perm it any  in terp re ta tion  in  term s of functional 
significance, which would only involve the  danger of contribu ting  just 
ano ther speculation to  the  m any which so ab u n d an tly  overflow th is still 
ra th e r nebulous field o f research. F u rth e r studies which are under w ay in 
our laborato ry  involving short term  experim ents of th e  sam e general ty p e  
including sim ilarity  of the  controls, will presum ably th row  more light on 
the  n a tu re  o f the  changes described in the  present paper, and  enable their 
plausible in terp re ta tion . I t  seems reasonable to  assume, however, th a t  the  
protein changes described do occur in conjunction w ith  the  process of 
learning. They do by no m eans tell us any th ing  abou t the  specificity of 
changes w ith  respect to  the  acquisition of the  given set o f inform ation. 
An an tiserum  against the  hom ogenates of th e  inferior tem poral gyrus of 
anim als which learned visual discrim ination is being m ade in our laboratory  
in a  hope th a t, following the  absorption w ith  hom ogenates of the  corre­
sponding brain  regions of bo th  naive and tra ined  controls, it m ight possibly 
re ta in  an  an tibody  specific to  the  macromolecules involved in the  acquisition 
o f visual discrim ination learning and  facilitate our efforts in  approaching 
th e ir identification. U ntil th is be done, however, i t  is only fair to  say  th a t 
the  results ob tained  are encouraging indeed, although they  em phasize 
even more all conceptual, phenom enological and  sem antic difficulties com ­
monly encountered and  recognized in th is com plicated field of research.
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DISCUSSION

H. R 0 ig a a r d -P e t e r s e n : J u s t  tw o questions: (1) How long did  i t  take 
you to  rem ove th e  areas of the  brain you used for gel-electrophoresis ? 
(2) W hen you had  applied too m uch protein  on your gel and  did no t get 
all th e  fractions out, could th e  reason be th a t bigger molecules filled the 
pores in  the gel and  thereby  stopped the  sm aller molecules ?

L j . M ih a il o v ic : (1) We, of course, did th e  rem oval of th e  bra in  as fast 
as we could. In  any  case it d id  no t take longer th an  10 m inutes. (2) As far 
as your second question is concerned, th is -  we th ink  —could be the  reason, 
b u t we do no t believe th a t the  use of ano ther spacer gel would have m ade 
m uch difference.

R . G a la m bo s: A s we all know, it  is difficult to  be sure th a t  antibodies 
will be prepared specially to  some brain proteins. Do you have any  special 
technique to  assure th a t  antibodies will be indeed prepared  to  such sub ­
stances as the S100 complex in the tra ined  and  un tra ined  brains which 
you are using as antigens?

L j . Mih a il o v ic : A s yet we have no special techniques. I  th in k  th a t  it is 
no t an  erroneous hope and  assum ption th a t the  S i00 in the  brain  m ight 
be linked to  some higher m olecular weight proteins capable of inducing a n ti­
body form ation.

F. R o se n b l a t t : Can you estim ate the  am ount of p ro tein  present in your 
fractions and can you describe any  o f the pdiysical characteristics, such as 
solubility  or m olecular w eight ?

L j . M ih a il o v ic : I t  is, of course, possible to  cut ou t the  fraction and  esti­
m ate th e  am ount of protein by m eans of available m icrom ethods. So far, 
however, th is has no t been done. We also cannot describe a t th e  present 
m om ent the physico-chem ical p roperties of proteins involved.

H . H y d é n : The experim ent we heard  abou t is an adequate control. We 
have here a control as good as we can get a t  the  present tim e for a given 
discrim ination test. G etting the  same m aterial as Dr. Mihailovic and  his 
colleagues used, we found th e  same ty p e  of base ra tio  changes in the  nerve 
cells which were isolated. I  m ust underline th a t  we have found th e  same 
results using quite ano ther test, the handedness reversal experim ent.

L j . M ih a il o v ic : I  consider Dr. H vden’s words ra th e r a  com m ent th an  
a  question. I  m ust say th a t  in order to  control all possible non-specific 
concom itants o f behaviour, such as m otor ac tiv ity , sensory inpu t, etc. we 
tried  to  set up  an adequate model. But, of course, it can also be subject 
to  certain  criticism.
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E F FE C T  OF H Y POPHYSEAL P E P T ID E S  ON 
MEMORY FUNCTIONS IN  RATS

by

B . B o h u s

D e p a rtm e n t o f Physio logy , U n iv e rs ity  M edical School, Pécs, H ungary

I t  has become evident that adaptive responses consist of an inseparable 
unit of behavioural and endocrine events. In addition to the fact that 
endocrine responses are controlled by the central nervous system, it is also 
known that hormones may affect central nervous function, that is, the 
behavioural reactions may be hormonally conditioned.

A tten tion  has recently  been focussed on th e  effect of p itu itary -ad renal 
horm ones on conditioned avoidance behaviour. The influence o f an terio r 
p itu ita ry  adrenocorticotropic horm one (ACTH) appeared  in a delay of 
extinction  of conditioned avoidance response (CAR) in ra ts  when the  pep ­
tide was given th roughou t th e  extinction period (de Wied. 1966; Bohus 
et ah, 1968). This effect of ACTH did no t depend on the  presence o f the 
adrenal cortex. O bservations indicate th a t  ACTH fragm ents which contain 
th e  4-10 am ino acid sequence of the  ACTH molecule are still capable to  
delay th e  extinction of a CAR (de Wied, 1966; Greven and  de W ied, 1967). 
Furtherm ore, i t  was shown th a t if  the L-phenylalanine in position 7 of 
ACTH 1-10 peptide is changed to  its D-isomer (ACTH 1-10/7-D-Phe) rap id  
ex tinction of CAR takes place a fte r the adm inistration  o f peptide (Bohus 
and  de W ied, 1966). Thus, a close re lation between the  stru c tu re  o f the 
peptides and  the behavioural responses were dem onstrated  by the  above- 
m entioned experim ents.

I t  was observed, however, th a t  the effect of lysin-vasopressin or pitressin 
(posterior p itu ita ry  ex tract) appeared to  be sim ilar to  th a t of ACTH and 
related  peptides (de Wied, 1965). Therefore, it  was considered to  be of interest 
to  investigate w hether the  effect of pitressin and  of ACTH-like peptides 
on th e  extinction of the  CAR involves th e  sam e m echanisms despite th e  
stru c tu ra l difference of these peptides.

IN F L U E N C E  O F  P IT R E S S IN  A N D  a-.WSH ON E X T IN C T IO N  
A N D  R E T E N T IO N  O F A SH U T T L E -B O X  A V O ID A N C E R E S P O N S E

To stu d y  the  mode of action of pitressin and of a-M SH, and  ACTH-like p ep ­
tide m ale albino ra ts  were tra ined  to  avoid th e  unconditioned stim ulus of 
an electric foot shock (1 -8 mA) delivered through  the  grid floor of a  shuttle- 
box (de W ied and  Bohus, 1966). The conditional stim ulus was the  sound 
of a buzzer which lasted  for 5 sec before the unconditioned stim ulus was
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given. Ten tria ls were presented daily  w ith a fixed in te rtria l in terval. A cqui­
sition period was run  till the  ra ts  achived the  criterion of learning —24 or 
more avoidances during 3 consecutive sessions. Then the  ra ts  were subjected 
to  an  ex tinction procedure. The non-reinforced tria ls  were given daily  for 
14 days. Tw enty-one days a f te r  th is first extinction period th e  retention 
o f CAR was tested  in a second extinction train ing . Ten non-reinforced trials 
were given daily for 3 days.

P itressin  ta n n a te  in  oil (Parke, D avis and  Co.) in a dose of 1 IU /ra t, 
syn thetic  a-M SH (Ciba) in  a dose of 10 /ug as a long-acting zinc phosphate 
prepara tion  or a  placebo was adm inistered subcutaneously. The first in jec­
tion was given 18 hours before the  first acquisition session and  subsequently 
every o ther day till the  criterion of learning was reached.

No effect of the  pejitides on the  acquisition was found. A dm inistration 
of pitressin, however, m arkedly affected th e  perform ance of CAR during 
the  first ex tinction period (Fig. 1). E x tinction  of CAR did no t occur. In  
con trast, trea tm en t w ith a-M SH did  n o t affect the  response perform ance 
during th e  first extinction period. Thus, the  CAR becam e ex tinct like in 
placebo-treated  ra ts. Significant re ten tion  of the  response 21 days a fte r 
com pletion o f the  first ex tinction  period was found in ra ts  trea ted  with 
pitressin during th e  acquisition. R ats  trea ted  with a-M SH or w ith  placebo 
exhibited  alm ost no reten tion  of th e  CAR.

Thus, long-term  effect of p itressin  was observed in  these experim ents. 
P itressin  trea tm en t preserved the  response perform ance even 35 days a fte r 
the  last injection of the  posterior p itu ita ry  ex trac t. In  contrast, adm in istra­
tion of a-MSH, an  ACTH-like peptide had  no influence on the  response 
perform ance either during the  first or th e  second ex tinction period. In  accord­
ance w ith th e  observations m entioned in the  in troduction  it is suggested 
th a t  ACTH-like peptides and  pitressin affect basically different m echanisms 
to  delay the  extinction of a CAR. W hile the  influence of ACTH-like peptides 
is relatively  short-term  since it persists only during th e  presence o f peptides, 
pitressin, a posterior p itu ita ry  ex trac t m ay prom ote th e  fixation of the 
earned response. This ex trac t m ay contain peptide(s) which in terfere with

Fig. 1. E ffect o f  p itre ss in  an d  a-M SH  ad m in is te red  
d u rin g  acqu is ition  o f th e  ex tin c tio n  and  re te n t ion of 

a  cond itioned  avo idance  response.



long-term  m em ory storage of th e  learned response and  its  effect is doubtless 
w ithout th e  presence of the  peptide(s).

Since a  num ber of reinforcem ents required  to  develop a  conditioned 
avoidance response th e  question arose w hether the  long-term  effect of 
pitressin appeares when th e  num ber of reinforcem ents is less. Therefore, 
the  influence of pitressin  and  of ACTH/1 1-24, a synthetic ACTH peptide, 
on the  re ten tion  of a  one-trial learning task  in a passive avoidance situation  
was studied.

E F F E C T  O F  P IT R E S S IN  A N D  A CTH  ß 1-24 ON T H E  
R E T E N T IO N  O F A P A SSIV E  A V O ID A N C E TASK

The experim ents were perform ed in  a box of two com partm ents, one of 
them  being brigh t and  big, and  the  o ther sm all and  dark  w ith  a grid floor. 
The ra ts  were allowed to  explore for 180 seconds and  the  tim e spent in  th e  
sm all com partm ent was recorded by an electric tim er. The ra ts  preferred 
to  s tay  in  the  sm all com partm ent in order to  avoid th e  brightness of th e  
o ther one. Learning tria l consisted of an unavoidable in te rm itten t foot 
shock of 0-5 mA for 60 sec in the  dark  com partm ent. R eten tion  of th e  task  
was represented by a decrease in tim e spent in  the  small com partm ent. 
R etention was assessed 24, 48 and  240 hours a f te r  the  learning tria l. Male 
albino ra ts  were tre a ted  random ly w ith 1 IU  of pitressin, 10 «g of ACT 11,1 
1-24 (Organon) and  a placebo 18 hours before the  learning.

As seen in  Fig. 2, ra ts  trea ted  w ith  pitressin re ta ined  the  passive avoid­
ance ta sk  240 hours a fte r the  learning tria l while adm inistration  of 
ACTH/i 1-24 did not led to  a sim ilar effect. Table 1 shows th a t  the tim e 
spent in  the  small com partm ent was significantly less in p itressin-treated  
ra ts. No differences were found 24 or 48 hours a fte r th e  learning tria l.

This experim ent stresses th a t pitressin m ay prom ote the  fixation of a 
one-trial learning task  as well. Thus, the long-term  effect of the  posterior 
p itu ita ry  ex trac t did no t depend on the  num ber of tria ls  in avoidance 
situations.

Fig. 2. E ffec t o f  p itre ss in  an d  A CTH  on 
t he ret en tion  of a  passive avo idance  task .



TABLE 1

E ffec t o f p itre ss in  and  A C T H  on  th e  re te n tio n  of a  pass ive  avo idance  ta sk

Treatment No. of 
rats

Betention

24 lire 48 hrs 240 hrs

Pitressin 12 28-6 ±  10-5* 29-4 ±  8-6 29-6 ±  7-5**
ACTH ß 1-24 10 27-5 ±  6-8 37*5 i  6*8 66-8 ±  3-2
Placebo 11 30-4 ±  10-7 40-9 ±  6-9 62-8 ±  1T2

* M ean +  S. E . o f tim e  (in sec) sp en t in  th e  d a rk  co m p artm en t.
** p <  0-01.

E F F E C T  O F P IT U IT A R Y  P E P T ID E S  ON T H E  E X T IN C T IO N  A N D  
R E T E N T IO N  O F A P O L E -JU M P IN G  A V O ID A N C E  R E S P O N S E

Since p itressin  w ith  high pressor ac tiv ity  m ay contain o ther peptides th an  
vasopressin i t  seemed w orthw hile to  stu d y  the  influence of pure vasopressin 
on th e  re ten tion  of an  avoidance response. In  addition, the  influence of the 
an terio r p itu ita ry  thyreo tropic horm one (TSH) and  of posterior p itu ita ry  
oxytocin was also tested . The horm ones and  saline as placebo were given 
daily  either during acquisition or first extinction.

Male albino ra ts  were tra ined  to  avoid the  unconditioned stim ulus of an 
electric shock (1-0 mA) by  jum ping onto a pole. As conditional stim ulus 
th e  light of a 35 W  bulb was presented for 5 sec before th e  US of foot shock. 
Ten tria ls were given daily w ith a fixed in te rtria l in terva l for 3 days. Those 
ra ts  which scored 8 or more CARs during the th ird  acquisition session 
were subjected  to  an extinction  procedure. A to ta l of 30 non-reinforced 
trials were given during th ree sessions of 10 tria ls each. The re ten tion  of 
th e  CAR was tes ted  10 days la te r in a second ex tinction period consisting 
o f 10 trials.

The effect of p itu ita ry  peptides on the extinction and  re ten tion  of the  
CAR is sum m arised in Table 2. Daily adm inistration  of ACT! Iß 1-24, 
TSH and  oxytocin had no effect on response perform ance during either th e  
first or the  second ex tinction period if  the  peptides were given during acqu i­
sition. A dm inistration of lysin-vasopressin (Ciba) during acquisition resulted  
in a high response perform ance during th e  first extinction and  in a  signif­
ican t re ten tion  10 days later.

I f  the  peptides were adm inistered daily  during the 3 days of the  first 
extinction th e  to ta l num ber of CARs scored during th is ex tinction period 
was high in ra ts  trea ted  w ith ACTH/5 1-24 b u t no re ten tion  of th e  response 
was observed. Vasopressin trea tm en t resu lted  in  a delay of ex tinction and  
a  significant re ten tion  of th e  CAR occurred. Like in previous experim ent, 
TSH and  oxytocin had no influence on th e  ex tinction and  re tention.

These experiments reveal tha t vasopressin is responsible for the long­
term memorization effect of a posterior pituitary extract. The influence of
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TABLE 2

Effect o f p itu ita ry  p ep tid es  on  ex tin c tio n  and  re te n tio n  o f a  p o le -jum p ing  avo idance
response

Treatment No. of 
rats

First extinction Second extinction

Trials CARs Trials CARs

(1) During learning
ACTH ß  1-24 8 30 14-6 ±  0-9* 10 2-1 ±  0-7
TSH 10 30 12-9 ±  1-8 10 1-0 ±  0-7
Oxytocin 8 30 13-0 ±  1-8 10 2-0 ±  1-0
Vasopressin 12 30 22-8 ±  2-1** 10 8-0 ±  0-5**
Placebo 10 30 13-5 ±  1-0 10 2-0 ±  0-2

(2) During extinction
ACTH ß  1-24 8 30 24-6 ±  2-1** 10 2-4 ±  1-0
TSH 12 30 13-8 ±  2-0 10 1-9 ±  0-6
Oxytocin 10 30 12-7 ±  0-9 10 1-7 ±  0-4
Vasopressin 14 30 23-4 ±  2-0** 10 8-1 ±  0-7**
Placebo 10 30 14-0 ±  0-7 10 T9 ±  0-4

* M ean +  S. E. 
** p  <  0-Ö1.

vasopressin is highly specific from  stru c tu ra l po in t of view since oxytocin 
which differs only in two am ino acids from  the  vasopressin had no influences 
on the  avoidance behaviour of ra ts . Short-term  effect of ACTH/J 1-24 in 
th e  presence of the  peptide could be dem onstrated  again in these experi­
ments.

R ecent observations on m em ory transfer have raised the  possibility th a t  
peptid-like m aterial(s) m ay bear 
the  specific inform ation (Ungar and  
Oceguera-Navarro, 1965; R osenblatt 
e t al., 1966a, 6). Since the  molecular 
weight of vasopressin is near the 
range of th a t  of the  inform ation- 
bearing peptide-like m aterials (Ro­
senb latt e t al., 19666) and  th is m a­
teria l contains an  am ino acid resi­
duum  less th an  10, some sim ilarities 
between vasopressin and  the  infor­
m ation-bearing brain ex trac t m ay 
be predicted. One should, however, 
equalize the  two m aterials. There 
are several dissim ilarities between 
their behavioural influences. Thus, 
in contrast to  the bra in  ex tract the 
influence of vasopressin does not

F ig . 3. In fluence o f p iti'e ss in  and  A C T H  
p re tre a tm e n t on th e  acq u is itio n  o f a 
po le -jum p ing  cond itioned  avo idance  re ­

sponse.
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appear immediately after the administration. Enhancement of learning was 
not observed in rats treated with vasopressin and even the number of 
rats reaching the criterion of learning may be less in pitressin-treated 
groups than in ACTH or placebo-treated ones. Open-field activity of pitressin- 
treated rats is also diminished. Thus, the influence of pitressin appears af­
ter a transient period and seems to be unspecific in the aspect of the situ­
ation as seen in the next experiments.

E F F E C T  O F P R E T R E A T M E N T  W IT H  P IT R E S S IN  A N D  A C T H  ß 1-24 
ON T H E  A C Q U ISIT IO N  O F A P O L E -JU M P IN G  A V O ID A N CE

R E S P O N S E

Male albino ra ts  were tre a ted  w ith  a single dose of pitressin, of ACTH/? 
1-24 as long-acting zinc phosphate prepara tion  and  a placebo. Seven days 
la te r th e  ra ts  were tra ined  in  a pole-jum ping avoidance situation  as described 
previously. A to ta l o f 6 acquisition sessions of 10 tria ls  each was given.

F igure 3 depicts the  learning curve of th e  ra ts. Acquisition of the  CAR 
was more rap id  in ra ts  p re trea ted  w ith p itressin  in  com parison w ith the 
ACTH/? 1-24 or p lacebo-pretreated  ra ts. I f  one com putes the  to ta l num ber 
of reinforced responses (RRs) required  to  reach a learning criterion of 24 
or m ore avoidances during 3 consecutive sessions significantly less R R s 
were observed in ra ts  p re trea ted  w ith  pitressin th an  in  those w ith ACTH 
1-24 or placebo. The to ta l num ber of CARs scored during criterion learn­
ing was also less in p itressin-pretreated  ra ts  indicating th a t  less tr ia l was 
necessary to  reach the  criterion (Table 3).

t a b l e  s

E ffect o f p itre ss in  an d  A CTH  p re tre a tm e n t on th e  acqu isition  o f a  po le -jum p ing
cond itioned  avo idance  response

Pretreatment No. of 
rats CARS RRs

Pitressin 8 27-2 ±  1-9*' ** 15-2 ±  0-6**
ACTH ß 1-24 8 31-2 ±  1-4 20-8 ±  2-7
Placebo 8 32-5 ±  2-2 20-0 ±  1-4

* M ean +  S. E. 
** p  <  0-05.

These experim ents suggest th a t  the influence of pitressin  m ay appear 
w ithout any specific connection w ith the  given situation . Therefore, the 
effect of p itressin  m ay be regarded as an  unspecific enhancing influence on 
the  fixation of avoidance responses.
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G E N E R A L  C O N C LU SIO N S

P resen t experim ents indicate th a t  vasopressin of posterior p itu ita ry  
origin lias a long-term , while ACTH or ACTH-like peptides bear a relatively 
short-term  influence on th e  response perform ance in  avoidance situation . 
I f  a response is learned under th e  influence of vasopressin the  avoidance 
task  appears unextinguishable and significant re ten tion  occurs in  spite of 
th e  m assive extinction procedure. These observations m ay indicate th a t  
vasopressin affects those processes which are involved in th e  form ation of 
long-term  m em ory storage.T he fact th a t  pitressin  p re trea tm en t m ay enhance 
learning w ithout the presence of vasopressin suggests th a t  the  peptide m ay 
even prepare certain  CNS m echanisms involved in  avoidance learning. 
ACTH-like peptides, on the  o ther hand, are effective only during the  adm in­
istra tion  and  their cen tral nervous influence presum ably involves sh o rt­
term  m em ory processes.

Since it is well known th a t em otional stresses like avoidance conditioning 
resu lt in  a release of vasopressin from th e  posterior p itu ita ry  th e  influence 
of th e  peptide on the  fixation of the  m em ory m ay be of physiological signif­
icance. However, the  com plexity of horm onal conditioning of CNS processes 
m ay involve counteracting influences as well. Thus, i t  has been observed 
th a t  corticosteroids which are secreted in high am ounts in stressful situations 
m ay inh ib it short-term  and  long-term  m em orization. This dynam ic character 
of horm onal conditioning m ay assure a very  large scale of behavioural 
responsiveness of the  ind ividual living beings.
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DISCUSSION

J . Sz é k e l y : H ow do th ese  ag en ts  influence th e  process o f  acq u is itio n ?
B. Bo h u s : We have already described th a t ACTH has only slight, if any, 

enhancing effect on the  acquisition of an avoidance response. P itressin 
had  no effect on the  ra te  of acquisition in  a shuttle-box avoidance task  bu t 
the  num ber of “ non-learner” ra ts  was regularly higher th a n  in groups of 
un trea ted  anim als.

G. H o r n : H av e  you s tu d ie d  th e  effect o f  h y p o p h y sec to m v  on e x tin c tio n ?  
I f  p itre ss in  p ro m o tes  fixa tion , one m ig h t expec t lea rn ing  to  be adverse ly  
a ffec ted  b v  th is  o p era tio n . Is  th e re  a n y  ev idence on th is  p o in t?

B. Bo h u s : There is evidence presented by de W ied th a t posterior lobec­
tom y while leaving acquisition unaffected results in a failure of resistance 
to  extinction.

J . A. IB rAL: Have you conducted experim ents to  determ ine if  th e  effect of 
pitressin  in increasing resistance to  extinction is specific to  the  avoidance 
response which is learned, or is it perhaps due to  an increase in fear of 
the  CS. For exam ple, have you tested  the  anim als in an open field and  
m easured the  am oun t of freezing behaviour which occurs?

B. B o h u s : Open-field ac tiv ity  of p itressin-treated  ra ts  is decreased in all 
th e  behavioural scores b u t the  ra ts  did not seem to  freeze in th is situation . 
On the  basis of o ther studies w ith ACTH or corticosteroids it does not seem 
reasonable to  suggest th a t  pitressin  sim ply increased the  fear-level in 
avoidance situation .

G. U n g a r : H ave you tried  to  do sim ilar experim ents with positive re in­
forcem ent, th a t  is, by rew arding th e  anim als ra th e r th a n  punishing them . 
This would elim inate the factor of fear, which a t present seems to  be com ­
mon to  all these experim ents?

B. B o h u s : Several observations have been m ade in our laboratory  on 
higher m am m als suggesting the  influence of p itu itary -ad renal horm ones on 
different rew arded behavioural responses. However, from the  physiological 
po in t of view it  seems reasonable to  stu d y  the  effect of these horm ones on 
behaviour because they  are indeed released endogenously in fearful s itu ­
ation.
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R EC EN T LEA R N IN G  DEM ONSTRATIONS 
AND SOME BIOCHEM ICAL CORRELATES 

IN PL A N A R ]ANS AND PROTOZOANS*

by
W . C. Co rning

D e p a rtm e n t o f P sychology , U n iv e rs ity  o f  W aterloo , O n tario , C anada

INTRODUC TION

Several in v erteb ra te  preparations have come to  occupy po ten tially  signif­
ican t places in certain  areas of biopsvehological research. The stra tegy  
behind their use is s tra ig h tfo rw ard —given the  enormous com plexity of 
th e  v erteb ra te  brain, easier solutions m ight be a tta in ed  w ith  sim pler system s. 
The logic is clear enough, and there are m any parallels in o ther areas of 
biological research to  provide hope of success. In  the  neurosciences, the  
squid axon, crustacean s tre tch  receptor, snail nerve-m uscle p reparation , 
Lim ulus  la teral eye, and  m any o ther system s have provided us w ith m uch 
of our basic d a ta  and  concepts. Do we have equally fru itfu l preparations 
being developed in research on m em ory mechanisms ?

In  the  tim e perm itted  I  will n o t have th e  opportun ity  to  review all p rep ­
arations of possible value and  will therefore em phasize m y own research 
on p lanarians and  some re la ted  research of others on protozoans. This bias 
is not in tended  to  slight o ther simple system s being used in m em ory re ­
search. Several reviews are available th a t  cover a broader spectrum  (Bullock 
and  Q uarten , 1966; Corning, 1968; Corning and  R atner, 1967; Eisenstein, 
in press; K andel and  Spencer, 1968; K ennedy, 1967; McConnell, 1966; 
Thorpe and  D avenport, 1965; W iersm a, 1967). In  th e  case o f bo th  p lana­
rians and  protozoans the  research findings have engendered considerable 
controversy. There seems to  be little  disagreem ent concerning the  relevance 
of certain  studies in research on th e  biology of m em ory providing  i t  can be 
agreed th a t  learning has indeed been achieved a t  these phylogenetic levels. 
The problem  is fu rth e r com plicated by certain  definitional difficulties over 
w hat we m ean by  “ learning” . F or example, in  a sum m ary of a conference 
reviewing the  application of simple system s in m em ory research, Bullock 
and  Q uarton (1966) w rite th a t  “ the  psychologists appeared to  agree th a t  
th ey  disagree; there  are m any definitions, b u t none has become canon 
(}). 206)” . This perennial debate creates problem s when a ttem p tin g  to  con­
vince scientists th a t  th e  lowly flatworm  learns, particu larly  when m uch of 
our experim ental operations and d a ta  are based upon investigations of ra ts  
in surrealistic environs. However, in spite of disagreem ents over definitions 
I  believe i t  is possible to  construct a  case for th e  existence of w hat would 
generally be considered “ learning” by m ost behavioural scientists in bo th  
protozoans and  flatworms.

* Some o f th e  a u th o r ’s research  review ed in  th is  p a p e r  h as  been su p p o rted  by  g ra n ts  
from  th e  N a tio n a l A eronau tics an d  Space A d m in is tra tio n  (NSG 475; N G R  33-01 2-009).
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P L A N A R IA N  L E A R N IN G ?

The controversy over whether planarians can learn has been dealt with 
in considerable detail elsewhere (Corning and Ratner, 1967; Corning and 
Riccio, I960; Jacobson, 1965; Jensen, 1965; McConnell, 1965, 1966). The 
major arguments of the critics have revolved around two points:

1. There is the possibility that in the light-shock classical conditioning 
paradigm first reported by Thompson and McConnell (1955), planarians are 
being sensitized to light (CS) by the shock (US) and that the response 
enhancement to light is not due to learning.

2. There have been attempts to replicate basic planarian findings such 
as classical conditioning, maze learning, retention after regeneration, and 
cannibalistic transfer, that have either failed to repeat the original results 
or have uncovered confounding factors that offer equally feasible explana­
tions of the various findings.

With respect to the first point, it has recently been shown that most of 
the serious criticisms regarding the possibility of sensitization have been 
answered (Corning and Riccio, 1969). For example, Jacobson (Jacobson, 
1967; Jacobson et al., 1967) has demonstrated that neither random nor 
backward presentation of the CS and US will produce the kind of response 
modification obtained with an orthodox CS-US pairing. Furthermore, 
Jacobson has also shown tha t differential conditioning is possible, i.e., that 
the response enhancement to light is stimulus-specific and is not the result 
of a generalized sensitization of the organism. These findings, along with 
those demonstrating operant conditioning (Best, 1965; Crawford and Skeen, 
1967; Lee, 1963), maze learning (Best and Rubinstein, 1962; Humpheries 
and McConnell, 1964; Wells, 1967) and instrumental avoidance (Ragland 
and Ragland, 1965) should be most convincing to those willing to be objec­
tive about the existing literature.

As for th e  second poin t, the  failure to  replicate, we have previously no ted  
th a t  in  no case has th ere  been a serious effort to  duplicate any  particu lar 
stu d y  (Corning and  Riccio, 1969). D eviations have involved species, shock 
source, tra in ing  containers, housing conditions, response measures, tria l 
sequences, and  culture m edium. In  some cases i t  appears th a t  th e  experi­
m ental design was arranged  so th a t  a “ failure to  rep licate” was inevitable. 
In  a ttem p tin g  to  replicate some of our early work on re ten tion  a f te r  regen­
eration  and  the  effects of ribonuclease on reten tion , Brown (1964, 1967) 
used a different species, a more intense light source, a different shock source, 
a  different learning criterion, and  th en  used a m ethod  of a lte rn a tin g  anodal 
an d  cathodal tria ls th a t  others (Barnes and  K atzung , 1963) h ad  shown would 
n o t lead to  conditioning. Brown has also found th a t  a fte r regeneration, 
an terio r portions are more sensitive to  light th an  posterior portions a t  low 
ligh t intensities, b u t a t  higher intensities, th ey  displayed equal sensitivity . 
These observations were used to  explain th e  equal re ten tion  shown by a n te ­
rior and  posterior regenerates in the  original McConnell work where high 
in tensities were involved (McConnell e t al., 1959), and  the  differentia]
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sensitiv ity  ob tained  by Corn­
ing and  Jo h n  (1961) in tra ined  
regenerates th a t  had  been 
in  ribonuclease and were ex­
posed to  a low in ten sity  source.
B row n’s com m ents ignore 
the  fact th a t  in  th e  Corning 
an d  Jo h n  study, regeneration 
controls were used th a t  showed 
the light sensitiv ity  in  an terior 
an d  posterior halves to  be 
equal.

In  subsequent research we 
have dem onstrated  th a t  a n te ­
rior and  posterior regenerates 
display equal re ten tion  of a 
righ t-left maze discrim ination 
hab it (Corning, 1966). In  this 
s itu a tio n  no light was involved 
in the  task , indicating th a t  the 
re ten tion  a fte r regeneration 
phenom enon is no t peculiar to  
light-associated train ing  situ ­
ations. A sum m ary of these 
investigations is p resented in 
Fig. 1. We have also begun an 
analysis of specific factors th a t  
m ay be producing the  discre­
pancies between laboratories.
One factor critical in deter­
mining light sensitivity is the 
slime deposited by planarians
as th ey  crawl about. We have found th a t  in our cultures of Dugesia doroto- 
cephala, light reac tiv ity  is alm ost halved by  th e  presence of slime (Riccio 
and  Corning, 1969). We have also shown th a t  planarians will prefer the  
slim ed portions of th e ir environm ent when environm ental conditions are 
adversive. These studies are sum m arized in  Table 1 and  in Figs 2 and  3.

In  researcli carried out in collaboration w ith  Dr. Simon Freed a t  Brook-

F ig . 1. A verage p e r  cen t co rrec t response p e r­
fo rm an ce  o f p lan a rian s  in  a  “ T ” m aze . A ll Ss 
w ere first g iven  10 p reference te s ts  (P) in  th e  
m aze . G roup  I  su b jec ts  w ere tra in e d  to  a  c ri­
te r io n  of 9 o u t o f 10 choices o f th e  a rm  opposite  
to  t h a t  se lected  d u ring  th e  preference  te s ts . 
G roup  11 su b jec ts  w ere p e rm itte d  to  ta k e  e ith e r 
a rm  to  escape th e  m aze. G roup  I I I  co n ta in ed  
new ly  regen era ted  su b jec ts  th a t  w ere tra in e d  
to  crite rion . I t can  be seen th a t  th e  reg en er­
a te s  o f G roup I  d em o n s tra ted  re te n tio n  o f th e  
h a b it  d u rin g  th e ir  p o st-reg en era tio n  p reference 
te s ts  an d  d u rin g  re tra in in g . T he scores o f th e  
a n te r io r  an d  p o ste rio r regenera tes  w ere th e  
sam e and  a re  com bined  in  th is  figure (from  

C orning, 1966).

haven  N ational Laboratories, one of our in itia l concerns was th e  develop­
m ent of train ing  appara tus and  techniques th a t  would ensure stable con­
d itions for all subjects and  would obviate or considerably reduce the  possi­
b ility  of sensitization accounting for any response modifications. We were 
in terested  in  obtaining inform ation concerning the  effects of train ing  tre a t­
m ents on the  biochem istry of p lanarians. This in te rest stem m ed from  the 
finding th a t  in terference w ith RNA during regeneration can affect re ten tion  
(Corning and  John , 1961) and  th a t a “ tran sfe r” of m em ory can be effected 
by  injecting the  R N A  obtained  from  tra ined  anim als in to  naive anim als 
(John, 1964; McConnell, 1962; Zelman et al., 1963). In  Fig. 4 is the design
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TABLE 1

A verage p e r cen t response to  lig h t p e r  20 -tria l session u n d e r slim ed an d  non-slim ed 
cond itions fo r large an d  sm all su b jec ts

Subject Slimeno.

irge Ss Group IA 1 11-5 3(3-5
(20—28 mm) 2 15-0 38-0

3 11-5 15-0
4 11-5 lt>-5
5 13-5 23-5
6 8-5 33-5
7 18-0 31-5
S 13-0 20-0

.r =  12-8 x  =  26-8

Group IC 1 30-0 40-0
2 17-5 20-0
3 22-5 80-0
4 15-0 30-0
5 10-0 5-0
(3 35-0 42-5

x  =  21-7 x  =  3 f I - 3

nail Ss Group IB  1 18-0 50-0
(9—13 mm) 2 20-0 (30-0

3 28-5 5(3-5
4 43-5 65-0
5 10-0 33-5
is 20-0 38-0
7 2(i-5 30-0
8 16-5 23-0

x  =  22-9 x  =  44-5

Group II) 1 27-5 55-0
2 40.0 47.5
3 20-0 80-0
4 50-0 45-0
5 30-0 42-5
6 25-0 92-5

x  =  32-1 x  — (30-4

1 0 4



Fig. 2. Slim e p references in  planari- 
ans. G roup  I I  an im als received  slim e 
p reference te s t  u n d e r no rm al con ­
d itions; G roup  I I I  rep resen ts  th e  pre- 
frences ex h ib ited  by  su b jec ts  exposed 
to  p H  o f 5-7 an d  8-3, an d  U V  ligh t. 
E ach  circle rep resen ts  th e  to ta l  tim e  
sp en t on  th e  slim ed side in  a  900 se­
cond te s t  period. O pen circles: 450 
seconds or less on slim ed side; solid 
circles: 451 seconds o r m ore  on slim ed 

side (R iccio an d  C orning, 1969).

Group
o
o •

o o •  •
o o •  • •
o o o o •  • •  •

o o o o o •  • •  •
o o o o o o o •  • •  • •
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•  • •
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I M I I M  ? ? ? ? ...................................

5- gsgs§sss§s§ §§§§|g§s§sgggin • I • I 1 • • I • I I I I I I t I I I I I I I 
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Fig. 3. Slim e p references u n d e r  
th re e  adverse  cond itions. G roup 
IIIA : I> 11 of 8-3; G roup  I I IB :  p H  
o f 5-7; G roup  I I IC : U V  lig h t (R ic­
cio an d  Corning, 1969).

105



Electrodes

Porous clay 
"container

Subjects

Electrodes

lop view

of the  container used to  classically 
condition p lanarians w ith  light (CS) 
and  shock (US). This tvj)e of con­
ta iner has several advantages: (X) I t  
perm its several anim als to  be tra ined  
a t the sam e tim e, (ii) The porous 
clay ring prevents anim als from  
clim bing on th e  electrodes and  yet 
does not im pede curren t flow, (in) 
By keeping the  anim als in a cen tral 
position a more uniform  exposure to  
the  light and  shock stim ulation  is 
achieved, (iv) B y random ly a lte rn a­
ting  the voltage drop between elec­
trode pairs th e  subjects are p rev en t­
ed from  assum ing an orien ta tion  
in  th e  field th a t  would allow them  
to  receive a less th an  adequate 
shock. W ith the  circuit schem atized 

in Fig. 5 we were able to  deliver experim ental and  control trea tm en ts  to  
several bowls a t the sam e tim e. W ith the  sim ultaneous p resen tation  of con-

Pyrex
dish
Water
level

Electrodes

Electrode
holder

Porous clay 
"container

Side view

F ig . 4. A  co n ta in e r fo r m ass cond ition ing  
p lan a rian s  using light as a  CS an d  shock 
as a  U S (Corning and  F reed , 1968; F reed , 

1966).

FigS 5. Schem e o f c ircu itry  used to  contro l ex p erim en ta l tre a tm e n ts  
in  m ass tra in in g  a p p a ra tu s  (F reed, 1966).
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Light (naive) 
n

Light (trained)

a* (?) Ú
Light 1------------ 1-------------h-----------H u _ Violent

Head waving head waving turn (u) traction

Shock 1-----------1
Shock (naive) Shock (trained)

Seconds I-----
0 1 * s 0 t> o

o) w
F ig . 0. (a) D u ra tio n  and  re la tio n sh ip  of lieh t and  shock s tim u li iused to  classically
conditioned p lan a rian s . (6) T ypes of responses to  lig h t anc 1 shock obs(;■rved in  p lan a rian s

ditions to  all subjects of th e  stu d y  we avoided biochem ical and  behavioural 
variations due to  d iu rnal factors, tem peratu re  shifts, experim enter changes, 
etc., and  we were able to  run groups sufficiently large for adequate sta tis tica l 
analyses.

To assess the  efficacy of this ap p ara tu s  in  th e  conditioning of p lanarians 
th ree  groups of 10 D ugesia  tigrina  each were presented the  following tre a t­
m ents :

Group L S  was classically conditioned by pairing light (CS) w ith  shock 
(US). E ach  tria l consisted of 3 sec of light overlapping w ith  1 sec of shock 
as shown in Fig. 6. A to ta l of 480 such pairings was presented.

Group LO  was given 480 tria ls of light alone.
Group R S L  was a sensitization control and  was presented the  same am ount 

o f light and  shock stim ulation  in any one session as Group LS b u t th e  light 
an d  shock were never paired. The tim e between any  tw o consecutive stim uli 
varied  from  5 to  80 sec. On the  average, there were two stim uli each m inute.

E xperim ental sessions consisted of tw o 20-trial periods per day  w ith  the  
second period beginning 4 hours a f te r  the  first. The in te rv a l between tria ls 
was approxim ately  1 min. F or th e  first th ree  days all groups were hab i­
tu a te d  to  th e  light stim ulus in  order to  reduce th e  innate  reac tiv ity  to  light. 
E ach  day  during th e  h ab itua tion  period th e  groups were given tw o 20-trial 
periods of light alone. All trea tm en ts  were adm inistered w ith  th e  tra in ing  
containers housed separately  in  1 of 12 com partm ents of a cupboard. "lire 
cupboard was light-proof and  was bolted  to  th e  wall to  minim ize vibrations.

A t specific stages during th e  experim ental trea tm en ts, 6 subjects were 
random ly selected from  each group and  given th e ir particu la r tr ia l condi­
tions individually  in  the  train ing  container. D uring these te s t tria ls  th e  sub­
jects’ reactions to  ligh t were recorded. Three response classifications were 
used: A head waving (“ t” ); a head tu rn ing  (“ «” ); and  a  contraction (“ c” ). 
These responses are depicted  in Fig. 6. The stages selected for sam pling 
were: a fte r hab ituation  to  light, and  a fte r 40, 100, 240, 320, 400, 440 and  
480 trials.

The frequency and  types of responses to  light th a t  were recorded are 
sum m arized in Table 2 and  th e  average per cent response over th e  tria l
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TABLE 2

F req u en cy  a n d  ty p es  o f responses to  ligh t in  p lanarians*

Group LS Group LO Group RSL

/ u « t u c t u <•

H abituation 13 2 0 | 14 2 2 12 7 2
40 trials 14 7 I 2 15 2 5 28 3 5

160 trials 28 9 5 9 | 2  , 2 18 6 i
240 trials 29 19 4 4 3 ! i 27 9 7
320 trials 32 16 4 1 1 1 2 20 4 2
400 trials 43 22 11 6 3 2 12 5 2
440 trials 64 30 12 10 3 1 12 2 ! 4
480 trials 51 32 21 10 1 1 1 24 1 3

Totals 274 137 59 79 17 16 153 37
1

32

* D a ta  based on 20 te s t tr ia ls  g iven each o f six  Ss rem oved  from  each  g roup  a t  
th e  v arious stages.

trea tm en ts  are shown in Fig. 7. I t  can readily  he seen th a t  th e  paired pres­
en tation  of light and shock produced a light-responsivitv th a t  was m arkedly  
higher in  the  la te r tra in ing  stages th an  the  response levels observed in  bo th  
th e  sensitization control (Group RSL) and  the  light controls (LO).

These results coincide nicely w ith the  findings of Jacobson’s group 
(Jacobson et al., 1966) and  satisfied us th a t the appara tus and  techniques 
we had developed for the  mass train ing  o f planarians did n o t “sensitize” 
anim als and  were an  efficient way of tra in ing  large num bers of anim als a t

Fig. 7. A verage per cen t response to  lig h t in  tra in ed  
and  contro l g roups. See te x t  fo r ex p lan a tio n  (Corning 

and  F reed , 1968).



Fig. 8. T o ta l (b roken  lines) and  valid  (solid lines) responses to  light in  6 w orm s 
d u ring  classical condition ing . T he v e rtica l line a t 100 tr ia ls  m a rk s  th e  end ol th e  
p re - tra in in g  h a b itu a tio n  to  ligh t. T he in te rv a l be tw een  th e  v e rtic a l lines a t  
380 a n d  400 tr ia ls  w as 39 days. T he d rop  in  perfo rm ance o f su b jec t d a t  320 

tr ia ls  w as due to  fissioning (F reed , 1906).

one tim e. Claudia Ferguson, working in Freed’s laboratory  a t B rookhaven, 
has ob ta ined  evidence th a t anim als tra ined  in  this appara tus will dem on­
s tra te  long-term  reten tion  (Freed, 1966); a fte r 39 days her subjects were 
still a t  a high level of responsiveness, additional evidence th a t “sensitiza­
tio n ” is the  least likely explanation (Fig. 8).

PR O T O Z O A N  L E A R N IN G : R E C E N T  E V ID E N C E

Prom inent in the  recent h isto ry  o f research on protozoan learning is the 
G elber-Jensen debate over w hether param ecia can acquire an association 
betw een a wire and  food. Gelber (1952) had outlined procedures which at
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first seemed to  provide convincing evidence th a t  Paramecium aurelia was 
capable of learning to  approach a wire to  ob tain  food (Aerobacter aerogenes) 
th a t  was coated on the  wire. Basically, the  train ing  procedure was to  p res­
ent th e  food-coated wire for a certain  num ber of tria ls and  count the  num ­
ber of anim als th a t  approached the  wire. In  a final test, a bare wire lowered 
in to  th e  cu lture was found to  elicit a g reater num ber of a ttach m en ts when 
com pared to  control cultures th a t  had  been exposed to  a wire w ithou t food. 
The in te rp re ta tio n  of these findings was disputed  by Jensen (1957a, 6) who 
believed th a t “ learning” had  no t been dem onstra ted  conclusively and  th a t  
o ther in te rp re ta tio n s were equally likely. Jen sen ’s m ajor points were th a t  
th e  repeated  dipping of a wire coated w ith bac teria  will produce a bacteria- 
rich area, th a t  param ecia will be a ttra c ted  to  th is area, and  th a t  th e  pres­
ence of bacteria will increase a ttach m en t resjionses in param ecia. Thus, 
th e  creation of a food-rich zone accounted for the increased num ber of an i­
mals a t  the  place where th e  wire was d ipped  ra th e r th an  any  “ association” 
betw een wire and  food. I f  Jen sen ’s in te rp re ta tions are correct, th en  th e  
hom ogenization of the culture fluid prior to  the  final te s t w ith  a bare wire 
should provide a critical test. K a tz  and  D eterline (1958) perform ed th is test 
and observed th a t  the  approach response to  the wire in “ tra in ed ” cultures 
disajjpeared.

The criticism s of Jensen and  the  findings of K a tz  and  Deterline would 
ap p ear to  have settled  the  issue of approach learning in param ecia, b u t su b ­
sequent research of Gelber has kep t viable the possibility o f conditioning 
in her cultures (Gelber, 1954, 1956a, b, 1957, 1958a, 6, 1962a, b, 1965; Gelber 
and  R asch, 1956). In  a rep ly  to  Jensen, Gelber (1957) points out th a t  (i ) wire- 
clinging will occur when food reinforcem ent is placed elsewhere in the  cul­
tu re  drop; (i i ) th e  frequency of exposure of the  wire-food com bination is 
m ore critical th an  am ount of food; (in) in all experim ents th e  culture fluid 
was stirred  before th e  final te s t; (iv) param ecia do not necessarily approach 
a bacteria-rich  area; and  (v) th a t  in his own experim ents, Jensen  utilized 
an  excessively high concentration  of bacteria. Furtherm ore, Gelber has 
dem onstrated  in  la te r experim ents th a t  cultures placed in a clean medium  
prior to  testing  still re ta in  th e  learned behaviour (1965), the  response 
undergoes extinction  (19586), there  is re ten tion  for up to  3 hours (1958a, 
19626, 1965), and  th a t  th e  acquired  response is transferred  to  d augh ter cells 
(1965). These findings are im pressive, and  providing th a t  food-induced 
thigm otropism  can be ru led  ou t as a confounding variable,* an  in te rp re ta ­
tion  of “ learning” is certain ly  tenable.

R ecent investigations a ttem p tin g  to  show avoidance conditioning in 
protozoans have also been controversial. Both Best (1954) and  M irsky and  
K a tz  (1958) were unable to  confirm  th a t  th e  earlier procedures of B ram stedt 
(1939) had  unequivocally produced avoidance learning in  param ecia. 
B ram sted t’s procedures were to  expose one-half o f a well to  light an d  heat 
while keeping th e  o ther h a lf darkened  and  cooled. He observed th a t  the 
param ecia would avoid the  lighted h a lf and  th a t  th is avoidance persisted

* K a tz  an d  D eterlin e  (1958) p laced  food in th e  cu ltu re  d ish  of one o f  th e ir  contro l 
g roups (IV) an d  found  th a t  th e  incidence o f w ire app ro ach  rose.
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even when the  tem peratu re  of the  tw o halves was equalized. B est (1954) 
found th a t  heat will induce a light-avoidance independently  of its  associa­
tion  w ith  light, and  M irsky and  K a tz  (1958) were unable to  ob tain  a light 
avoidance either th rough  the conditioning procedures of B ram sted t or 
th rough  the  modification of presum ed environm ental factors.

F o rtunate ly , past difficulties in obtaining evidence for conditioning in 
protozoans has not discouraged fu rth e r a ttem p ts. Sten Bergström  (1968a, b, 
1969) has obtained evidence th a t strongly suggests avoidance learning in the  
ciliate Tetrahymena. Bergstrom  exposed one group (Group E) to  paired 
light-shock trials, a second and  th ird  group to  shock alone (Group S) and 
light alone (Group L), and  used a fou rth  group as a base control (Group N). 
D uring testing  sessions, when all groups had  access to  lighted and  darkened 
areas of a  te s t cham ber, he found th a t Group E  subjects spent less tim e in  
th e  lighted portions th a n  any  o ther group. D uring th e  15-m inute te s t 
period th e  proportion of Group E  anim als th a t  were in the  light dropped 
while th e  proportion of control subjects in the  light rose slightly  (Table 3).

T A B L E  3

P ro p o rtio n  of an im als in  lig h t a f te r  tra in in g  and  contro l tre a tm e n ts  
(from  B ergström , 1968a)

Time from 
start of test 
period (min)

(i roup B Group S Group L Group N

0 0 -2X 5 0 - 2 9 6

I

0 -3 0 2 0 -3 0 5

3 0 -2 5 3 0 - 2 9 8 0 - 3 0 3 0 - 3 1 2

0 0 -2 3 4 0 -3 0 4 0 -3 0 9 0 - 3 1 3

9 0 - 2 4 8 0 - 3 0 9 0 - 3 1 8 0 -3 1 9

12 0 -2 3 9 0-31  1 0 -3 2 6 0 - 3 3 3

1 1 -5 0 -2 4 3 0 -3 2 3 0 -3 2 1 0 -3 2 1

I f  hab ituation  is included in the category o f learned behaviour, then  there 
is more conclusive p roof th a t protozoans learn. H ab itua tion  in Stentor 
coeruleus was a tta in ed  bv H arden (1969) using mechnical stim ulation . The 
dish containing the culture was located over a speaker cone; ac tiva tion  of 
th e  cone w ith pulses produced a rap id  displacem ent of the dish and a con­
trac tion  of organism s a ttach ed  to  the  bo ttom . A cam era photographed  the  
Ss just a f te r  a stim ulus presentation. F our of H ard en ’s groups provided 
a convincing dem onstration of hab ituation :

Group A  Ss c o n s titu te d  a  base line co n tro l: N o s tim u la tio n  w as g iven  th e  Ss and  
p h o to g rap h s  w ere m ad e  a t  1 m in  in te rv a ls .

Group B  w as g iven  30 s tim u li w ith  an  in te r- tr ia l in te rv a l o f  60 sec. O ne m in u te  
a f te r  th e  final s tim u lu s th e  g roup  w as exposed to  a  flash o f lig h t in o rd e r to  te s t for 
general fa tigue , i.e ., i f  th e  reponse  d im in u tio n  w as due  to  fa tigue , th en  th e re  should  
be no reac tio n  to  lig h t as well as th e  m echan ica l s tim u lus.

Group C  w as ru n  for 9 successive d ay s  w ith  30 tr ia ls  p e r  d ay  to  te s t fo r re te n tio n  
a f te r  a  24-hour period.

Group D  an im als w ere g iven 4 ru n s  o f 30 s tim u li each w ith  1 h o u r betw een  each 
ru n . T his g roup  gave a n  e s tim a te  of short te rm  re ten tio n .
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The results p resented in Fig. 9 indicate th a t  with repeated  m echanical stim u­
lation, the  responsivity  of Stentor dropped over a 30-trial run. In  Group B, 
stim ulation  of the  Ss in ano ther m odality  dem onstrated  th a t the  response 
cessation was no t due to  fatigue; a flash of light still elicited contractions 
in anim als th a t  had been hab itu a ted  to  m echanical stim ulation. The h ab itu ­
ation  curve for Group C was alm ost identical to  th a t  of Group A. This 
curve represents the  responses recorded on the  9th  day  of hab ituation  and  
indicates th a t  there is little  re ten tion  from day to  day. The d a ta  o f Group D 
would, however, indicate re ten tion  a fte r 1 hour. The curve o f Fig. 9 repres­
ents the  per cent contraction recorded on the  4th  run, 1 hour a fte r the  
previous 30-trial session. I t  can be seen th a t the  base ra te  of response was 
achieved m uch sooner in this group. O ther groups used by H arden  ru led  
ou t a lternative  explanations such as the accum ulation of toxic substances 
in th e  culture medium.

Applew hite and  Morowitz (1966) have also had success in  h ab itua ting  
a protozoan (Spirostomum) to  m echanical stim ulation. In  Table 4a are the 
results of an  earlier experim ent where it was found th a t w ith  strong s tim u ­
lation, there was some re ten tion  of the  h ab ituated  response for 60 sec a fte r 
criterion had been achieved. Criterion for hab ituation  in these experim ents 
was no response for tw o successive stim ulations. The observation th a t  
Spirostomum  re tu rns to  p re-hab ituation  levels a fte r several m inutes elim ­
inates in ju ry  as an explanation for the  response dim inution. Fatigue can 
also be excluded because th e  h ab itu a ted  subjects can still con tract to  more 
intense stim uli and  to  different stim uli such as electrical shock or UV 
(Applewhite et al., 1969). O ther studies in A pplew hite’s laborato ry  have 
dem onstrated  phenom ena sim ilar to  th a t obtained in m ulticellular organisms.

Fig. 9. C o n trac tio n  responses o f Stentor (H arden , 1969). 
See te x t fo r descrip tion  o f groups. T he “ te s t” a t  th e  
com pletion  o f h a b itu a tio n  fo r G roup  B w as a  flash o f light.



TABLE 4

H ab itu a tio n  an d  associa ted  ph en o m en a  in Spirostom um  

(a) H a b itu a tio n  w ith  w eak  an d  s tro n g  stim u li (A pplew hite and  M orowitz,1966)

Weak stimuli Strong stimuli

In itia l trials to  habituation 
R etention 15 sec 
R etention 60 sec

3-6 ±  1-6 
1-6 ±  0-8 
3-2 ±  11

10-0 ±  3-6 
3-1 ±  2-0 
7-4 ±  2-2

Whole Ss
Naive anterior sections 
Naive posterior sections 
H abituated  anterior sections 
H abituated  posterior sections

9 -0  ±  (3-9 

7 -0  ±  4 -1

eh; ± 6 -1  —
3-1  ±  2 -9  

3 -6  ±  3-1

(c) R N A  tu rn o v e r  d u rin g  h a b itu a tio n  (A pplew hite an d  G ardner, 1968)

Stimulus % Ss
contracting

CPM in 
habituated Ss

CPM in
habituated controls

1 65 ±  9 7 920 ±  920 8 160 ±  938
20 42 ±  8 9 140 ±  950 8 053 ±  970*
50

R etention test
22 ±  6 12 676 ±  1378 12 634 ±  1300

4 m in later 69 ±  8 26 036 ±  2040 27 730 ±  1981

(d) P ro te in  tu rn o v e r changes d u ring  h a b itu a tio n  (A pplew hite e t a l., 1969)

Stim ulus CPM in CPM in
hab itua ted  Ss control Ss

|

2 0 11 2 2 0 11 8 4 0

5 0 2 4  3 4 0 2 0  3 7 4 * *

* E x p e rim en ta l an d  con tro l g roups w ere sign ifican tly  d ifferen t (0-001) a f te r  20 
stim uli.

** E x p e rim en ta l and  con tro l g roups w ere sign ifican tly  d ifferen t (0-01) a f te r  50 
stim uli.

I f  hab itu a ted  anim als were cut in half and tested  15 sec later, i t  was found 
th a t  bo th  halves exhib ited  savings of th e  h ab itua tion  and  th a t  th e  degree 
o f savings was approxim ately  equal in  th e  tw o portions (Applewhite, 
1968a). R eten tion  in Spirostomum  can also be im proved by cooling th e  an i­
mals im m ediately a fte r criterion is reached (Applewhite, 1968&).
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(b) R e te n tio n  of h a b itu a tio n  a f te r  tran sec tio n  (A pplew hite, 1968)



B IO C H E M IC A L  C O R R E L A T E S  O F L E A R N IN G

W hile earlier investigations had  im plied a biochem ical basis for learning 
in  p lanarians (Corning and  John , 1961; McConnell et al., 1959), i t  was the  
dem onstration  o f w hat appeared  to  be a cannibalistic tran sfer o f m em ory 
th a t  m arkedly  aroused in terest in  th e  p lanarian  as a prepara tion  for re ­
search on m em ory mechanisms. This discovery also led to  a proliferation of 
transfer studies in  a wide varie ty  of anim als including crabs, fish, ra ts  and  
starfish. In  p lanarians it  was found th a t this transfer effect could be ob­
ta ined  w ith a fraction containing RNA (Zelman et ah, 1963). I t  rem ained to 
be determ ined w hether there was ac tua lly  a  change in p lanarian  nucleic 
acids during train ing . Dr. Simon Freed and  I  decided to  exam ine th e  effects 
o f classical conditioning on planarian  nucleic acid q u an tity  an d  turnover.

In  order to  gain a more complete p ictu re of w hat nucleic acid changes 
accom panied th e  developm ent of a conditioned response, we perform ed 
whole-body analyses of worms a t  several stages of train ing: a f te r  they  
had  been h ab itu a ted  to  light, and  a fte r 160, 340 and  460 tra in ing  trials. 
W e perform ed whole-body analyses because bo th  th e  cannibalistic transfer 
studies an d  re ten tion  a f te r  regeneration studies ind icated  a non-local 
storage of inform ation in the  p lanarian . Two groups o f Dugesia tigrina  were 
used: Group I  received th e  paired  light-shock classical conditioning tre a t­
m ent and  Group I I  was presented w ith  random  light and  shock. .Because 
th e  Ss of Group I  began to  contract more frequen tly  as train ing  progressed 
(both to  the  light and  shock), th e  Ss of Group I I  were given an equivalent 
am ount of contraction  experience by tapp ing  th e ir dish an  appropriate  
num ber of tim es. E stim ates of nucleic acid tu rnover were ob tained  by using 
32P . Previous studies had shown th a t when radioactive inorganic phosphorus 
was placed in  the  culture m edium, there  was rap id  incorporation. E lec tro ­
phoretic and  chrom atographic separations established a nucleotide location 
o f th e  tracer in th e  nucleic acid fractions. E x trac tio n  procedures were based 
upon those described by Scott e t al. (1956). To keep exposure to  the  isotope 
a t  a m inim um , th e  Ss to  be loaded were no t placed in  a  32P  m edium  until 
3 days before each of th e  stages. S an d ies  containing 18-24 worms were 
rem oved from  each of th e  m ain groups and  placed in separate  bowls con­
ta in ing  32P  (20 /iC/ml o f pond w ater). D uring the  nex t th ree days, h a lf of 
each sam ple received its usual experim ental trea tm en ts  (A  samples), while 
th e  o ther h a lf was placed in the  tra in ing  bowls b u t received no stim ulation 
(B  samples). No 32P  was present in  the  w ater contained in the  tra in ing  bowls. 
A t th e  end of th e  3 days th e  sam ples were killed by  im m ersing them  in 
liquid nitrogen. The m ain groups and  the  sam ples received th e ir experi­
m ental trea tm en ts  sim ultaneously. F u rth e r procedural details have been 
presen ted  elsewhere (Corning and  Freed, 1968; Freed, 1966).

We found th a t  there  were no significant differences betw een groups w ith 
respect to  R N A  and  DNA quan tities and  for RN A /D N A  ratios. However, 
the  32P  d a ta  d id  yield in teresting differences betw een the  tra in ed  and  control 
groups. W hen RN A/DNA specific ac tiv ity  ra tios were calculated, th e  con­
ditioned Ss o f th e  A  sam ples showed significantly lower specific ac tiv ity  
ratios a t 160 and  340 tria l stages when com pared to  all o ther groups includ-
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ing the  conditioned B  samples. At th e  term inal stage (460 trials) the ratios 
of the  various sam ples were again sim ilar and  not significantly different 
from  those observed a t the  beginning of train ing. These d a ta  are sum m arized 
in Fig. 10.

These findings suggest th a t  th e  biochem ical consequences of different 
modes of stim ulus presen tation  (paired light-shock vs. random  light and  
shock) occur before there is any  d ram atic  behavioural change. They also 
show th a t the  changes in  specific ac tiv ity  ra tios produced by  paired  light 
and  shock are transien t, i.e. the  L S -B  samples did  no t dem onstrate  th e  
differentiation observed in the  A  samples. The im plications of these results 
will be discussed fu rther by my research colleague, D r. Simon Freed, in the  
ensuing discussion.

Analyses of single cells in tra in ed  and  pseudoconditioned planarians by 
H . H ydén, E . R . Jo h n  and  co-workers have failed to  yield any  signifi­
can t differences in R N A  base ratios. These analyses were m ade a t  the 
com pletion of train ing  and  did not include any  a ttem p t a t  estim ating 
tu rnover ra tes (E. R . John , personal com m unication). Craw ford’s group a t 
F lorida S ta te  have found some evidence th a t  tra in ing  produces differences 
in am ino acid con ten t (Crawford et al., 1965) b u t a follow-up study  failed 
to  replicate (King e t al., 1965).

Biochemical investigations in th e  protozoan Spirostomum  have yielded 
some in teresting  results, some of which correspond to  our p lanarian  research 
(Applewhite and  Davis, 1969; Applew hite and  G ardner, 1968; Applew hite 
et al., 1969a). E xam ination  o f th e  effects of various m etals (sodium, p o tas­
sium, calcium, magnesium, and  m anganese) on hab ituation  ind icated  th a t 
magnesium  and  m anganese im paired acquisition of hab ituation  b u t did  no t 
affect contractib ilitv . Subjects were also tagged w ith  3H -5-uridine in order

Fig. 10. R N A /D N A  specific a c tiv ity  ra tio s  a t  fou r 
stages o f cond ition ing  in  p lan a rian s . LS, g roups 
receiv ing  p a ired  lig h t an d  shock; R S L , groups 
receiv ing  ran d o m  lig h t an d  shock. T he A  sam ples 
w ere p resen ted  th e ir  u sua l s tim u lu s  cond itions 
d u rin g  th e  iso tope load ing  period  w hile th e  B  
sam ples w ere n o t (C orning and  F reed , 1968;

F reed , 1966).
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to  investigate R N A  tu rnover during hab ituation . These studies are sum ­
m arized in Table 4c. I t  can be seen th a t the experim ental and  control 
sam ples rem oved a fte r 20 stim uli displayed significant differences in radio­
ac tiv ity . However, a fte r 50 stim uli and  a t  4 m inutes a fte r the  last stim ulus 
the  experim ental and  control sam ples were the same. As in our p lanarian  
work, these findings indicate th a t R N A  tu rnover changes precede any  overt 
behavioural change. P ro te in  tu rnover changes were found to  occur a t a 
different po in t in hab ituation  (Applewhite et al., 1969«). W hereas the  R N A  
changes occurred early in habituation , protein tu rn o v er differences between 
experim ental and  control groups did  not occur un til the term inal stages 
(Table 4cl).

F u rth e r experim entation  has begun to  localize the  cellular s tructu res sub­
serving hab ituation  (Applewhite et al., 19696). Spirostomum  were cen tri­
fuged so th a t  th e  m acronuclei were displaced to  one end. They were th en  cut 
transversely, yielding a portion  th a t had  no m acronuclei and  30 per cent 
less protein. These portions could still be h ab ituated  and  would also dem on­
s tra te  re tention. I t  is speculated th a t the  infraciliature is probably the locus 
of habituation .

CO N C LU SIO N S

W ith  respect to  th e  biology of m em ory it appears th a t  research on p ro ­
tozoans and  p lanarians has been extrem ely fruitful. Aside from  th e  specific 
findings discussed in  th is paper, research on these organism s, especially 
protozoans, m ay force a restructu ring  of hypotheses abou t the  physiological 
bases of learning. I t  is clear th a t  learning is no t a capacity  restric ted  to  
verteb rates or even to  m ulticellular system s. This does n o t m ean th a t the  
physiological substrates are necessarily the  sam e for all anim als. A t present, 
m y own bias is tow ards assum ing th a t there are probably  certain  cellular 
strategies involved in  learning th a t are common to  all organisms, b u t th a t  
the  actual m olecular species m ay differ. For exam ple, adap tive  enzyme for­
m ation m ay be a common m echanism  underlying learning b u t th e  enzymes 
utilized and  th e  conditions regulating their production m ay vary  con­
siderably from  phylum  to  phylum . W ith this assum ption, m y in terest in 
in v erteb ra te  learning m echanisms has a t least a tem porary  justification.
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D ISC V SSI ON

J . A. D yal : I  would agree th a t  random  presentation  o f th e  CS and  th e  UCS 
is an ap p ropria te  control condition for any  sensitization effects which m ay 
be involved in the  classical conditioning of p lanarians. However, I  have 
never quite understood th e  logic of the  differential conditioning experim ent 
as a control for sensitization. I t  would seem possible th a t those people who 
would ap t for a sensitization in te rp re ta tio n  could argue th a t  th e  differential 
conditioning experim ent represents sensitization to  the  S+ and  hab ituation  
to  th e  S A How could you answer this argum ent?

\V. C. Co r n in g : By sensitization we m ean always an  unspecific phenom ­
enon. In  the  lite ra tu re  if  one speaks abou t sensitization, differentiation is 
excluded. The existence of differential conditioning is ju st the  appropria te  
te s t to  prove th a t  th e  unspecific sensitization has developed in to  a real 
learning process.





ENDOGENOUS BIOCHEM ICAL CHANGES D U RIN G  
CO NDITIONING PROCESSES

by

S. F r e e d

D ep a rtm en ts  o f B iochem istry  an d  N eurology 
N ew  Y ork  M edical College, I '.S .A .

The results of the  experim ents w ith p lanarians together with the  biochemical 
analysis given by Dr. Corning in  th e  previous discussion m ay be sum m arized 
in  the  com bined graphs of Fig. 1. More detail has been recently  published 
(Corning an d  Freed, 1968). The black triangles of the  u pper graph show 
th e  increased frequency w ith  which th e  planarians responded to  light a fte r 
th ey  had  been presented a sequence of paired  light and  shock stim uli. The 
black circles represent their responses to  light a fte r they  had been 
subjected to  random ly re la ted  stim uli of light and  shock of th e  sam e num ber 
and  in tensity  as in th e  paired  stim uli. In  th e  paired light-shock sequence 
the  p lanarians achieved an  efficiency of over 80 per cent in associating
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light w ith shook, while in the  random  light-shock sequence no tren d  occurred 
in the  strong responses to  light as the num ber o f tria ls was increased.

The lower portion of th e  graph shows w ith  increasing tria l num ber th e  
course of the ra tios of specific activities o f RNA to  the  specific ac tiv ity  
o fD N A .T h e  p lanarians had  been exposed to  radioactive inorganic phos­
phorus, 32P, in  th e ir am bient w ater th ree days before the  tra in ing  periods 
while, during train ing, th e  w ater contained only non-radioactive phos­
phorus. T urnover or synthesis of nucleic acids during train ing  w ould entail, 
then , a reduction in their specific activities.

I t  is to  be no ted  th a t  in th e  planarians being conditioned, the  ra tio  of 
R N A  sp. act./D N A  sp. ac t. has become less th an  the  original value as well 
as less th an  in  the  control g ro u p ; th a t  is, those exposed to  random ly re la ted  
light and  shock stim uli. R elative to  DNA sp. act., th e  R N A  sp. act. has 
become less, and  consequently a g reater synthesis of R N A  has occurred 
during conditioning (when th e  anim al was in  the  presence of non-radioactive 
phosphorus). The random  stim uli serving as control provided correction 
for any  facilitation of light responses because o f electrical stim ulation.

The differences in the  ra tios between th e  learning p lanarians and  th e  
control group a t 160 tria ls and a t 340 tria ls  is s tatistica lly  significant w ith p 
values less th an  0-01. On th e  o ther hand, i t  m ay be no ted  th a t a t 160 trials, 
th e  subjects have shown v irtually  no signs of learning and a t  320 trials, 
th e  conditioned behavioural change is scarcely beginning to  emerge, to  a 
degree below sta tis tica l significance.

Biochem ical changes clearly precede behavioural changes in conditioning. 
A t the  end of train ing  the ratios of the  specific activities of th e  successfully 
tra ined  anim als have reverted  back to  the  value a t  the beginning of the 
tra in ing  or of the  controls. T h at is, no fu rth e r change in ra tio  is required  
for the  m aintenance of the  elaborated  conditioned behaviour.

The th in  lines of th e  lower graph  represent the  biochem ical behaviour of 
the anim als which had  not been stim ulated  a t  the  given stage bu t had  been 
exposed to  32P  in their w ater in the ususal way. Their responses would 
represent persistence, if  any, of biosynthesis of nucleic acids induced by 
stim ulation  a t  the  previous stage. The fact th a t  th e ir ra tios of specific 
activ ities of the  nucleic acids were no t significantly different from  the 
corresponding ra tios of th e  control group indicates th a t  chemical changes 
induced by the  conditioning process disappear in a few days.

The average per cent deviations from  worm to  worm in th e  m agnitude 
of RNA sp. act. and of DNA sp. act. proved to  be abou t two tim es the  average 
of per cent deviation of the  ratios, R N A  sp. act./D N A  sp. ac t. The lower 
values of these deviations im ply dependence between the  values of RNA 
sp. act. and  of DNA sp. act. a t  each stage of training. A change in R N A  sp. 
act. induced by  im proved response frequency in paired  light and  shock 
would then  be accom panied by a  change in DNA sp. act. of th e  sub­
jects.

The m echanism  which proposes itse lf first to  account for such change in 
DNA is cell proliferation. On the  o ther hand, it  has long been regarded  as 
proved th a t nerve cells do no t m ultip ly . A uthors fully aw are of th is general 
acceptance have reported  con trary  experim ental evidence (R am pan, 1962).
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R ecently  a num ber of reports have appeared describing proliferation of 
m icroneurons (A ltm an and  Das, 1965).

D r. H enry  Q uastler of the  Brookhaven N ational L aborato ry  where our 
work was (lone found by autorad iography th a t  DNA was synthesized in 
the cytoplasm  of p lanarian  cells. A possible localization is in m itochondria 
where DNA is known to be present and  where i t  is possibly involved in 
RNA synthesis w ith  protein  production.

The suggested involvem ent of cellular proliferation in  conditioning would 
bring closer the  analogy repeated ly  referred to  in the  sym posium  between 
the neuronal processes of conditioning and  o f im m une reactions.
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CONCLUDING REM A RKS

b y  th e  C hairm an  

J .  SZENTÁGOTHAI

The papers presented a t th is session and  the  ensuing discussions were 
certain ly  of considerable in terest and  have in itia ted  various tren d s of 
thoughts. The way Dr. M ihailovic and  collaborators designed their visual 
discrim ination tests for the  study  of changes in bra in  proteins were most 
elegant and  appropriate  w ith respect to  th e  g reat difficulties of the task. 
The m ajor difficulty w ith  the pro tein  m echanisms of m em ory and  learning 
is th a t  we have no useful notion as to  how the  electric events m ight be 
related  - in bo th  ways for fixation and for readou t —to  the  protein  changes. 
E lectric events, i.e. generation of spike potentials, do no t by them selves 
lead to  specific changes in pro tein  composition. We can d riv e --a s  shown 
beautifu lly  by  D r. H ydén -c e rta in  neurones and th is m ight m ean th a t  
passive function does no t cause any specific qualita tive change in the  p ro ­
teins. The difference between passive relay through a synapse and  the  p h y ­
siological events th a t  m ay occur a t the same site in situations of learning 
o r recognition is th a t  there are m any other influences im pinging upon the 
sam e neurone in th e  la tte r  case. Thus, we would have to  count w ith a varie ty  
of local processes- bo th  inh ib itory  and  ex c ita to ry - occurring sim ul­
taneously  in  various regions of the  postsynaptic mem brane. Irrespective of 
w hether or no t a p ropagated  im pulse of th e  neurone is generated, these 
local processes of the subsvnaptic m em brane m ight be of crucial im portance 
for re ta in ing  th e  traces of any specific question in which th e  given neurone 
has been involved.
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Section  TT I

THE “CHEMICAL TRANSFER” PROBLEM





INCUBATION EFFEC T S IN  TR A N SFER  OF 
TR A IN IN G  IN  RATS

by

A. M. G o l u b , F. R. Ma sia rz , T r u d y  YTllars 
and J .  V. McCo n n ell

M ental H ea lth  R esearch  In s titu te , The U n iv e rs ity  o f  M ichigan, 
A nn A rbor, M ichigan. TJ.S.A.

In 1965, investigators in four independent laboratories (Babich et al., 1965; 
F je rd ingstad  et al., 1965; Reinis, 1965; U ngar and  Oceguera-Navarro, 1965) 
reported  transfer of experiential inform ation from  tra ined  to  u n tra ined  
m am m als by injection of m ateria l ex trac ted  from  the  brains o f the  trained  
anim als. These successful report s of “ m em ory tran sfe r” were followed by 
a series of negative reports (Byrne et al., 1966; Gross an d  Carey, 1965; 
L u ttges et al., 1966) th a t  did not su b stan tia te  the  valid ity  of the  effect. 
Since th a t tim e experim ents in more th an  14 laboratories would seem to  
suggest th a t  an effect of some sort does exist (Jacobson, 1967; Tunki, 1968; 
Schutjer, 1968); vet, in light o f the  apparen t difficulty in  replicating these 
experim ents in  some laboratories, it would appear th a t  the  basic phenom ­
enon m ay be highly elusive. In  the  present experim ents we a ttem p ted  to  
define more adequately  one of th e  critical factors, the  streng th  of donor 
train ing , th a t  we believe m ust be controlled for the effect to  occur.

We used the  same basic paradigm  first reported  by  D yal and  his asso­
ciates (Dyal et al., 1967; D yal and  Golub, 1968) and replicated successfully 
in our laborato ry  (Golub and McConnell, 1968). In  those experim ents one 
group of donor anim als received 8-10 days of continuously reinforced bar 
press train ing, followed bv three days of experim ental ex tinction , followed 
in tu rn  by three days of reacquisition of the  b ar press response. A second 
group of donor anim als served as controls for handling, ac tiv ity , and sen­
sitization. Following th e  train ing  sessions, the donors were sacrificed and 
brain hom ogenates p repared  from  their brains and in jected  in traperi- 
toneally  in to  naive, recipient ra ts .“ Memory tran sfe r” effects were consistently 
reported  for anim als th a t  had received m aterial from  trained , b u t no t from 
untrained, donors.

In  our replication and  extension of the previous work, reported  below, 
we used 60-90-day-old, Sprague-Dawley male ra ts  m ain tained  on 22-5 hr 
food-deprivation schedules; th is procedure was carried ou t th roughou t all 
these experim ents.* G rason-Stadler operan t cham bers were modified so

* D eta iled  p rocedures a re  ava ilab le  to  in v es tig a to rs  in te rested  in  rep ea tin g  these 
stud ies. T he au th o rs  th a n k  J .  Shelby and  L. S tein  for th e ir  assistance  in ca rry in g  
o u t th is  w ork. S upported , in  p a r t ,  by  g ra n ts  M H  16392-01 an d  MH 07417 from  th e  
U . S. N a tio n a l In s ti tu te  o f M ental H ea lth , and  by  g ran t 5-T01-GM 00187-09 from  
th e  U . S. D e p a rtm e n t o f H ea lth . E d u ca tio n  and  W elfare, P ub lic  H ea lth  Service 
T ra in in g  G ran t.

9 12!)



th a t  the lever was moved to  the  side of the  cham ber opposite the food cup. 
Lever presses were cum ulated  on counters. Twelve donor anim als received 
eight, 30 min sessions of bar pressing in which eacli bar press was reinforced 
by  a 45 mg Noyes food pellet delivered into the  food cup. Twelve additional 
donor anim als served as quiet controls. These anim als were handled each 
day, bu t were no t trained . The eight days of b ar press tra in ing  given the 
experim ental donor anim als were followed by three daily  extinction sessions 
in which b ar presses were n o t reinforced w ith food, followed in tu rn  by  
th ree  daily sessions of bar press reacquisition. All sessions were 30 min in 
dura tion .

W ith in  15 m in a fte r the  final train ing  session, the  donor anim als were 
sacrificed by decapitation. The brain, excluding the  olfactory bulbs and 
cerebellum, was rem oved and  stored on d ry  ice. These brains were then  
coded and  the rem ainder of the  experim ent perform ed using “ b lind” proce­
dures in which personnel actively engaged in carrying ou t the  stu d y  were 
unaw are o f from  w hat groups the brains had  been taken  and  to  which groups 
the  recipient anim als had  been assigned. Whole tissue hom ogenates were 
prepared by adding 1-0 ml of 0T54 m  saline per brain and  homogenizing 
gently  w ith 15 strokes witli a m otor-driven pestle and  w ith an  ice bath  
surrounding the  homogenizer. R ecipient anim als were each in jected  with 
3-2 cm3 of the  hom ogenate.

Recipient anim als were placed on a 22-5 hr food-deprivation schedule 
beginning six days prior to  injection and were 23 h r food-deprived a t the 
tim e of injection. This procedure was followed throughout all the  present 
experim ents. Tw enty-four hrs following injection, all recipient anim als were 
given the first of nine, daily (30 min) b a r pressing sessions in which each 
bar press was reinforced w ith  one 45 mg Noyes food pellet. B ar presses 
were au tom atically  cum ulated  on counters.

Figure 1 presents the  m ean num ber of bar presses em itted  by the  experi­
m ental and  by the  control recipients on each of the  nine days of training. 
The differences between these tw o groups on the  final tw o days of train ing 
are sta tis tica lly  reliable by  the  M ann-W hitney U  te s t (p =  0-02). Thus, 
the  control recipients were reliably superior to  the experim ental recipients, 
as m easured by b a r pressing. This result was entirely  unexpected, especially 
when considered in light of five previous replications of the  basic paradigm  
(D val e t al., 1967; D yal and  Golub, 1968; Golub and  McConnell, 1968) 
in which experim entally-injected recipients were shown to  be superior to 
control-injected anim als.

There was one m ajor difference between the  present s tudy  and  previous 
experim ents. In  th is study , due to  an  error in ordering recipient animals, 
tra in ing  of th e  experim ental donors was discontinued for one week following 
the  th ree  days of extinction, so th a t  recipient anim als would be available 
when the  donors were sacrificed. D uring th is seven-day period, th e  donors 
were m ain tained  on the deprivation schedule, bu t were no t trained . I t occur­
red  to  us th a t  th e  seven-day period of no tra in ing  could conceivably have 
served the  function of “incubating” th e  train ing  experience ju st preceding it 
(i.e., th e  ex tinction train ing) so th a t  ex tinction  was the  most likely aspect 
o f th e  tra in ing  to  “ tran sfe r” . We decided to  tes t th is notion by  carrying out



F ig . 1. M ean n u m b er o f b a r  p resses on  each o f n ine 
daily  sessions for rec ip ien t an im als in jec ted  w ith  b ra in  
hom ogenate  e ith e r from  th e  ex p erim en ta l o r from  

th e  con tro l donor groups.

additional experim ents in which periods of no train ing  (rest periods) were 
interposed during the  donor tra in ing  regime.

Tw enty-four donor ra ts  were given eight sessions of b a r press train ing, 
three sessions of extinction, and  th ree sessions of b a r press reacquisition 
train ing , using th e  sam e train ing  procedures outlined previously. Twelve 
o f these anim als received a seven-day rest period a fte r acquisition train ing, 
b u t p rior to  extinction (A cq-R est-Ext-R eacq); the rem aining twelve anim als 
received a seven-day rest period following extinction, b u t prior to  b a r 
press reacquisition tra in ing  (A cq-Ext-R est-R eacq). We hypothesized th a t 
if  rest periods did indeed serve an incubato ry  function of consolidating the 
learning experience just preceding them , recipient anim als receiving brain 
m aterial from donors given th e ir incubation period following acquisition 
train ing  (A cq-R est-Ext-R eacq) should he superior in their ra te  of acquisition 
of the bar press response to  recipient anim als injected w ith m aterial from 
group A cq-E xt-R est-R eacq. A th ird  group of donor anim als (n =  12) 
served as quiet controls and  were no t trained .

Following th e  final day  of donor train ing , all donor anim als were sacri- 
ficed by  decapitation, and  th e  procedures reported  earlier were used for 
rem oving th e ir brains and  preparing the  hom ogenates. E ighteen  recipient 
ra ts  were each in jected  in traperitoneally  w ith  3-2 cm 3 of hom ogenate either 
from  Group A cq-R est-E xt-R eacq  (n  =  6), Group A cq-E xt-R est-R eacq 
(n =  6) or from  the  quiet control group (n =  6). T w enty-four hrs la ter 
they  were given th e  first of eight daily  (30 min) bar pressing sessions for 
45 mg Noyes food pellets on a continuous reinforcem ent schedule.

Our results were consistent w ith the  incubation hypothesis. Anim als 
receiving m aterial from  A cq-E xt-R est-R eacq tra ined  donors were inferior
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to  both  control-injected and Aeq- Rest- Ext - Iteacq injected recipients, and 
recipient anim als in jected  w ith  m ateria l from  A cq-R est-E xt-R eacq  donors 
were superior to  all o ther groups on th e  b a r press m easure. We repeated  
this experim ent two additional tim es w ith th e  sam e results. I t  thus appeared 
to  us th a t  “tran sfer o f tra in in g ” effects could be m anipulated  th rough  incu­
bation pei’iods. We th en  decided to  carry  out a fourth  replication of the 
paradigm , on th is occasion m aking a prelim inary  a ttem p t to  isolate the 
chemical substra te  m ediating the  effect. Also, we wished to  explore the  
possibility th a t  an  R N A  fraction  would yield the  effect.

We tra in ed  tw o groups o f donor ra ts, using th e  sam e procedures reported  
earlier. One donor group (n =  7) was given a seven-day rest period following 
acquisition tra in ing  (A cq-R est-E x t-R eacq); the second group (n =  5) 
received a seven-day rest period following extinction (Acq-Ext-R est-R eacq). 
A th ird  group of anim als (n =  5) served as un trained  control donors. F o l­
lowing the  tra in ing  sequence, these anim als were sacrificed as reported 
previously and  an RNA ex trac t p repared from  their brains. Sacrifice of the 
donor anim als, R N A  ex traction , and  injection and  testing  of the  recipient 
anim als were all perform ed using “b lind” procedures to  avoid introducing 
experim enter bias.

R N A  was obtained by a cold phenol ex traction  procedure; all procedures 
were carried out at 0-4 °C unless otherw ise sta ted . For each gram  of brain 
tissue, 10-0 m l of 0-154 m  saline were added. The brains were allowed to  
thaw  p artia lly  and  were then  homogenized for TO min using a m otor- 
driven teflon pestle. An ice ba th  jacketed  the hom ogenizer during this 
process. Following hom ogenization, 0-5 volume o f 88 per cent phenol was 
added and  the  hom ogenate stirred  w ith a m agnetic stirring b a r for 30 min. 
The resulting m ix ture was centrifuged a t 20,000 X g for 60 min. The top 
aqueous phase was w ithdraw n and transferred  to  clean te s t tubes. Then 
0-10 volum e o f TO M MgCl2 was added and  the solution s tirred  gently. 
Following this, 2-50 volumes o f cold 95 per cent E tO H  were added  and 
stirred . This m ix tu re was stored  at 20 °C fo r2 h rs .T h e  re su ltan t p recip­
ita te  was centrifuged a t  1400 X g for 30 min. The RNA pellet was resuspend­
ed in  6-0 ml of 75 per cent E tO H  and  resedim ented by centrifugation at 
1400X g for 15 min. The pellet was again resuspended and  centrifuged. 
This procedure was repeated  three tim es. The RNA pellet was dried  bv 
evaporating  th e  E tO H  in an  air stream . The R N A  was then  dissolved in 
0-60 ml of 0-154 m  NaCl per brain equivalent of RNA.

A pellet consisting of the  yield of one donor brain  reserved for assay was 
dissolved in 10-0 ml of g rad ien t buffer containing 0-01 m  acetate, pH 5-1, 
10-3 m  EDTA, and  0-1 m  NaCl. An u ltrav io le t absorption spectrum  of this 
solution is p resen ted  in Fig. 2. Two ml of the  RNA sam ple were layered on 
a 28 ml linear g rad ien t of 10-40 per cent sucrose in the  grad ien t buffer and 
centrifuged a t  25,000 R PM  for 15 hrs a t 0 °C in an S\V 25-1 ro to r of a Spinco 
L2-65B u ltracentrifuge. The gradients were analysed for d istribu tion  of 
260 m/x absorbing m ateria l using an  L K B  flow cell modified for use in a Beck­
m an DU spectrophotom eter w ith continuous recording on a Sargent recorder.

The density  grad ien t optical density  profile (Fig. 3) indicated the  presence 
of both  ribosom al RNA and  transfer RNA. The m aterial appeared  to  be
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Fig. 2. U ltrav io le t ab so rp tio n  sp ec tru m  o f one b ra in  
eq u iv a len t o f R N A  e x tra c t dissolved in 10-0 m l of 
0-01 m a c e ta te  buffer. p H  5*1 w ith  10~3 m E D T A  and  

0-1 Mt N aH .

á

Fig. 3. 15-40 per cent linear sucrose d en sity  g rad ien t 
sed im en ta tio n  profile o f one fifth  b ra in  eq u iv a len t o f 
R N A  e x tra c t. T he g rad ien t con ta ined  0-01 m a ce ta te  
buffer, p H  5*1, w ith  10- 3 m  FD TA , and  0-1 m NaCl 
and was cen trifuged  in a  Spinco L2-B  u ltracen trifu g e  

in an  SW  25-1 ro tor.

undegraded, as ind icated  by the  fact th a t  the  ribosom al R N A  28S : 18S peak 
height ra tio  was greater th an  2-0. (F u rther analyses are curren tly  in progress.)

Twelve ra ts  served as recipients and  were given subdural bra in  injections 
of the  R N A  extract.*  F our were in jected w ith  RNA obtained from  the  brains

* P rio r to  th e  in jec tion  o f th e  R N A , each an im al w as an aes th e tized  w ith  an  in tra -  
pe rito n ea l in jec tion  o f sod ium  p e n to b a rb ito l. An incision was m ad e  along th e  line o f 
su tu re  sag itta lis  be tw een  th e  an im a l’s eyeballs and  th e  skull w as exposed. A d en ta l 
d rill w ith  a  1 m m  b u r w as used to  m ak e  a  hole in th e  su tu re  sag itta lis  d irec tly  betw een 
th e  eyeballs (i.e. above th e  space betw een  th e  o lfac to ry  bulbs). T he hole w as drilled 
th rough  th e  skull. A 250 m g  tu b ercu lin  syringe w ith  a  30 g, 1/4-in-long needle w as 
used to  in jec t th e  R N A . This sy ringe h ad  been kept in a  re frig era to r and  w as loaded 
w ith  0*15 m l (0-25 b ra in  equ iva len t) o f RN A  solu tion  im m ed ia te ly  before th e  in jec ­
tion . T he needle was kept a t  a  45° ang le  w ith  th e  fro n ta l p lane, 2 m m  deep fro m  the  
ou ts ide  surface of th e  skull. T he RNA so lu tion  w as in jected  in to  each recip ient over 
a  5 m in  period  (L indberg  an d  E rn s te r , 1950).
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of the quiet control donor anim als, four with RNA from  th e  brains of group 
A cq-R est-E xt-R eacq, and  four w ith R N A  from th e  brains of group Acq- 
E x t-R est-R eacq . One of th e  recipients in jected  w ith  R N A  from  group 
A cq-R est-E xt-R eacq died shortly  a fte r being injected, and  thus no d a ta  
are reported  for th a t  anim al.

Tw enty-four hrs following these injections, th e  recipient anim als were 
given the  first of eight daily  (30 min) b ar press sessions, during which each 
bar press was reinforced by  a Noyes pellet. F igure 4 presents the  mean 
num ber of bar presses em itted  by each of the  recipient groups during each 
of th e  eight sessions. The means during the  in itia l th ree days of train ing  
were subm itted  to  an  unw eighted-m eans solution analysis of variance 
(W iner, 1962). The results of th is analysis indicated th a t the  groups were 
significantly different in their m ean ra te  of bar pressing (p 0-05) and 
th a t there was a significant in teraction  effect between sessions and trea tm en t 
(p <T 0-05). Ind iv idual com parisons between the th ree  groups indicated 
th a t  group A cq-R est-E xt-R eacq  was significantly superior to  either of the 
o ther groups (p <  0-05) and  th a t the  recipient control group was reliably 
superior to  group A cq-E xt-R est-R eacq  in m ean num ber of responses over 
the first th ree days of tra in ing  (p <;) 0-05).

These results suggest th a t  incubation periods m ay be critically im portan t 
in obtaining positive “ m em ory tran sfe r” effects. We have evidence th a t, 
unless donor anim als receive prolonged train ing  (overtraining), investigators 
ob tain  “ tran sfe r” effects w ith  their paradigm s only when their anim als are 
tra ined  five, b u t no t seven days a week (Ungar and Reims). It is therefore

F ig . 4. M ean n u m b er o f responses em itte d  by th e  rec ip ­
ient. g roups on eacli o f eight, d ay s follow ing in jec tion  
of b ra in  R N A . T he R N A  w as ex trac ted  from  donor a n i­
m als tra in ed  on e ith e r A cq -R est-E x t-R eacq , A cq -E x t- 
R est-R eacq , o r from  q u ie t con tro l an im als . T he vertica l 

b a rs  rep resen t one s ta n d a rd  e rro r o f th e  m ean.
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possible th a t  the  failure of certain  investigators (Byrne, 1966; Gross and 
Carey, 1965; L u ttges et ah, 1966) to  replicate th e  positive reports o f “ transfer 
of learning” m ay reflect a failure to  incorporate incubation periods in to  the  
train ing  regime of their donor anim als. We do no t know why these incu­
bation periods are necessary, bu t we do have additional evidence, presently  
in p reparation , th a t th ey  d ram atically  reduce the tim e necessary for donor 
anim als to  acquire a particu la r response in laboratory  learning situations.

Finally, since the  ex trac t used in th e  previous experim ent contained 
im purities, th e  present results should not be tak en  as evidence th a t  RNA 
is necessarily the active chemical m ediating the  present effect. Enzym e 
digestion studies are curren tly  in progress to  provide evidence regarding 
th e  contribution of RNA as the  substra te  for tlie present effect.
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DISCUSSION

G. Adam : I t  is common experience in Pavlovian laboratories th a t  the 
overtrain ing o f anim als leads to  a pessimum effect. For instance, dogs can­
not be tra ined  twice a day in classicai conditioning experim ents. As far as 
the  weekends are concerned, the  interm ission always enhances learning: 
dogs perform  b e tte r on Monday th an  on F rid ay  or Saturday . These well- 
known observations underline and  support Professor McConnell’s findings, 
as well as our earlier published d a ta  abou t the  pessimum transfer effect 
of donors, which were overtrained  (Adam and Faiszt, Nature 216, 188, 1967). 

J .  V. McCo n n e l l : I  am  glad to  know this.
J . Sz é k e l y : Experiences are th e  same w ith verbal hum an learning. 

Sleeping and rest im prove perform ance invariably.
•I. V. McCo n n e l l : T h a n k  vou  for vo u r com m ent.



0 . L. W o l t h u is : In  general th e  po in ts you m ade clear m ay be true, but 
nevertheless I  would like to  pu t a sm all hole in this way o f reasoning. We 
have done one tria l avoidance experim ent (in a Bures 2 com partm ent setup) 
in  which we gave the  anim als 6 days of rest a fte r the  test and  before de­
capitation. We got no transfer effect . On the o ther hand, in o ther experim ents 
we used a repeated  train ing  5 tim es per day  during 5 days in which we got 
a positive transfer.

J . V. McCo n n e l l : I  apologize, I  d id  no t know th a t Dr. W olthuis waited 
6 days. My hypothesis fails. As far as the  five days train ing  are concerned, 
hi some cases, five days o f donor tra in ing  are enough. In  m any cases, how­
ever, five days are no t enough unless a  rest period is interposed.

F. R o se n b l a t t : A s you know, we have found th a t inversion of effects 
frequently  results from changes in dosage. Have you tried  different dosages 
in the  paradigm s which gave positive and inverted  effects? Is it possible 
th a t this difference was due to  a difference in effective dose?

J . V. McCo n n e l l : Our effect is not due to  dosage, since we used the  same 
dose in all cases.



CHEMICAL NATURE OF THE TRANSFER FACTORS; 
RNA OR PROTEIN?*

by

G. U n gar  and  E. J . Fje r d in g st a d  

B aylo r College o f M edicine, H ouston , Texas, U .S.A .

There a re  good historical reasons why most of the early experim ents of 
chemical transfer of acquired inform ation were s ta rted  ou t to  prove th a t 
memory, like genetic inform ation, is stored in nucleotide sequences. This 
was suggested by the  brillian t achievem ents of biochemical genetics and 
by H ydén’s findings of base ra tio  changes in the  nuclear RNA of neurons 
involved in  learning (Hydén, 1959). On closer exam ination, however, there 
were valid logical argum ents against RNA being directly  responsible for 
the transfer effects. Assuming th a t acquired inform ation is stored in RNA 
sequences, we still have to  postu late  a protein molecule whose synthesis 
is d irected  by  them  and  which u ltim ately  controls the  processes of consoli­
dation and  retrieval. The existence of such “executive molecules” (Hydén, 
1969) is im plicit in all the  molecular hypotheses of learning and  memory.

There are o ther reasons which m ake it m uch less likely th a t  transfer of 
the learned behavior from  donors to  recipients is m ediated by the  RNA 
tem plate  ra th e r th an  by its  p rotein  translation . I f  we would wish to  “ tra n s ­
fer” , for example, a horm one or an enzyme action, we would ex trac t the 
hormone or the  enzyme ra th e r th an  its  RNA tem plate. In traperitonea llv  
injected RNA would have to  go th rough  several barriers in order to  direct 
th e  synthesis of the  enzyme: it would have to  penetra te  in to  the  appro­
priate cells a fte r having passed across capillary walls and, in  the  case of the 
brain, th rough  the blood-brain barrier. There is evidence to  show th a t  
nucleotide sequences of sufficient length can be stopped by any  or all of 
these boundaries (Luttges et al., 1966).

Postulating th a t  the transfer factors are peptide sequences does no t deny 
the  role of nucleic acids in th e  storage of acquired inform ation. The perm a­
nent or a t least durable n a tu re  of m em ory m ust assum e a self-replicating 
molecule for storage and only nucleic acids can fulfil th is condition.

EX P E R IM E N T A L  EV  11 )E N C E

Resides the  theoretical argum ents just m entioned, there are reports in 
the lite ra tu re  which ind icate  th a t peptide linkages are essential for the 
ac tiv ity  of the  transfer factors. In  t he first transfer experim ents published 
from our laborato ry  (U ngar and  Oceguera-Navarro, 1965) it was found

* S upported  by  U SPH S G ran t No. M H -13361-03
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Fig. 1. C hem ical p ro p ertie s  o f th e  tra n sfe r fa c ­
to r o f d a rk  avo idance . E ffect o f th e  pu rifica tion  
and  ch a rac te riza tio n  procedures on t lie a c tiv ity  
o f dono r b rain  e x tra c t  in  rec ip ien ts. O rd inate : 
tim e  in d a rk  box +  S .l). (the  sh o r te r  th e  tim e, 
th e  h igher th e  ac tiv ity ). D , d ia ly za te ; B, re  te n - 
tä te  a f te r  d ialysis o f hom ogena te  ag a in s t 20 
vo lum es o f d istilled  w ate r for 20 h rs a t  2 °C; 
P h., pheno l p h ase ; Aq, aqueous phase  a f te r  p a r ­
ti t io n  o f th e  d ia ly za te  in  equal volum es o f SO 
p e rcen t phenol and  w a te r . S ep ara tio n  on Se- 
phadex  0 -2 5  colum n (each tu b e  contained  
m l): f r  1, tu b es  25-35; f r  2, 36-44; f r  3 ,4 5 -5 1 ; 
f r  4, 52-60; f r  5, 61-70; f r  6, 71-90; f r  7. 
91 — 110. Incuba tion  w ith  enzym es: T . c ry s ta l­
line try p s in , 0-5 m g/rnl; X T ,  c ry s ta lline  Chy­
m o try p sin , 0-5 m g/rnl; B N ,  p an c rea tic  ribonuc- 
lease, 0*4 m g/m l; (7, contro l, tre a te d  like th e  t r y ­

psin sam ple but w ithou t enzym e added .

th a t  the  active m aterial was 
dialyzable, passed in to  the 
phenol phase on phenol p a r ti­
tion, was destroyed by  Chymo­
trypsin  and  no t by  RNase, 
and gel filtration suggested a 
molecular weight of around 
1,200. The m aterial responsible 
for th e  transfer of m orphine 
tolerance exhibited  sim ilar 
p roperties (Ungar and Cohen, 
1966).

The m ateria l stud ied  more 
recently (Ungar et ab, 1968), 
which induces dark  avoidance 
in the recipients was also found 
to  be dialyzable, hydrolyzed bv 
trypsin, unaffected by RNase 
and  its  elution characteristics 
suggested the sam e com para­
tively low molecular weight 
(Fig. 1). This m ateria l has now 
reached a  purification stage at 
which it is active a t  0T pg per 
mouse and, on th in  layer chro­
m atography, corresponds to  a 
definite spot detectable by the 
ninhydrin reaction.

A fourth  active substance 
was ex trac ted  from  the  brain 
of ra ts  tra ined  to  avoid step- 
down from  a p latform . I ts  p rop ­
erties are sim ilar to  th e  three

others just m entioned but it is destroyed by both  trypsin  and chym otrypsin 
(Fig. 2). The existence of chemical differences between transfer factors.
as suggested by different enzym e specificities (Table 1), is supported  by the 
observation th a t there is no cross-transfer between dark  avoidance and  step- 
down avoidance (Ungar, 1970a).

The d a ta  ju st sum m arized indicate th a t th e  factors active in the  transfer 
of m orphine tolerance, hab ituation , dark  avoidance and stepdown avoidance 
have a com paratively low molecular weight and their ac tiv ity  depends on 
the in teg rity  o f some peptide linkages. We have encountered o ther situations 
(brightness discrim ination, conditioned avoidance) in which th e  m aterial 
responsible for transfer was n o t dialyzable and  whose properties suggest 
a more complex molecule (Ungar, 1967).

O bservations m ade bv  o ther workers have also indicated th a t transfer
factors m ay be peptide sequences (R osenblatt et al., 1966; Giurgea et al., 
1969; Zippel and  Dom agk, 1969; Golub et ah, 1969). This is also suggested
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Days
F ig . 2. E ffec t o f enzym es on th e  a c tiv ity  o f b ra in  
e x tra c ts  ta k e n  from  ra ts  ( ra ined  for avo idance  of 
step -dow n  from  p la tfo rm . A bscissa: days of te s tin g  
before (0) an d  a f te r  in jec tion  o f t he ex trac ts ; o rd i­
n a te : tim e  in  sec of la ten cy  o f step -dow n and  to ta l 
tim e  sp en t on p la tfo rm . T he h igher th e  va lues th e  
m ore ac tiv e  th e  e x tra c t is. T he firs t se t o f colum ns 
(no enzym e) show s th e  effect o f ex tra c t from  tr a in ­
ed donors w hich w as not. tre a te d  b y  a n y  enzym e 
b u t w hich w as in cu b a ted  u n d e r th e  sam e co n d i­
tions as th e  en zy m e-trea ted  sam ples (R N ase, t r y p ­
sin. C hym otrypsin). T he la s t colum ns show  th e  
effect o f a  con tro l b ra in  e x tra c t ta k e n  from  un- 

t ra ined  donors.

TABLE l

Effect o f p ro teases  an d  ribonuclease on  tra n s fe r  fac to rs  o f m orph ine  to lerance  (MT), 
sound h a b itu a tio n  (SH), d a rk  avo idance  (DA) an d  step-dow n avoidance (SA)

Enzyme
F actor

Trypsin Chymo­
trypsin  1

RNase

M T

I

0

S H 0

D A 0

S A 0 0

a c tiv ity  p resen t; 0 a c tiv ity  destroyed .



by  th e  finding th a t actinom ycin D adm inistered to  recipients inhibits the 
transfer effect (Reims, 1968). Since actinom ycin D is an inh ib itor of th e  
transcrip tion  for DNA to  RNA, it should not interfere with transfer if  it 
s caused by a d irect effect of donor RNA.

The difficulty raised by  the  passage through the  blood-brain barrier of 
nucleotide chains does not exist for peptides and  m oderately sized proteins. 
M any pharm acologically active peptides have central nervous effects a fte r 
system ic adm in istration  and proteins of th e  size of y-globulins have been 
shown to  cross th e  blood-brain barrier (Ungar, 19706).

The evidence for nucleic acids is based on the  fact th a t  R N A  ex tracted  
from  the  brain  by  the  usual procedures has shown definite ac tiv ity . I t  should 
be noted, however, th a t  none of these preparations was protein-free. I t  is 
also tru e  th a t th e  peptide ex tracts are contam inated  by nucleotides but 
these are lim ited to  sho rt sequences which are unlikely to  carry th e  infor­
m ation necessary for th e  transfer of behaviour. F aiszt and  Ádám  (1968) 
found the  ac tiv ity  in ribosom al RNA which has no inform ation content 
a t  all. This is hardly  com patible with th e  observations indicating specificity 
o f transfer (Ungar, 1970a; R osenblatt, 1970).

R N A -B O U N D  P E P T ID E S

In  an  a ttem p t to  reconcile th e  contrad ictory  findings, we took advantage 
o f the  presence in th is laborato ry  of proponents of the RNA (Fjerdingstad, 
1965) and  of th e  peptide (U ngar an d  Oceguera-Navarro, 1965) hypotheses. 
We used a pool o f brains taken from  ra ts  tra ined  for dark  avoidance and  
m ade two preparations: (i) a “pep tide” ex trac t from  which most nucleic 
acids and  larger proteins were elim inated bv dialysis, phenol partition  and 
acetone precipitation (Ungar e t al., 1968) and (ii) an “ R N A ” ex trac t m ade 
according to  R 0igaard-Petersen et al. (1968). Both ex tracts, when injected 
in traperitoneally  to  groups of mice, showed approxim ately  equal activ ity . 
A fte r incubation w ith trypsin , Chymotrypsin and  RNase, bo th  preparations 
were inactivated  by  trypsin  and  not by th e  o ther enzymes.

The results suggested th a t  the active m aterial m ay consist of peptides 
bound to  RNA. Since the  transfer facto r was found to  be basic when passed 
th rough  ion exchange columns (Dowex 1 and  50), it  seemed possible th a t it 
w ould form complexes w ith RNA, somehow in the  m anner of histones 
w ith  DNA.

This assum ption prom pted us to  try  a dissociation of the  complex by 
dialysis a t various pH  levels. F igure 3 shows the  results of these experim ents. 
I t  is seen th a t  a t  pH  7-5, 7-0 and  6-5 the  ac tiv ity  is re tained in the  non- 
dialvzable fraction b u t a t  6-0 and  5-5 tends to  pass in to  th e  dialyzate. 
At p H  5-0 and  4-5 the  dialyzability  reverses again but at pH  4-0 and below 
(down to  pH 2-5) all th e  active m aterial becomes dialvzable.

I t  seemed reasonable to  explain the  non-dialyzability  observed a t pH  4-5 
and  5-0 by the  form ation of a com plex between the  active substance and  
some acidic m aterial which has its  isoelectric point a t these pH  levels. 
In  ano ther series o f experim ents we ad justed  the  pH  to  various levels
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Fig. 3. D ialysis o f “ R N A " p rep a ra tio n s  al 
different p H  levels. A bscissa: pH ; o rd i­
n a te : tim e  sp en t in  d a rk  box  by  recipient 
m ice in jec ted  w ith  d ia ly za tes  o r la te n ­
ts te s  o b ta ined  a f te r  d ialysis at pH  in d i­
ca ted . T he low er th e  value, th e  h igher th e  

a c tiv ity  o f th e  frac tio n .

Fig. 4. So lub ility  o f th e  ac tiv e  m a te ria l 
at d ifferen t p H  levels. A bscissa: p H ; 
o rd in a te : tim e  spen t in d a rk  box by  re ­
c ip ien ts in jec ted  w ith su p e rn a ta n t o r 
p rec ip ita tes  o b ta ined  a f te r  ad ju s tin g  
p H  to  levels ind ica ted  an d  cen trifu g a - 

lion a t  25 0 0 0 x g  for 1 hr.

between 4 and  6, and a f te r  stirring  for 1 hr a t low tem peratu re, centrifuged 
th e  sam ples a t 25 0 0 0 x g  for 30 min. S uperna tan ts  and  precip ita tes were 
tested  and  the  results are sum m arized in Fig. 4. I t  shows th a t between pH 
5-0 and 4-5 the  active m aterial is in th e  p recip ita te  and  a t pH  4-25 s ta rts  
appearing in th e  superna tan t.

As a result of these experim ents we adop ted  the procedure outlined in 
Table 2 to  prepare the  transfer factor of dark  avoidance. We find abou t 2/3 
of th e  ac tiv ity  in  fraction  A  and  1/3 in fraction R.  We have no definite 
evidence th a t A  and  B  are identical although their enzyme affinities and 
elution properties on gel filtration are the  same. We assum e now th a t  there is, 
for each situation , a single peptide in which the  relevant inform ation is 
encoded bu t this peptide has a tendency to  form complexes w ith RNA and 
o ther acidic m aterial (proteins or carbohydrates). The complexes formed 
both  w ith RNA and  the  acidic substances can be dissociated a t appropriate  
pH  levels. Of course, th e  final p roof for th is assum ption will only be fo r th ­
coming when the  factors are isolated and their s tru c tu re  determ ined.

CONCLUSIONS

The results of th e  experim ents ju st sum m arized ten d  to  explain th e  fact 
th a t  bo th  RNA and peptide ex trac ts  of bra in  can transfer learned behaviour. 
T hey suggest th a t  the  active m aterial consists of specific peptide sequences
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P urification  schem e of tra n sfe r fa c to r fo r d a rk  avo idance  (ac tive  frac tio n s  in
italics)

Frozen brains
hom ogenize in  eq. vol 88%  phenol 

+  10— 4 m R D TA  in phosph . buffer (pH  7-6, 2 x  10~2 m) 
s t ir  20 m in

cen trifuge  25 000 x  g, 30 m in

fater phase Phenol phase 
In terphase  
re -e x tra c t 

eq. vol E D T A

W ater phase
N H 4A c bu ffer (pH  5-5) 1-0 m  

+  >  l vol isop ropano l 
20 m in  on ice 

cen trifuge  2 000 x  g, 20 m in

Phenol phase 
Interphase

f  10 vol cold acetone 
cen trifuge  2 000 X g, 

30 m in

S u p e rn a ta n t Precipitate Precipitate  S u p e rn a ta n t
redisso lve in 10 1 m  R DTA  to  p H  3 -9
cen trifuge  25 000 x g , 20 m in  s t ir  o v ern igh t

cen trifuge 25 000 x  g, 30 m in

Sedim ent

Ret e n ta te

Supernatan t Su  pernutant
reduce vo lum e ( B)

a d ju s t to  p H  3-9 
d ialyze vs 20 vol d is tilled  w a te r

Sedim ent

D ialyzate
(A )

bound to  RNA. I t  is likely th a t  these peptides exist in  tw o forms: the 
RN A -bound form, present probably  in the  cytoplasm , and  the  free form, 
perhaps p artly  bound to  acidic substances th a t  m ay be located on the  su r­
face of the  cell, especially a t  synaptic junctions. The m ost u rgen t task  a t 
p resent is to  isolate and  identify  a t least one of the  transfer factors.
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DISCUSSION

J .  V. McCo n n e l l : D id you  in c u b a te  th e  b ra in  m a te ria l w ith  R N ase  before 
o r a f te r  d ia lyz ing  ?

G. U n g a r : We did it bo th  before and  a f te r  dialysis.
H. H y d é n : I  have one rem ark  and  one question. E ven  if  RNA is in jected  

in traven tricu larly  or in tracran ially  the  destructive ac tiv ity  is quite high. 
If one looks a t  the  p repara tive  papers at the  present tim e and  a t  the results 
of the p repara tion  of RNA, one can find signs of breakdow n of th e  RNA 
in alm ost any  paper which deals w ith  brain  macromolecules. The d estruc­
tive ac tiv ity  o f th e  cerebrospinal fluid, for exam ple, is quite high too. 
W ouldn’t  you say th a t your m ateria l would be broken down a t  least to  
oligonucleotides or perhaps to  nucleosides ?

G. U n g a r : Yes, I agree w ith you. The only possible case where RNA 
could have been in tac t and  active is the p lanarian  experim ents. 1 do not 
know exactly  th e  details, perhaps Dr. McConnell can say som ething about 
th a t. B ut I  do no t th in k  th a t in any  of the  m am m alian experim ents the 
brain  ex tract in jected  in traperitoneally  or in tracraniallv  would act as in tac t 
RNA.





TRANSFER OF BEHAVIOURAL BIAS AND 
LEARNING ENHANCEMENT: A CRITIQUE OF 

SPECIFICITY EXPERIMENTS*
by

J .  A. D y a l

U n iv ers ity  o f W aterloo , W aterloo , O n tario , C anada

This sym posium  on “ The Biology o f M em ory” should be viewed as a  part 
of th e  curren t effort in  the  tw o-thousand-year-old search for the  physical 
basis o f m ind. You will recall th a t  A ristotle had placed ‘m ind’ in the  heart 
and  th a t  a  few hundred  years la te r Galen took the  m ind out of th e  heart 
and  p u t it in the  head. A bout 1800 years la te r K arl Lashlev sum m arized 
his 30 year effort by  saying th a t  his research had  “yielded a good b it of 
inform ation abou t w hat and  where the  m em ory trace  is not. I t  has discov­
ered nothing directly  of the real n a tu re  of the  engram . 1 som etim es feel 
in reviewing the  evidence on localization o f the  m em ory trace, th a t  the 
necessary conclusion is th a t  learning is ju st not possible” (Lashlev, 1950).

A round th e  tu rn  of th is cen tury  W illiam Jam es an tic ipa ted  the  current 
in terest in th e  m olecular basis o f m em ory by  writing, “every sm allest 
stroke of v irtue  or of vice leaves its  never so little  scar. The drunken R ip 
Van W inkle, in Jefferson’s play, excuses him self for every fresh dereliction 
by saying, T  won’t  count th is tim e .’ Well! H e m ay not count it; b u t is 
being counted nonetheless. Down am ong his nerve cells and  fibres th e  mole­
cules are counting it, registering and  storing it up  to  be used against him 
when th e  nex t tem p ta tio n  comes” (McGaugh, 1967).

How molecules go abou t registering and  storing inform ation resulting 
from  experience is still an  in trigu ing  m ystery. However, several different 
approaches have been tak en  tow ard  th e  solution of th is problem  and  have 
resu lted  in  a t least circum stan tial evidence th a t indeed m olecular registering 
and  storage of experience does occur. The appropria te  in te rp re ta tio n  of the 
results of all these varied approaches has generated considerable con tro ­
versy. B ut certain ly  th e  m ost controversial of the  approaches to  the  physical 
basis o f learning and m em ory has been 1 he one which is our present concern, 
nam ely “ m em ory tran sfe r” .

Following the  publication of the  in itia l positive reports in 1965 (Babich 
e ta l . ,  1965; F jerd ingstad  e ta l . ,  1965; Reinis, 1965; and  U ngar and  Oceguera- 
N avarro, 1965), there ensued a  period of intense research aim ed a t d e te r­
mining the  reliability  of the  phenom enon. Our laboratory  began work on 
the  problem  in the spring of 1966, when it was beginning to  appear th a t  the

* T he research  was su p p o rted  by  g ra n ts  from  th e  T exas C hris tian  U n iv e rs ity  R e­
search  F o u n d a tio n  and  from  th e  U n iv e rs ity  o f W aterloo . P a rtic ip a tio n  in th e  m eeting  
w as fac ilita ted  by a trav e l g ra n t from  th e  N a tio n a l R esearch  Council.
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transfer effects were sim ply no t replicable. The procedure which Golub, 
M arrone and  I  used in  th is first series of experim ents was sim ilar to  th a t o f 
Jacobson in th a t  we a ttem p ted  to  transfer an  approach response to  a com ­
pound aud ito ry  and  visual stim ulus which was paired  w ith th e  delivery o f 
food in th e  original train ing  of the  donors. (Dyal e t al., 1967). The experi­
m ental donors were tra in ed  for 10 days to  press a b ar on a C RF schedule 
in a Skinner box, they  were then  extinguished for 4 days, and  th en  given 
th ree  more days of reinforced tra in ing  on a CRF schedule. D uring the  re in­
forced sessions when the  ra t  pressed the  bar, a light dim m ed, a click occurred 
and  a food pellet was delivered in to  th e  food cup. A control group for the 
effects of stim ulus sensitization was yoked to  the  experim ental grouj) so 
th a t whenever th e  experim ental anim al pressed the b ar the  light-click 
stim ulus occurred in  the  control box b u t no food was delivered. Brain 
hom ogenates were in jected  IP  into the  recipients and  th ey  were tested  
24 hours la te r in th e  Skinner box; the  ‘light-click’ stim ulus was pulsed 
every  60 sec and  th e  num ber of tim es th e  anim al stuck his nose in to  the  food 
m agazine in 30 m inutes was recorded on counters. The results of th e  first 
two experim ents can be seen in Fig. 1. The differences between the  experi­
m ental group (AER) and  th e  yoked control group were significant in  each 
case. Recognizing th a t  in an  area such as this one we need more th an  a 
couple of statis tica lly  significant experim ents to  m ake a point, we repeated  
th is experim ent a to ta l of 6 tim es (Dyal and  Golub, 1968; D yal et al., 1969). 
Three of these have yielded a statistica lly  significant difference between 
th e  experim ental and  control groups and the o ther th ree although not signif­
ican t were all in  th e  appropria te  direction. I f  you use the  procedure recom ­
m ended by  W iner (1962) for obtaining a com bined probability  value for 
a series of experim ents testing  the  same hypothesis then  you find th a t the

probability  is less th an  2 in 100 th a t  
the  results from  the to ta l set of ex ­
perim ents are due to  chance. In a d ­
dition, our procedure lias been rep ­
licated  w ith significant positive re ­
sults by Golub and  McConnell (1968). 
Thus we feel th a t  the positive m em o­
ry  transfer observed w ith  our proce­
dure is bo th  s tatistica lly  reliable and 
experim entally  reproduceable.

Furtherm ore, 1 believe th a t a 
close exam ination of the  60 papers 
which have obtained positive re ­
sults and  the  30 papers which 
have reported  negative results 
will convince an unbiassed reader 
th a t  transfer of behavioural bias 
th rough  in jection o f substances 
from  the brains o f tra in ed  an i­
mals is a reliable, real, valid pheno­
menon.

1 4 6

Fig. I . M ean n u m b e r o f m agaz ine  en tries 
m ad e  b y  ex p erim en ta l and  con tro l g roups 
in th e  first tw o experim en ts (D yal e t  al., 

1967).



Assuming the valid ity  o f the phenom enon, two o ther general questions 
present them selves: (i) the  question of specificity- how is the  transfer of 
behavioural bias re la ted  to  the  train ing  of th e  donors? (ii) the  question of 
chemical basis w hat is the chem ical na tu re  of th e  active transfer agent ? 
We have already heard  some stim ulating  research reported  by Professor 
U ngar on th e  la tte r  topic. I  w ant to  devote the  rem ainder of m y paper to 
an analysis of the  problem  of specificity and  a critique of those experim ents 
which have a ttem p ted  to  dem onstrate  specificity.

There are of course m any different referents for the term  “specificity” 
in the several languages which are re levant to  the  biology of m em ory. P re ­
vious papers in th is sym posium  have referred to  “system  specificity” , 
“ molecular specificity” , “inform ation specificity” and  several o ther unspeci­
fied specificities. I  w ant to  discuss th e  problem s associated w ith yet ano ther 
kind of specificity nam ely “ behavioural specificity” . Bv behavioural speci­
ficity I  m ean sim ply th a t  the  behaviour of th e  recipients in a transfer of 
behavioural bias experim ent is dependent upon th e  training  given the  
donors. In  order to  show th a t th e  behaviour is dependent upon th e  train ing  
of the  donors we m ust use appropriate  control procedures to  elim inate 
m otivational factors as reasonable a lternative  in terp re ta tions. The appro ­
priateness of m otivational in terp re ta tions m ay be evaluated  by testing 
the recipients in te s t situations th a t perm it m easurem ent of ac tiv ity  level. 
Several investigators have done th is and  have ra th e r consistently  failed 
to  find th a t th e  obtained transfer effects could be due to  differential ac tiv a ­
tion. P erhaps a preferable approach to  th is problem  is to  circum vent it 
altogether by using a transfer task  which is known to be uneffected by 
m otivational variables (e.g. a  discrim ination task).

You will note th a t I  have preferred to  use the term  transfer of “behavioural 
b ias” ra th e r th an  transfer of learning or m em ory. T ransfer of behavioural 
bias m ay tu rn  ou t to  be quite dependent on th e  variables which are well 
known to  influence learning such as CS-UCS in terva l in Pavlovian condi­
tioning and  aspects of the response-reinforcem ent contingencies in in s tru ­
m ental conditioning. I f  such dependency is dem onstrated  then  it seems 
appropria te  to  designate the  effect as a transfer of learning or memory. 
On th e  o ther hand, such a high degree of inform ational com plexity m ay not 
be involved and  the  transfer m ay still be specific to  a sensory m odality  or 
a response system  and  m ay be th e  result of passively driving the  system . 
I f  repeated  stim ulation  results in an increased responsivity  to  the stim ulus 
it is often  referred to  as stim ulus sensitization. I t  m ay also be called pseudo- 
conditioning in th a t  the  increased perform ance is not dependent upon a 
contingency between the  CS and  th e  UCS or between the response and 
a reinforcing event. As recently  po in ted  out by  Rescorla (1967) the  most 
appropria te  control group for sensitization and  pseudoconditioning in a 
Pavlovian conditioning is a random  presentation of the  CS and  the  UCS. 
O ther less adequate bu t usable controls are “ CS only” groups or “ PCS 
only” groups. In  instrum en tal conditioning the  appropriate  control is one 
in which th e  contingency between th e  discrim inative stim ulus and re in ­
forcem ent is d isrupted  as in yoked control procedures.

A nother effect which should be differentiated from transfer of a specific
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behavioural bias is the  tran sfer of response po ten tiation . 1 will use this 
term  to  refer to  the  case in  which an injection of a substance selectively 
p o ten tia tes responses o f one ty p e  b u t not of another. As an  exam ple of the  
problem s of in te rp re ta tio n  created  by response po ten tiation  let me rem ind 
you th a t  Cook e t al. (1963) had  appeared to  have dem onstra ted  enhance­
m ent of learning in a pole climbing avoidance task  as a result of injections 
o f yeast-R N A . However, la te r research by W agner et al. (1966) dem onstrated  
th a t th e  facilitation  was a resu lt of the  yeast-R N A  po ten tia ting  the  pole 
clim bing response in  the  experim ental group. The control group on th e  o ther 
hand never m ade the response and thus it  could no t be reinforced. The appro ­
p ria te  controls for non-specific response po ten tia tion  would be sensitization 
and  m otor ac tiv ity  control groups.

I t  should be no ted  th a t  stim ulus sensitization, pseudoconditioning and  
response po ten tia tion  m ay all be dependent on donor train ing  bu t n o t upon 
the  contingency between CS and  UCS or between a response and  a re in ­
forcer. I t  is possible th a t  these forms o f behaviour bias m ay involve different 
physiological and  biochem ical m echanisms from  those involved in  classical 
and  in stru m en ta l conditioning. Whet her or no t a reinforcing event a t the 
behavioural level is re levant a t  the neurophysiological and  biochem ical level 
is an  em pirical question which can be answered only if  we m ain tain  th e  con­
ceptual distinction long enough to  determ ine if it is em pirically meaningful 
and  theoretically  useful.

Assuming th a t  the  transfer of learning is a valid  phenom enon we m ay 
distinguish th ree  types o f transfer of conditioning:

(1) Conditioned Stim ulus B ias. In  th is  case the  perform ance difference 
between the  experim ental and  control groups is due to  an increased sensi­
tiv ity  of the  donor to  the  critical stim uli and  th a t th is increased sensitiv ity  
is a d irect result of the reinforced train ing  given the donors. A basic design 
from  which to  infer conditioned stim ulus bias is one in which two groups 
of donors are conditioned; one is conditioned to  m ake response 1 to  stim ulus 
1 and  the  o ther to  m ake response 1 to  stim ulus 2. The recipients are then  
tested  by having both  Si and  S2 presented and  th e  frequency of response 
to  each stim ulus is m easured (Fig. 2). In  order to  infer th a t  the  transfer 
represents tru e  conditioned stim ulus bias, it is necessary to  run bo th  a s tim ­
ulus sensitization control group and  an untrained-contro l group. I f  the  
experim ental group shows a g reater effect th an  the  sensitization group then 
conditioned stim ulus specificity m ay be inferred. However, if the sensitiza-

Donor training Injection Recipient test

Group 1 SL — ► R App R App sL and Sc

Group 2 Sc ^ ^ A p p S C R App Sc and Sc

Fig. 2. The Jacobson stimulus bias paradigm. Tiie recip­
ient test was a non-reinforced test of the number of 
approaches to SL and Sc by the recipients of each 

extract (Jacobson et al., 19(55).
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tion group is also g reater th an  the  un tra ined  group we know th a t stim ulus 
sensitization has also been transferred .

(2) Conditioned Response Bias. Conceptionally sim ilar to  conditioned 
stim ulus bias is conditioned response bias. The design necessary to  isolate 
the possible transfer of a response bias requires th a t  tw o groups be tra ined  
to  make quite different responses in the  same stim ulus situation . The recip­
ients are th en  tes ted  w ith bo th  responses available and  th e  relative 
frequency w ith  which each response is m ade is m easured. I f  the  I t , in jected 
anim als m ake more R x th an  the  J t2, in jected  anim als and  sim ilarly th e  R 2 
in jected  anim als m ake more R , responses, and  if they  also differ from  a 
response po ten tia tion  control group then  a sound basis is provided for the 
inference of transfer o f response bias.

(3) Conditioned S -R  bias. It is of course possible th a t m em ory tran sfer 
involves no t only the  coding of inform ation on botli the  in p u t or/and ou tpu t 
sides, b u t it  m ay preserve th e  relationship between the  stim ulus complex 
and  a p articu la r reinforced response. This would be the m ost complex and 
the  m ost specific o f the a lternatives. W hether or not S-R specificity is able 
to  be dem onstrated  it  does no t seem unreasonable th a t the  transfer of 
learning effects could be specific to  the  behaviour biases of the  first and  second 
types. I  would ten d  to  agree with B ooth who, in an excellent article on 
v erteb ra te  bra in  R N A  and  m em ory, has com m ented as follows: “Avoiding 
incoherent conceptualizations, it is difficult to  im agine a more direct m echa­
nism for chemical tran sfer of behavioural inform ation th an  th e  relatively 
specific biassing of th e  recipient tow ards tak ing  in or p u ttin g  ou t certain  
sorts of inform ation . . . testing  recipients w ithout reinforcem ent can 
dem onstrate  changes . . .  in sensory preference or m otor differentiation.” 
(Booth, 19(57).

I t  is one th ing  to  adm it the  possibility transfer of some specific stim ulus 
or response bias and  quite ano ther th ing  to  dem onstrate it. Now le t us exam ­
ine those experim ents which have been offered as evidence for specific 
tran sfer o f behavioural bias. One of the  first papers to  deal w ith th e  problem  
was reported  by Jacobson et al. (1965). The paradigm  is represented in 
Fig. 2. They tra in ed  tw o groups of ra ts  to  approach a food cup: one to  
a discrim inative “click” stim ulus and  one to  a discrim inative “ ligh t” stim ­
ulus. One group of recipients was in jected  w ith  th e  “ click” brain  ex tract 
and  ano ther w ith  the  “ lig h t” ex trac t. B oth groups were th en  tes ted  bv d e te r­
m ining th e  num ber of cup responses m ade to  25 click stim uli and  25 light 
stim uli random ly presented. From  Table 1 it m ay be seen th a t  the  click 
in jected  group responded to  the  click more th an  the  light and  th e  light 
in jected  group to  th e  light more th a n  th e  click.

These resu lts appear to  be a good dem onstration  of conditioned stim ulus 
specificity, b u t are th ey  ? The answer is no. The reason is th a t  th e  experim ent 
does not contain  a control for stim ulus sensitization.

There have been two a ttem p ts  to  replicate these results, one by H alas et al.
(1966) who included un tra in ed  controls b u t no sensitization controls. They 
ob ta ined  no differences between any  of the  experim ental or control groups 
in  nu m b er of responses to  the  click stim ulus; unfortunate ly  th ey  tested  w ith 
the  click stim ulus only an d  thus we do not have the  same tes t situation  as
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TABLE 1

Total number of responses per animal on the 
25 test trials with click and on the 25 test 

trials with light*

Click Light
fccore
(C-L)

Injection w ith RNA-C
2 3 1

3 4 1

5 2 3
6 1 5

7 1 (i

7 0 7

i i 2 9

Injection with RNA-L
11 7 -  7

0 / —- 7

0 3 - 3

1 3 -  2

0 2 -  2
0 2 -  2
0 1 1
7 5 2

* Jacobson et al. (1965).

used by Jacobson w hether or not th is m ade a difference in th e  results is 
unknow n b u t experim ents by Grice and  H u n te r (1964) suggests th a t  it 
could have, de B albian V erster and  T app (1967) also repeated  th e  Jacobson 
experim ent and  found th a t  bo th  the  click injected group and  the  light 
injected group m ade significantly more responses to  th e  click th an  to  the 
light. They th u s concluded th a t  there was no differential transfer. I t  would 
appear th a t  Jacobson’s dem onstrations of specificity cannot be accepted 
u n til fu rther replications are conducted. Also since the  ra ts  appear to  be 
biassed to  prefer the  click it  m ay no t be an  ideal te s t s ituation  for specificity.

Using w hat he calls a cross-transfer design, U ngar has reported  d ata  
which he in te rp re ts  as dem onstrating  th a t  transfer of h ab itua tion  of a 
s ta rtle  response is specific to  the  stim ulus used to  h ab itu a te  the  donors. 
The design of the  experim ent is represented in Fig. 3. In  one group of mice 
the  s ta rtle  response was hab itu a ted  to  an  air puff; a second group was hab i­
tu a ted  to  a loud noise. The recipients were injected with e ither air puff or 
sound h ab itu a ted  brain  ex tract. H a lf o f each injection group was then  
hab itu a ted  to  th e  sound and  h a lf to  the  tone. As you can see from  Fig. 4. 
h ab itu a tio n  of the  recipients was g reatly  facilitated  by injection of brain 
hom ogenates from  the  donors who were tra ined  to  the  sam e stim ulus.
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Group 1

Donor training Injection Recipient test

Ŝtartle Ŝtartlf ~̂ A ----- Ŝtartle

^  S 5 Ŝtartle

S, -  RSi

Fig. 3. The Ungar cross-transfer of habituation paradigm 
(Ungar, 19(>6).

'Chere are several questions which must be raised in  deciding w hether or 
not stim ulus specific tran sfer o f h ab itua tion  is a valid  phenom enon. F irst, 
and  forem ost, is the  question of replicability . To m y knowledge no one has 
a ttem p ted  to  replicate th e  effect. I  would urge th a t this im p o rtan t experi­
m ent be repeated  several tim es in every laborato ry  in terested  in the  problem  
of specificity of transfer. Second, even if  the results of the  U ngar experi­
m ent prove to  he highly replicable, th e  experim ental design does no t perm it 
a strong s ta tem en t abou t the  degree of specificity involved. U ngar chose 
tw o stim uli which were quite different along m any re levant dimensions. 
I t is th u s surely no t a very  compelling argum ent for a high degree of spe­
cificity th a t  h ab itua tion  in th e  recipients was no t facilitated  by injection 
of the cross-m odal ex trac t. A stronger degree of specificity would be dem on­
s tra ted  by testing  w ithin a  single dimension. Third, if  you will re-exam ine

o
J__ i__ i__ i__ I__ L
5 10
Days

0
.1. _ L  1 1... 1 1 I 
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Days

Fig. 4. Kate of habituation by recipients as a function of type 
of injection.
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U n g ar’s d a ta  you will note th a t bo th  the  “air-puff-injected, sound h a b it­
u a ted ” group and  th e  “sound-injected, air-puff h ab itu a ted ” group h a b it­
ua ted  faste r th an  the  groups in jected  w ith u n tra ined  brains. I f  th is  aspect 
o f the  results proves to  be real th en  we would appear to  have b o th  general 
and  specific effects being transferred . The non-specific effects could reflect 
e ither a tran sfer of stim ulus generalization or a tran sfer of conditioned 
response bias. F ourth , if  stim ulus specific hab ituation  proves to  be a repli­
cable phenom enon in th is situation , we m ust ask if  i t  is peculiar to  this 
p a rticu la r stim ulus response system . I t  could be th a t  h ab itua tion  transfer 
doesn’t  hold for o ther response system s. I f  th is seems im plausible let me 
rem ind you again th a t th e  learning enhancem ent which Cook e t al. (1963) 
dem onstra ted  to  resu lt from  chronic injection of yeast-R N A  tu rn ed  ou t to  
be dependent upon the ty p e  of task  which was used (W agner e t al., 1966).

In  th e  light of th e  foregoing considerations, 1 believe th a t we m ust con­
clude th a t  U ngar’s experim ent represents an  im p o rtan t line of research 
which m ust be vigorously pursued; however, the  stim ulus specificity of 
transfer of hab ituation  processes is not y e t established.

U ngar (1969) has used th e  cross-transfer design to  test for specificity in 
two passive avoidance tasks. The two tasks were th e  dark-box avoidance 
ta sk  o f Gay and  R aphelson (1967)and the  step-dow n platform . As prescribed 
by the  design (Fig. 5), h a lf  of the  mice which were injected w ith dark-box 
ex trac t were tested  in th e  dark-box and  half were tested  in the  step-down 
box. The step-dow n in jected  recipients were sim ilarly split. The results 
m ay be seen in Fig. 6. I t  is ap p a ren t th a t  significant positive transfer is 
obtained  when the  recipients are tes ted  in the situation  corresponding to  
th e ir injections b u t little  or no transfer when th ey  were tested  in the  o ther 
situation . Professor U ngar concludes he has again dem onstrated  specificity 
o f th e  transfer. I  would agree b u t 1 would re ite ra te  and  elaborate m y con­
ten tion  th a t  the cross-transfer design is a weak and  am biguous dem onstra­
tion  of specificity. In  any  learning situation  there  is an extensive set of 
stim ulus elem ents which are conditioned to  an equally extensive set of 
response elem ents. I f  no transfer is observed when recipients are tested  in 
a stim ulus situation  which is quite unlike the  donor’s tra in ing  situation  and 
which requires a different kind of response, the  m ost one can conclude is 
th a t  there is a t  least one behaviour in one situation  which is not ac tiva ted

Donor training Injection Recipient test

Group 1 CSDB

UCS ► R(f«r) -►(*(.
CSni cs

cs
DB

SD

Group 2 CSso CSso

UCS-*- R,„orl — *-R (avoia)

Fig. Ö. The Ungar cross-transfer of conditioned fear 
paradigm. The recipient test was a non-reinforced avoid­
ance in either the “dark-box” or “step-down” situa­

tion (Ungar, I960).



Days after injection Days after injection

Fig. (). T he resu lts  o f U n g a r’s cro ss-tran sfe r o f 
passive  avoidance.

by the transfer agent. H ard ly  an ea rth  shaking inference! In  o ther words, 
the  s tren g th  of the  argum ent for specificity of transfer increases as the 
num ber of stim ulus and  response elem ents increase betw een the  train ing  
and  the  te s t situation . The strongest te s t of specificity then  is in  a test s itu ­
ation only slightly different from  th a t of the  donors. The te s t m ust involve 
controlled m anipulation of the  degree of sim ilarity  between th e  tw o s itu ­
ations. Again, th e  strongest te s t for specificity is w ithin a single stim ulus 
or response dimension, i.e., specificity m ust be tested  by m eans of general­
ization gradients. F or exam ple, th e  stim ulus specificity of a conditioned fear 
of the  dark-box  could be tes ted  by  varying the  brightness of the  dark  side 
from  black to  light grey.

The design recom m ended by R osenblatt and  Miller (1966a) as a preferred 
behavioural assay technique is represented in Fig. 7. As you can see, it is

Donor training Injection

Group L

Group R

SL — «►Rl

SR — Rr —» Rl*Rr-

SL —► Rl 

Sr —► Rr —► + Rl Rr*

Recipient test 
(Behavioural bias)

Rl or Rr

Rl or Rr

Transfer measure: #/.RL Group 1 vs. 7*RL Group 2
Fig. 7. T he R o se n b la tt and  Milica* tra n sfe r o f d iscrim inat ion 
parad igm . T he b eh av io u ra l b ias te s ts  w ere conduct ed w ith  
e ith e r b o th  responses re in fo rced  o r b o th  responses non- 

reinforeed (R o sen b la tt and Miller, 19(>6a, b).



a betw een groups design based on a com parison o f d iscrim ination scores for 
th e  left in jected  group and  the  righ t in jected  group. They have used four 
basic discrim ination tasks and  tes ted  w ith  noil-reinforced tests. They made 
21 independent tes ts  of various ex traction  procedures, dosage, and  injection 
sites. When one considers th e  to ta l scores for all te s t sessions we find th a t  
only 3 of the  21 experim ents yielded significant positive transfer; and  in 8 
of th e  21 th e  discrim ination scores were in  the  negative direction. However, 
when th e  d a ta  from  all 21 experim ents were pooled and  a U -test was applied, 
it was found th a t  overall th e  left in jected  anim als m ade more left responses 
th an  the  righ t in jected  anim als with a one ta iled  probability  of 0-021.* 
R osenb latt and  Miller also present d a ta  on the  ‘b es t’ session of the  six te s t 
sessions and  as one would expect from  such d a ta  selection the  p values are 
higher b u t even then  only four of th e  21 com parisons show significant posi­
tive transfer and  6 of th e  21 com parisons show substan tia l (but no t quite 
significant) negative transfer.

In  ano ther series of sym m etrical choice tasks R osenb latt and  Miller 
(19066) found th a t  a Y-maze tends to  give negative transfer w ith low- 
dosages while th e  tw o-bar box tends to  give positive transfer. However, 
in the  tw o-bar box only one of six independent com parisons over all test 
sessions was significant. W hat m ay we conclude regarding specificity from  
R osenb la tt’s research ? F irst, it  should be noted th a t in  none of these discrim ­
ination  experim ents has a non-associative control group been trained . 
Thus it is n o t possible to  determ ine if the ob tained  effects are properly 
th o u g h t of as stim ulus sensitization, response po ten tia tion  or a specific- 
transfer o f behavioural bias. Nonetheless, the  d iscrim ination task  seems to  
offer a powerful te s t of a specific behavioural bias. However, again the  
question of replicability  haun ts us; undoubtedly , R osenb latt has repeated 
the  2 or 3 procedures from  the  R osenb latt and  Miller series which looked 
prom ising b u t th e  results o f such system atic efforts to  establish one of these 
as a reliable behaviour assay have no t been forthcom ing. P erhaps we will 
hear more abou t th a t  shortly . Nonetheless, on the  basis of th e  work thus 
fa r published, we m ust characterize the  R osenb latt and  Miller series as 
prom ising b u t no t conclusive dem onstrations of specific behavioural bias.**

Golub and  I  have used the  extension of the  d iscrim ination design repre­
sen ted  in Fig. 8 to  te s t for transfer of response specificity. We used two 
responses which were m orphologically quite different from each other. 
As you can see Group 1 was rew arded for pressing the  bar (BP) b u t no t for 
magazine en try  (ME) whereas Group 2 was rew arded for m agazine en try

* F o r th e  one-ta iled  p ro b a b ility  an  a lp h a  value  of 0-025 w ould n o rm ally  be requ ired  
to  re je c t th e  n u ll hypo thes is. Since m an y  researchers in  th is  a rea  h av e  p roposed  th a t 
th e re  is a  phenom enon  o f n eg a tiv e  tran sfe r , all s ta tis tic a l decisions shou ld  be based 
on <tt>o-tailed p ro b ab ility  va lues o f 0-05 or one-tailed  va lues o f 0-025 o r 0-975.

** T he new  research  p resen ted  by  R o se n b la tt a t  th is  sym posium  rep resen ts  a  q u ite  
im pressive ex tens ion  o f h is p rev ious p ro g ram  and  a t  th is  ju n c tu re  co n s titu te s  the 
m ost convincing  d em o n s tra tio n  o f b ehav iou ra l specific ity  th u s  fa r  ava ilab le . I t  is 
to  be hoped  th a t  th is  research  p a rad ig m  and  b eh av io u ra l ta sk  w ill be pu rsued  in 
o th e r  lab o ra to rie s  since i t  seem s to  offer th e  m o s t prom ise for a rep ea tab le  behav ioura l 
assay  techn ique.
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Donor training Injection Recipient tests
Behavioural bias Learning enhancement

Group BP
SB -►Rgp—

R BP+ r m e ~ RBP ° r R ME
^ R b p + R m e " 

^  RBP - r m e +

Group ME
Sb- ^ R bp-^- “

R b p " r m e + R BP 0r  R M E < d
„ ^ ,'R m e + R b p "

r m e -  r b p +

F ig . 8. T he D y a l an d  G olub tra n sfe r  o f response specificity  
p arad ig m . T he  behav iou ra l b ias te s ts  w ere conducted  
u n d e r non-rein fo rced  cond itions w hile in  th e  learn ing  
en h ancem en t te s t  one or th e  o th e r (B P  or M E) response 

w as rein forced  (D yal and  G olub, 1969).

(ME) b u t not for b ar pressing (BP). The magazine en try  response was th a t 
o f sticking th e  nose in to  w hat would norm ally have been the  food cup. 
Food pellets were delivered in to  ano ther p a r t o f the box. The logic of the 
design required  tw o tes t periods. The first te s t period is a non-rew arded 
free choice situation  in which we m easured th e  num ber of BP and  ME m ade 
in a 30 min te s t session, w ith the  secondary reinforcer of “ light-click” 
(see D yal et al., 1967) presented au tom atically  every 60 sec. The second test 
consisted o f five sessions of reinforced tra in ing  on either th e  b a r press or 
the  m agazine en try . In  th e  first test, if  the  transfer results in a behavioural 
bias which is response specific, th en  th e  recipients which received hom o­
genate from  donors tra in ed  to  b a r press should exhibit a g reater increase 
in b ar presses over baseline th an  those which were in jected  w ith hom ogenate 
from  m agazine tra in ed  donors. Sim ilarly those recipients in jected  with 
magazine hom ogenate should increase their m agazine entries more th an  the  
bar press in jected  recipients. The results only partia lly  confirm th e  transfer 
of response bias hypothesis. Those recipients which were in jected  w ith b ar 
press hom ogenate increased th e ir bar presses over baseline, while those 
which we in jected  w ith  m agazine en try  hom ogenate decreased th e ir bar 
pressing (Table 2). On th e  o ther hand, th e  magazine in jected  recipients 
showed no tendency  to  increase th e ir magazine entries, in fact, as you can 
see in Table 3. the  post-injection score was som ewhat lower th an  th e ir pre-

T A l i l .E

M ean n u m b e r o f B P  d u rin g  30 m in  perference te s t 
(D yal e t  a l., 1969)

Injection received

B I• ME

P R E POST P R E POST

7 -4 5 1 0 -1 5 8 -8 7 0 -2 9
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TABLE 3

M ean n u m b er o f M E d u rin g  30 m in  p reference te s t 
(I)val e t a l. , 1969)

Injection received

BP  ME

PRE POST P R  E POST

5 7 -S 5 8 -5 5 5 -4 4 6 -2

injection score. The bar press in jected  recipients did not change their ME 
level on the post-in jection preference test.

In  th e  second test, we w ould expect th a t  if there  is an enhancem ent of 
learning, the  anim als in jected  w ith  hom ogenates from  donors tra ined  in the 
same w ay (B P-B P and  ME-ME) should learn faster th an  th e  com parable 
groups which were tra ined  opposite their in jection (M E-BP and  BP-ME). 
Considering first those recipients who were reinforced for b ar pressing we 
found th a t  those subjects which were in jected  w ith hom ogenate from bar 
press donors m ade significantly m ore b a r presses th an  those which were 
in jected  w ith  m agazine hom ogenate in the  first reinforced session. This 
result, tak en  w ith  the  preference te s t data , suggests th a t  the  transfer is 
specific to  th e  particu la r response which has been trained .

However, th is conclusion is som ew hat weakened by the  fact th a t, as in 
th e  case of th e  preference d a ta , the  m agazine in jected  recipients showed 
no increase in m agazine entries. Furtherm ore, even the  app aren t specificity 
exhibited  by th e  b a r press in jected  recipients is called in to  question by the 
fact th a t , during the  second 30 min test, th is group m ade more ME responses 
th an  the  m agazine in jected  recipients. I t  could thus be argued th a t all of 
the differences are due to  a general ac tivation  by the  bar press hom ogenate 
which for some reason did  no t occur for the  magazine hom ogenate. Although 
this in te rp re ta tio n  cannot be com pletely refuted, there are some correlational 
d a ta  which argue against th e  transfer effect being prim arily  due to  ac tiv a ­
tion; nonetheless the  case is not a strong one. Furtherm ore, since none of 
the o th er te s t sessions revealed significant effects, we feel th a t  response 
specificity has not been dem onstrated  clearly by th is experim ent.

A ttem p ts  to  establish stim ulus specificity of transfer in a brightness 
discrim ination have been m ade by  Jacobson’s labora to ry  (Jacobson et al.. 
1966); however, his s ta tis tica l analysis has been criticized (Barber, 1966: 
W orth ington  and MacMillan, 1966), furtherm ore, Hoffm an et al. (1967) 
have failed to  replicate the  results. E xperim ents by  K im ble and  Kim ble 
(1966) and  by  Golub and  m yself (Dyal and  Golub, 1968) have also failed 
to ob tain  evidence for a stim ulus specific transfer of a brightness discrim i­
nation. Similarly, Allen e t al. (1969) have failed to  find evidence to  support 
specific stim ulus in a p a tte rn  discrim ination.

E ssm an and  L ehrer (1967) used a discrim ination design sim ilar to  th a t of 
R osenblatt and Miller except they  used a learning enhancem ent te s t ra th e r

1.76



Donor training Injection Recipient test

Group L
SL—

Sr— *- Rr- » -  -

Group R
S l—  Rl—  - 

Sr- " -  Rr- " -  +

F ig . 9. T he E ssm an  and  L eh re r response specific ity  para<ligm. 
T he i-ecipient te s t involves rein forced  d isc rim in a tio n  learn ing  
w ith  s tra ig h t tra n s fe r  an d  cro ss-tran sfe r g roups. F o u r contro l 
g roups w ere also tra in ed : n o n -d isc rim ina tive  m o to r tra in in g ; 
u n tra in e d  con tro ls; yeast-R N A , and  n o rm al saline (E ssm an  

and  L ehrer, 1967).

th an  a behavioural bias test. Their experim ent is, in  my m ind, th e  best 
controlled of all the experim ents which have been conducted in m em ory 
transfer research. They tra ined  mice to  choose either the  left side or the  righ t 
side of a single choice w ater maze. Of the  four experim ental groups of 
recipients, tw o were in jected  with righ t tra ined  R N A  ex tracts and  tw o w ith 
left tra ined  ex tracts; h a lf o f each of these in jected  groups were four control 
groups; one was injected w ith  ex tracts  from donors given non-discrim inative 
m otor train ing , one was in jected  w ith un tra ined  brains, one in jected  w ith 
yeast R N A  and  one w ith norm al saline. There were no significant differences 
am ong any  of th e  control groups in tria ls to  a learning criterion. All experi­
m ental groups com bined m ade fewer errors th an  all control groups com bined 
indicating the  presence of a t least a general enhancem ent o f learning effect. 
Comparisons am ong the  experim ental groups supported  the  proposition th a t 
the  enhancem ent was specific to  the  responses which were tra ined  in the 
donors, e.g., left-trained  recipients given ex tracts  from  left-trained  donors 
m ade fewer errors th an  righ t-tra ined  recipients of the  sam e ex tracts.

Now let me sum m arize th e  im plications of th is paper as follows:

(1) The to ta l evidence available th u s far strongly supports th e  conten­
tion th a t th rough  injection of b ra in  ex tracts it is possible to  modify the 
behaviour of a recipient anim al in a w ay th a t  appears to  be re la ted  to  the  
train ing  of the  donors.

(2) T h a t th is transfer effect is dependent upon and  specific to  the  learning 
of th e  donors has not yet been clearly dem onstrated.

(3) As m ay be seen in Fig. 10, the  m ost powerful paradigm  to  use to  
investigate specificity is one based of discrim ination learning in  th e  donors; 
which includes pretrain ing  preference tests  of the  donors; p re in ject ion pref-
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Pretraining test Donor training Injection Recipient test 
Behavior Learning 

bias enhancement

Group 1 R, vs. R2 S,— R, +

s 2— r2 -
r , * r2- R, or S, -►R1—►+

S2 R 2 -  ► ~

Group 2 R, vs R2 s , —  R, -
S 2 B 2 +

R,- R2+ R, or R2< ^ s, -► R,
S2—► R2_^.+

Fig. 10. A p roposed  pa rad ig m  for te s tin g  specific ity  o f tran sfe r 
o f behav iou ra l b ias. By m ak in g  th e  p re - tra in in g  te s t  o f th e  
donors id en tica l to  th e  behav iou ra l b ias te s t w hich th e  rec i­
p ien ts  w ill receive, i t  w ould be possib le to  use a  sav ing  score 
as a  m easu re  o f tra n s fe r  in th e  lea rn in g  en h an cem en t te s t phase .

erence tests for the recipients; a post injection behavioural bias test (non- 
reinforced or reinforced) plus a series of learning enhancement tests for 
the recipients. The basic score would be a pre vs. post injection discrimi­
nating score (%Lpre-%Lpost) i.e., a discrimination score based on savings. 
These change scores would then be used to compare left-injected recipients 
with right-injected recipients. Motor-trained control, untrained control 
groups should be run to determine if differences in the experimental groups 
are due to transfer of approach responses to the positive stimulus or transfer 
of avoidance responses to the negative stimulus.

I  w ant to  conclude w ith a quote from George U ngar as follows; “The 
concept of chemical transfer of learning is still certainly in need of bigger 
and  b e tte r  experim ents to  gain general acceptance. B ut, I  believe accep­
tance will come as the  m any variables which influence the  effect become 
b e tte r know n and  controlled. In  the  m eantim e, the  only reasonable and 
tru ly  ‘scientific’ a ttitu d e  is a skeptical b u t open m ind. There have been 
too m any precedents in the  h istory  of science of ‘absu rd ’ ideas becoming 
u ltim ate ly  the  universally recognized tru th .” (Ungar, 1969.) Through the 
continued collaborative efforts of biochem ists, biologists and  psychologists, 
it m ay be th a t the  m em ory transfer experim ents m ay become one of the  
m ajor avenues of the  researcher who would continue the  quest for the  holy 
engram .
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DISCUSSION

W. E ssm a n : The d a ta  cited from experim ents bv Essm an and  L ehrer 
were in terp re ted  by us as a non-specific facilitation ra th e r th an  one of spe­
cificity. “ Motor tra in in g ” ex tracts  given to  naive recipients gave a com pa­
rable degree of facilitation of maze acquisition, com pared to  mice given 
“u n tra in ed ” ex tracts. W hen liver ex tracts  were given, the sam e results 
were obtained as occurred w ith brain  ex tracts; i.e. reduced m aze errors 
a fte r “tra in ed ” ex tracts  as com pared to  “ u n tra in ed ” ex tracts. We also saw 
th a t yeast RNA, brain  RN A  and  liver RN A  led to  increases in  p lasm a uric 
acid, which alone could account for facilitation w ithout resulting in altered  
locom otor activ ity .

J .  A. D y a l : I t  was the  m ost recent paper by  Essm an and  L ehrer (1967) 
en titled  “Facilita tion  of Maze Perform ance by ‘RNA ex trac ts ’ from  maze 
tra ined  ra ts ” to  which I  referred. The concluding sentence of th e  abstract 
of th a t  paper says: “ The d a ta  suggest th a t  ‘R N A  ex trac ts ’ from  th e  brains 
of donor mice tra ined  to  a specific task  facilitate learning by naive anim als 
on th a t ta sk .” Furtherm ore, th e  d a ta  are quite consistent with th a t in te r­
p re ta tion  since “ left-tra ined  recipients given ex tracts from  left-trained 
donors showed more criterion errorless perform ance th an  righ t-tra ined  
recipients given the  sam e ex tracts  (%2 =  13-08; p  <  0-001) and  right- 
tra ined  recipients of ex tracts  from  righ t-tra ined  donors showed greater 
errorless perform ance th an  left-tra ined  recipients of th e  same ex tracts 
(■/'- =  5-28; p  ■< 0-05)” . In  th is experim ent no difference was obtained 
between m otor-trained and un tra ined  recipients b u t the  . . .“R ecipients 
from  tra ined  donors showed greater errorless perform ance as com pared 
w ith recipients of ex tracts  from  m otor-trained  or un tra ined  donors” . In  this 
experim ent you d id  no t give injections of liver ex tracts; the  experim ent 
can s tan d  on its  own and  its  results are certainly quite com patib le w ith 
a specific facilitation  in terp re ta tion . W hen you refer to  getting  th e  same 
results w ith liver R N A  as brain RNA, you are undoubted ly  referring to  
the  first s tudy  (1966) in which the  d a ta  showed th a t there  were fewer errors 
for tra ined  and  m otor-tra ined  groups th an  for un tra in ed  groups in the  case 
of bo th  brain ex tracts  and  liver ex tracts. Now I  would contend th a t the  
reliability  of th e  transfer effect based on liver ex tracts  is quite questionable 
a t th is poin t since o ther investigators, who have been able to  ob tain  ra th e r 
consistent transfer effects w ith bra in  ex tracts have obtained  no effects 
with liver ex tracts  (Ungar, personal com m unication and Reinis, S. Activ. 
Nerv. Super. 7, 167, 1965).

W. C. C o r n in g  : Of the m any “tran sfe r” experim ents th a t  have been run, 
how m any have shown positive effects, zero effects, and  effects in  the  oppo­
site direction? I f  th e  transfer phenom enon were a random  even t, then  we 
should expect to  observe negative transfer as m uch as positive transfer.

J .  A. D y a l : I  do not have a frequency count on the  num ber of experim ents 
which have shown significant positive transfer effects and  significant nega­
tive transfer effects. B u t having reviewed, quite recently , all of th e  research 
which is sum m arized in th e  bibliography it  is clear to  me th a t  th e  num ber 
of significant negative effects does n o t come even close to  th e  num ber of
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significant positive effects. W hile th e  question which you raise is an  ex­
trem ely  im p o rtan t one, and  one which has given me some concern, I  find no 
evidence in  th e  published or unpublished lite ra tu re  to  m ake me th in k  th a t 
we are indeed sam pling from  a random  set o f events.

I t  should be no ted furtherm ore th a t R osenb latt has po in ted  to  variables 
such as dosage level and  ty p e  of tra in ing  situation , which ten d  to  increase 
th e  likelihood of a significant reversed transfer effect. A t th is po int I  would 
say th a t  we m ust consider th a t  reversed tran sfer m ay be a real effect and 
a ttem p t to  isolate th e  variables controlling it.

W. C. C o r n i n g : In  how m any cases do we go back and  th row  o u t a  s tu d y  
th a t  did not tu rn  ou t righ t and  continue to  collect d a ta  un til we get the  
righ t results ? W e can always go back and  find reasons for a  negative result 
b u t how often  do we look for spurious factors th a t  m ight cause positive 
results.

J .  A. D y a l : This po in t also is an  extrem ely good one and  one which I  believe 
can be answ ered by  reference to  th e  bibliography which I  have provided. 
You will no te th a t  i t  is divided into published and unpublished studies 
bo th  positive and  negative. H aving been in th e  “ transfer gam e” for several 
years now, I  felt th a t  I  knew of m ost (but undoubted ly  no t all) o f th e  investi­
gators, who had  done work in th e  area. I  w rote letters to  all of these people, 
m aking essentially th e  same p o in t  th a t  you m ade and  asking them  to  be 
especially careful to  rep o rt to  me any  unpublished negative studies. A lthough 
I  have no t received a com plete re tu rn , I  would expect th a t  abou t 90 per cent 
o f the  experim ents which have ever been conducted on m em ory transfer 
are included in  the  bibliography. I f  th is is correct, th en  I  see no reason to  
believe th a t  there is a substan tia l or differential num ber of unpublished 
reports which have obtained  negative results. On th e  contrary , I  believe 
th a t  th e  researchers in th is area have been quite sensitive to  th is problem  
and  have m ade unusual efforts to  let all of th e ir research become know n by  
colleagues.

G. H o r n : You referred  to  R o sen b la tt’s experim ents in which he ob tained  
3 significantly positive results out of 21 experim ents. This is n o t very  m uch 
higher th a n  a  chance level of success.

J .  A. D y a l : Yes, th is  is true , b u t should no t be taken  as a serious criticism  
for two reasons: (i) In  th is set of experim ents R osenb latt was exploring 
a  varie ty  of param eters to  see which ones m ight give an  effect. The results 
th u s should no t be viewed in  th e  sam e light as if  th ey  had  been 21 experi­
m ents using a  single procedure for which there  was strong reason to  believe 
positive results should be obtained, (ii) D ispite th e  fact th a t  only a small 
p roportion  of the  experim ents yielded sta tis tica lly  significant effects th e  
general tendency  of th e  set was in  the  positive direction and  th e  com bined 
p robab ility  over all experim ents was significant.

*

Note. T he  b ib liog raphy  referred  to  b y  D y a l w as n o t rep roduced  because o f  space 
lim ita tio n s. T he in te res ted  read e r m a y  o b ta in  th e  b ib liog raphy  b y  w ritin g  d irec tly  
to  th e  au th o r .
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M EM BRANE SPEC IFIC ITY  AND MEMORY 
TR A N SFER . T H E  FA TE OF 3 H -LEU C IN E-LA BEELED  
HOMO( JENATES IN J  ECTED INTRA PE R IT O N  EALLY

INTO RATS*

b y

E. F. St il l w e l l ,“ R . J .  P o r t e r6 and \V. L. B y rn ec

D ep artm en t o f B iochem istry , D uke U nivers ity ,
D urham , N o rth  C arolina, U .S.A.

In an  a ttem p t to  understand  the  behavioural modifications resulting from  
the  in jection of bra in  m ateria l from  tra ined  donors in to  naive anim als 
(Byrne, 1969; Q uarton, 1967), so called “ m em ory tran sfe r” , a series of 
experim ents were in itia ted  using isotopicallv labelled hom ogenates of spe­
cific organs and  in one instance the  olfactory lobe was in jected  separately  
from  th e  rest of the  brain . 3H-leucine was selected to  label the  donor anim als 
since there is increasing recognition of the  im portance of proteins in m em ­
brane s tru c tu re  (Korn, 1966; Green et al., 1968) and the  ab ility  of non­
identical subunits to  in teract selectively in a com plex environm ent (G erhart 
and  Schachm an, 1965). F o r those com ponents which are specific to  a given 
organ it  seemed possible th a t following injection they  m ight preferentially  
localize in the  corresponding organ or region of an  organ. This preferential 
localization is a necessary b u t no t sufficient corollary of a proposed exp lana­
tion for the “ m em ory tran sfe r” phenom enon (Byrne, 1969; Byrne and 
Hughes, 1967). Previously, E b ert (1954) clearly showed selective transfer 
of rad ioactiv ity  from adu lt chicken spleen and kidney grafts, using labelled 
33S-m ethionine, into the  corresponding tissues of host chick em bryos. F u r­
ther, W alter et al. (1956) showed a preferential localization of in jected  adu lt 
liver and  h eart hom ogenates into the  homologous tissues of em bryonic 
chicks. I t  was suggested th a t these effects m ight be due to  the  transfer of 
specific p rotein  moieties or specific com ponents of p ro tein  molecules larger 
th an  am ino acids (Mahler et al., 1956).

The presen t report deals w ith the  incorporation of in jected  ^ - le u c in e -  
labelled hom ogenates of adu lt ra t  brain , lung, liver, and  kidney into the  
organ coun terparts of recipient ra ts. A com parison was also m ade of the  
am ount and  specificity of localization of hom ogenates which were heated  
in a boiling w ater b a th  prior to  injection. A separate  experim ent involved 
injection of 3H-leucine labelled donor hom ogenates of olfactory lobe, bra in

* T his w ork  was su p p o rted  by  N IM H  g ra n t M H -12X71.
a P resen t address: D ep artm en t o f Biology, O ld D om inion  College, N orfolk, 

V irgin ia.
6 P resen t address: U n iv e rs ity  H o sp ita l o f San Diego C ounty , U n iv e rs ity  o f C ali­

fo rn ia  School o f M edicine, San Diego, C alifornia 92103.
c P resen t address: D ep a rtm en t o f B iochem istry , U n iv e rs ity  o f T ennessee M edical 

U nits , M em phis, Tennessee 38103.

11* 163



(w ithout the  olfactory lobe), liver, an d  kidney in to  recipients which also 
were in jected  w ith  unlabelled leucine.

P rio r to  injection in to  th e  donor ra ts , 3H-leucine was dilu ted  in  16 per 
cent gelatin  to  give a more uniform  release over a period of hours (Kostyo, 
personal com m unication). Seven gram s o f gelatin  (Knox No. 1) were d is­
solved in  ho t distilled w ater, final volum e 44 ml, and  0-32 g NaCI added 
to  achieve isotonicity . The 4-5 3H-leucine was purchased from  New E ngland  
N uclear Copr. in  0-01 N HC1 and  2-5 m l (2-5 me) were m ixed w ith  9-5 ml 
o f the  gelatin. This solution was stored  a t  3 °C and  liquified in  a w arm  w ater 
b a th  a t  45 °C when needed for injection. The donor ra ts  (male, H oltzm an, 
w t. 174-182 g) were k ep t in  ind ividual cages in  th e  fum e hood, w ith  food 
and  w ater ad libitum, and  0-6 ml of th e  leucine-gelatin solution was in jected  
subcutaneously  a t  12-hr in tervals for a period of th ree  days in  the  region 
above th e  righ t scapula w ith  a disposable 1 cc Tom ac syringe an d  a No. 
22 G needle. The last in jection was given 12 hours before th ey  were sacri­
ficed by decap itation  and  th e  brains, lungs, livers, and  kidneys removed. 
The bra in  included olfactory lobe, stem  and  cerebellum. The pooled organs 
from  th ree  ra ts  were weighed and  cold 0-25 m  sucrose added equal to  twice 
th e  pooled organ weight (1 g per 3 ml). The organs were thoroughly hom o­
genized in  glass P o tte r-E lveh jem  homogenizers w ith  m otor-drive pestles. 
F o r the  “boiled” hom ogenates 6-4 ml of each hom ogenate were placed in 
a boiling w ater b a th  for 10 m in in  th e  glass homogenizer tube. Following 
th e  hea t trea tm en t, the  “ boiled” hom ogenates had  to  be redispersed by 
hom ogenization. A liquots o f the  hom ogenates were frozen and  stored  for 
counting. The average incorporation of leucine for one set of donor anim als 
is given in Table 1.

TABLE 1

In co rp o ra tio n  o f 3H -leucine in to  donor o rgans follow ­
ing  su b cu tan eo u s in jec tio n  over a  period  of 72 hours

Organ Average
weight DPM per gram

Per cent uptake 
of injected 

leucine '̂/orgau

Brain 1-6 g 1,310,000 0-12
Liver 9-8 g 1,850,000 1-00
K idney 2-7 g 2,120,000 0-32
Lung 2-0 g 1,210,000 0-13

*0-83 me (1-8 X l09 D PM ) injected.

The recipient ra ts  (male, H oltzm an, 170-180 g) were in jected  in traperi- 
toneally  w ith  1-8 m l of hom ogenate using a  disposable 5 ml syringe and  
a No. 19 gauge needle. They were sacrificed 18 hours a fte r in jection by 
decapitation . The organs from  the  recipients were rem oved, weighed and  
processed individually. T hey were homogenized as described above and 
stored  a t  —15 °C. V ariations from  this procedure, if  used, are specified.
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TABLE 2

In co rp o ra tio n  o f ra d io a c tiv ity  in to  rec ip ien t o rgans 18 hou rs  a f te r  
in tra p e r ito n e a l in jec tion  o f  3H -labelled  donor hom ogenates

Type of homogenate 
and I)PM injected 

(1-8 ml)
Organ

counted
Average
weight

Average 
DPM per g

Per cent uptake 
of injected 
homogenate 
per organ

Liver Brain 1-8 3 560 0’57
1 110 000 DPM Liver 8-1 8 040 6-06
(n =  3) Kidney 1-5 7 370 1-01

Lung 1-3 4 980 0-55

K idney Brain 2-1 3 790 0-58
1 272 000 DPM Liver 7-2 8 700 4-89
(n =  3) Kidney 1-4 13 040 1-43

Lung 0-9 5 840 0-39

Brain Brain 2-0 2 575 0-64
788 000 DPM Liver 7*7 7 830 5-10
(« =  3) Kidney 1-7 4 580 0-98

Lung 1-2 3 520 0-53

Lung Brain 1-9 2 430 0-63
726 000 DPM Liver 7-8 6 200 6-63
(n =  3) Kidney 1-6 4 980 M 0

Lung 1-2 5 810 0-96

Boiled Liver Brain 1-8 1 310 0-20
1 110 000 DPM Liver 7-9 5 880 4-16
(n =  3) Kidney 1-6 2 180 0-31

Lung 1-2 1 420 0*15

Boiled Kidney Brain 2-2 1 870 0-31
1 272 000 DPM Liver 7-8 12 030 7-34
(n =  3) Kidney 1-5 6 640 0-78

Lung 1-0 2 730 0-21

Boiled Brain Brain 1-8 1 890 0-42
788 000 DPM Liver 7*6 7 230 6-93
(n =  3) Kidney 1-5 5 140 0-97

Lung 2-1 2 650 0-70

Boiled Lung Brain 1-8 880 0-21
726 000 DPM Liver 7-8 4 080 4-34
(n =  3) Kidney 1-5 2 240 0-46

Lung 1-2 1 440 0-23
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F o r counting, duplicate 0-1 ml aliquots (33 mg tissue) of each hom ogenate 
were added to  2-0 ml of N uclear Chicago solubilizer in  glass scintillation 
vials (20 ml) and  shaken overnight a t room tem peratu re. To th is was added 
10 ml PPO -PO PO P cocktail (0-5 per cent PPO , 0-01 per cent PO PO P per 
2 litres toluene). Samples were counted in a Beckman Liquid Scintillation 
Counter, model LS-150, a t  a m axim um  of 5 per cent error w ith th e  variable 
d iscrim inator module using a 40-200 setting. This setting  was used to  
elim inate chemiluminescence. Sample counts were corrected for back­
ground and  quench by  the  ex ternal s tan d ard  channels ra tio  m ethod, and  
ac tiv ity  was expressed as disin tegrations per m inute per gram  tissue 
(wet wt.).

The results of in jecting :!H-leucine-labelled hom ogenates are given in 
Table 2 and Table 3 expresses these same results in term s of the  incorporation 
in to  a specific organ relative to  the incorporation in the  liver of the  same 
anim al. The relative specific ac tiv ity  in Table 3 is given as a m ean along 
w ith the  s tan d ard  deviation.

TABLE :S

R ela tiv e  specific a c tiv ity  in  rec ip ien t o rgans 18 h o u r a f te r  in jec tion  w ith  labelled  
tissue  hom ogenates (each figure rep resen ts  th e  m ean  and  s ta n d a rd  dev ia tion )

Relative specific Injection
activity Liver Kidney Lung Brain

DPM per g/DPM  per g
Liver/Liver 1-0 1-0 1-0 1-0
K idney/Liver 0-99 ±  0-30 1-72 ±  0-87 

* ( p  <  0-005)
0-81 ±  0-09 0-88 ±  0-09

Lung/Liver 0-66 ±  0-20 0-76 ±  0-28 0-94 ±  0-13 
(0-005 <  p  <  0-01)

0-63 ±  0-11

Brain/Liver 0-48 ±  0-17 0-41 ±  0-13 0-40 ±  0-07 0-48 0-08 

(X.S.)

Boiled Boiled Boiled Boiled
Liver Kidney Lung Brain.

Liver/Liver 1-0 1-0 1-0 1-0
Kidney/Liver 0-35 ±  0-10 0-55 ±  0-07 

(X .S.)
0-53 ±  0-21 0-68 ±  0-14

Lung/Liver 0-26 ±  0-05 0-21 ±  0-01 0-36 ±  0-14 
(X. S.)

0-38 ■ 0-14

Brain/Liver 0-24 ±  0-03 0-13 ±  0-04 0-21 ±  0-10 0-25 ±  0*10
(N. S.)

* p  is a  p ro b ab ility  va lue  expressing  th e  significance o f th e  in co rp o ra tio n  of h om o­
g en a te  in to  hom ologous tissue  com pared  w ith  th e  th re e  non-hom ologous tissues. 

N . S. m eans no sign ifican t difference.
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Significant quantities o f the rad ioactiv ity  were present 18 hours a fte r 
th e  injection and  the  per cent u p tak e  per organ for the  hom ogenates 
(Table 2) was several fold g reater th an  the per cent up take of the  free amino 
acid in to  th e  donors (Table 1). The “boiled” brain hom ogenate showed 
a higher incorporation in to  liver and  lung, b u t a more typ ical result was 
a  m arked decrease in incorporation in to  brain , lung and  kidney and approxi­
m ately  the sam e incorporation in to  liver. The results in Table 3 were expres­
sed as ac tiv ity  ratios in an effort to  correct for inheren t varations in up take 
by individual anim als. The d a ta  were subjected  to  an analysis of variance 
to  obtain  levels of confidence. The relative specific ac tiv ity  of kidney was 
highest (p <  0-005) when kidney hom ogenate was injected, and  the  relative 
specific ac tiv ity  of lung was highest (p -< 0-01) when lung hom ogenate was 
injected. However, bra in  showed no significantly higher relative specific 
ac tiv ity  when brain  hom ogenate was injected. In  th is experim ent, therefore, 
p referen tial localization of labelled hom ogenates into the  organs of origin 
has been dem onstrated  w ith kidney and  lung b u t not w ith brain.* The 
results in Table 3 indicate th a t the  specificity for kidney and  lung was 
destroyed by the  hea t trea tm en t and  th is lability  to  tem peratu re  is sugges­
tiv e  o f a preferential localization which would depend upon a p ro te in - 
protein in teraction. The sensitivity  to  heating of the  individual com ponents 
in the  hom ogenates is, o f course, unknown but it is in teresting to  note th a t 
for the  “ boiled” hom ogenate, the highest per cent u p take into brain  (Table 2) 
occurred w ith the  in jection  of “boiled” brain  hom ogenate. This app aren t 
specificity is no t significant, however, if  the  results are expressed as an 
incorporation relative to  liver (Table 3).

The lack of specific localization for the  brain  hom ogenate was not su r­
prising in view of the  blood brain barrier, bu t there  was a sizeable incorpo­
ra tion  o f rad ioactiv ity . The next experim ent was therefore designed to  te s t 
for relative specificity w ith in  the  brain  and was also designed to  minimize 
the  labelling due to  th e  u tiliza tion  of any leucine released from  the  hom o­
genate by  enzym atic breakdow n. The olfactory lobe was selected as a 
separate  en tity  which could be com pared to  th e  rem ainder of the  bra in  
since it could be readily  dissected out in the donor and  the  recipients, and 
in addition  to  being anatom ically  d istinct, it  is a relatively p rim itive region. 
The size of th e  olfactory lobe m ade it necessary to  use th e  pooled hom ogenate 
from  th ree  donors for a single recipient; the  am ount of tissues (0-34 g vs. 
0-60 g) and  th e  am ount of rad ioactiv ity  injected was still som ew hat lower 
th an  the  o ther samples. U nlabelled leucine, 25 mg in 16 per cent gelatin, 
was in jected  i.p. in to  each recipient tw o hours before and  seven hours fol­
lowing the  injection of th e  labelled hom ogenate in an  a ttem p t to  d ilu te 
an y  :!H-leucine released from  th e  hom ogenates. Table 4 sum m arizes the 
results of in traperitoneal injection of labelled hom ogenates of olfactory

* P rio r  to  th e  p re sen t experim en ts, q u a lita tiv e ly  sim ilar findings w ere o bserved  
by  P o r te r  (unpublished  resu lts) in th is  lab o ra to ry  using  donors labelled  w ith  11C -C 0 2 
an d  3H -leucine. In  th e  case of th e  1JC—CO ̂ -labelled tissues, th e  donors w ere labelled  
by  con tinuous exposure to  14C -C 0 2 fo r 72 hou rs p rio r to  sacrifice, and  th e  specific 
localization  o f labelled  m a te ria l in th is  cast* could be exp lained  by  a  v a rie ty  o f com ­
p o n en ts  inc lud ing  p ro te in s, g lycopro te ins, etc.
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R e la tiv e  specific a c tiv ity  in  rec ip ien t o rgans 18 hou rs a f te r  in jec tion  w ith  labelled  
tissue  hom ogenates an d  50 m g cold leucine 

(each figure rep resen ts  th e  m ean  an d  s ta n d a rd  dev ia tion )

TABLE 4

Relative specific Injection
activity Liver Olfactory lobe Kidney Brain

DPM per g/DPM per g** n 3 n  — 1 n  =  3 71— 2
Liver/Liver 1-0 1-0 1-0 1-0
Olfactory lobe/Liver 0-13 ±  0-03 0-69 ±  0-0 5 

*(p <  0-0005)
0-13 ±  0-04 0-22 ±  0-03

Kidney/Liver 0-88 ±  0-03 0-72 ±  0-05 1-11 ±  0-04 
(p <  0-0005)

0-04 +  0-13

Brain/Liver 0-30 ±  0-04 0-34 ±  0-09 0-21 ±  0-0] 0-35 ±  0-07 
(0-01 <  p  <  0-025)

* p  is p ro b a b ility  va lue  expressing  th e  significance o f th e  in co rp o ra tio n  o f h om o­
g en a te  in to  hom ologous tissue  com pared  w ith  th e  th re e  non-hom ologous tissues.

** 33 m g  tissue  sam ples (28 m g  fo r o lfac to ry  lobe) w ere d igested  in  2 n  N aO H  for 
1 h o u r a t  80 °C; 2-5 m l B io-Solv (B eckm an) + 1 0  m l b u ty l P B D -P B B O  cock ta il 
w ere ad d ed  an d  coun ted  50 m in  (5 p e r cen t error) in  a B eckm an  S c in tilla tion  coun ter.

lobe, th e  rem ainder of the  brain , liver, and  kidney in to  recipient ra ts  w ith 
sim ultaneous injections of unlabelled leucine. Labelled hom ogenates of olfac­
to ry  lobe, k idney  and  bra in  all showed preferential localization in to  the  
corresponding organs o f origin 18 hours a fte r in jection  in to  recipients. 
The effect was m ost pronounced w ith  o lfactory lobe and  least w ith  brain . 
The preferential localization o f in jected  olfactory lobe and  kidney can also 
be seen by com parison of per cent u p tak e  per organ (Table 5). I t  should be 
em phasized, however, th a t  th e  d a ta  for th e  localization of in jected  olfactory 
lobe is based on a single anim al.

Yoffey and  Courtice (1956) have shown th a t substances including in tac t 
cells in jected  in to  th e  peritoneal cav ity  are tak en  in to  the  lym phatic  vessels 
v ia the  diaphragm . F or exam ple, a m ajor portion  of a  labelled p ro te in  in tro ­
duced in to  the  peritoneal cav ity  of a ra t  was recovered in  the  thoracic duct. 
The d a ta  reported  here dem onstrate a  preferential localization of in tra- 
peritoneally-injected, leucine-labelled hom ogenate in to  all corresponding 
organs of origin studied, nam ely in  the  olfactory lobe, kidney, lung and, to  
a  lesser ex ten t, brain . This preferential localization in  kidney confirms the  
earlier reports described above (E bert, 1954; W alter e t al., 1956; M ahler 
e t al., 1956) for kidney, h ea rt and  spleen in a different species u nder different 
conditions. The m echanism  of the  apparen tly  specific reincorporation is 
n o t know n and  m ay be re la ted  to  the  observations of Lilien and  Moscona
(1967) on th e  specific aggregation of em bryonic cells, b u t the  hom ogenates are 
presum ably  cell-free, and  it  seems m ore likely th a t  th e  m echanism  would be 
one which somehow mimics or in tegrates itse lf w ith  th e  norm al process 
of tu rn o v er and  de novo synthesis in  th e  young ad u lt anim al. The em phasis 
on pro tein  localization as a consequence of using 3H-leucine labelling does
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TABLE 5

C om parison o f p e r  cen t u p ta k e  o f in jec ted  hom ogenates in to  o lfac to ry  lobe and  k idney

Type of homogenate and 
DPM injected n DPM/g Olfactory lobe 

per cent uptake/organ
Percentage of 
oliactory lobe 

homogenate uptake

Olfactory lobe i 650 0-06 100
(155 000 DPM) 

Brain 2 312 0-01 17
(463 000 DPM) 

Liver 3 468 0-007 12
(808 000 DPM) 

Kidney 3 780 0-008 13
(1 007 000 DPM)

Type of homogenate and 
DPM injected n DPM /g Kidney per cent 

uptake/organ
Percentage of 

kidney homogenate 
uptake

Kidney 3 10 980 1-92 100
(1 007 000 DPM) 

Brain 2 2 100 0-91 47
(463 000 DPM) 

Liver 3 6 000 1-09 57
(808 000 DPM) 

Olfactory lobe 1 800 0-84 44
(155 000 DPM)

not preclude fu tu re studies using o ther types of labelling as well as the 
fractionation  of the  hom ogenate p rio r to  injection.

These results are prelim inary, b u t th ey  suggest th a t  organ-specific com ­
ponents can localize w ith  some specificity when in jected  in to  an  in tac t 
anim al and  this apparen tly  includes localization w ith in  a specific region 
in  th e  cen tral nervous system . The relevance of these results to  th e  “ m em ory 
tran sfe r” phenom enon is y e t to  be determ ined, b u t th e  behavioural changes 
would seem to  require th a t th e  in jected  m aterials have th e  capability  of 
relocating in a  specific region, presum ably  a region analogous to  th e  location 
in th e  donor anim al, B yrne and  H ughes (1967) suggested “th a t  long term  
m em ory was based on synaptic  modification as a result o f th e  synthesis 
of p ro tein  subunits which modify th e  synaptic m em brane (interaction of 
non-identical subunits) of a ‘prew ired’ (Sperry, 1966)* nervous system ” .

* Sperry  h as po in ted  o u t th e  tim e  im p o rtan ce  o f an  o rd erly  p a tte rn  o f specific cy to- 
chem ical affinities w hich reg u la te  a  h igh ly  selective, ch em o tac tic  g ro w th  o f specific 
nerve  fibre p a th w ay s  an d  sy n ap tic  connections. H e  ex tended  th e  concept o f chem o- 
affin ity  to  include developm en t p a tte rn in g  o f cen tra l fibre system s an d  b ra in  p a th ­
w ays as well as sy n ap tic  connections by  d em o n s tra tin g  th a t  reg en era tin g  te leo stop tie  
fibres p re fe ren tia lly  select d ifferen t cen tra l p a th w ay s  in o rder to  reach  th e ir  p ro p er 
sy n ap tic  zone. T he te rm  p rew ired  h as been used to  describe th is  concep t o f th e  n e r­
vous system .
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One possible mechanism  for the  behavioural modification* would be a 
mechanism  whereby the  in jected  molecules or molecular complexes would 
m imic the proposed consolidation process and m odify specific com ponents 
o f the  recipient an im al’s brain.
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* A  s ta te m e n t o f th e  c u rre n t s ta tu s  o f “m em ory  tra n s fe r” (B yrne, 1969) seem s 
to  ind ica te  th a t  th e re  a re  a v a rie ty  of behav iou ra l changes w hich can be tran sfe rred , 
and  th e  ac tiv e  m a te ria l o r m a te ria ls  is y e t to  be defined.
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EFFECTS OF TRAINED BRAIN EXTRACTS 
ON BEHAVIOUR
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N ew  Y ork, U .S.A .

Since 1965, experim ents on the behavioural effects of ex tracts  from the  brains 
o f tra ined  ra ts  have rem ained highly controversial, despite the  large num ber 
of experim ents which have been reported  (F jerd ingstad  e t al. 1965; 
U ngarn  and  Oceguera-Navarro, 1965; Babich et al., 1965; Byrne et al., 
1966). The history of these experim ents has been reviewed elsewhere 
(R osenblatt, 1969). In  our laboratory , early experim ents were concerned, 
first, with replication a ttem p ts  based on the  B abich-Jacobson design 
(R osenblatt et al., 1966); second, w ith the developm ent of im proved 
behavioural techniques for the  assay of ex trac t effects (R osenblatt et al., 
1966; R osenb latt and  Miller, 1966); and  th ird , w ith the  refinem ent of bio­
chemical procedures for th e  separation of active com ponents from brain. 
This has led us to  consider the use of antibodies to  brain ex tracts, bo th  as 
an  analy tical tool for th e  localization and  tracing  of active components, 
and  as a possible agent for influencing behaviour, either by in teracting  
w ith  antigens present in  the  brain  or by mimicking th e  effects of antibody- 
like substances partic ipa ting  in the  “ tran sfer” phenom enon. This paper 
will first sum m arize the  results of our behavioural studies, in order to  p ro ­
vide the  necessary background for a consideration of the  an tibody  experi­
m ents. W e will then  describe the  prelim inary  results ob tained  from  our 
an tibody  work.

C O M PA R ISO N  O F B E H A V IO U R A L  D E SIG N S

From  the  outset, we have considered it methodologically desirable to  
use experim ental designs in which experim ental and control groups both  
received brain  ex tracts  from  donors which differed only in  the specific 
conten t of th e ir experience, or learning task . We w anted to  avoid ex tracts 
from  donors differing in activ ity , em otional experience, m otivation, p h y ­
siological s ta te , or o ther variables which might introduce spurious differ­
ences in th e  com position of experim ental and  control ex tracts. Discrimi­
nation  tasks in which one group of donors was tra ined  to  one alternative 
and  a second group to  a different b u t sim ilar alternative , such as left vs. 
righ t choices in  a m aze or Skinner box, seemed most likely to  be free from  
possible artifacts. We wished to  avoid discrim inations between such a lte r­
natives as dark  and  light, or visual p a tte rn s  to  which ra ts  m ight have an
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Fig. 1. A p p a ra tu s  used  fo r tra in in g  an d  te s tin g  o f ra ts , (a) Two- 
b a r  box ; (b) on e-b ar box used  fo r p re tra in in g  o f rec ip ien ts; (c) bar- 
floor box, used in  a sy m m etric  d isc rim ina tion  experim en ts. Fc, 
foodcup. T he assy m m etric  box  (c) h a s  a  tr a n sp a re n t ceiling over 
th e  w h ite  ch am b e r and  a n  opaque ceiling over th e  b lack  cham ber.

L, lever; F P , floor p ed a l; D , door.

in n a te  difference in preference or em otional response. A fter experim enting 
for over a  year w ith  various alternatives, we decided th a t  a left/righ t discri­
m ination task  was th e  one which best m et our criteria  (R osenblatt and  
Miller, 1966; R osenb latt, 1966), and  for th e  nex t several years we 
concentrated  alm ost exclusively on th is  design. The appara tus (Fig. la) 
consists of a modified Skinner box w ith  tw o bars a t  one end, and  a food 
cup a t  th e  opposite end. D onor ra ts  are tra ined  to  operate e ither the  left 
or righ t bar in  order to  ob tain  a food pellet. R ecipients are first precondi­
tioned in  a one-bar box (Fig. lb) in  which they  learn to  press th e  bar for 
food, b u t do no t acquire any  side preference. They are th en  in jected  and 
tested  in  the  tw o-bar box, being fed regardless o f w hether th ey  press the 
left or righ t bar. This guaran tees th a t  th ey  will continue to  respond over 
a series of tests, b u t no system atic left or righ t preference is tau g h t. The 
per cent of left responses is com puted for each ra t, and  th e  difference between 
the  m ean per cent of left responses for a group in jected  w ith “ left-trained  
e x tra c t” and  th e  m ean per cent of left responses for a group in jected  w ith 
“ righ t-tra ined  e x tra c t” serves as a m easure of effect in  these experim ents.

In  all of our s tan d ard  experim ents, ex tracts  are ob tained  by  a m ethod 
which has been described in  detail elsewhere (R osenblatt, 1969). Donor 
ra t  brains are pooled, and  an aqueous ex trac t ob tained  by  th ree  successive 
extractions w ith  distilled w ater. This is th en  p recip ita ted  w ith  acetone, 
and  the  p recip ita te  which comes down betw een 50 and  75 per cent acetone
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is re ta ined  as the  active fraction. All experim ents described in  this paper 
em ploy an identical ex traction  procedure.

The tw o m ain questions which we set ou t to  answer, initially , were (i) Is 
there an  effect of tra ined  brain  ex tracts  on behaviour, which depends upon 
th e  tra in ing  of the donors ? (ii) How specific is th is effect to  th e  experience 
o f the  donors, or to  the  task  which th ey  are required  to  learn ? The answer 
to  bo th  o f these questions was m ade far more difficult by  our finding th a t 
th e  behaviour of recipient ra ts  m ight correspond either directly  or inversely 
to  th a t learned by donor ra ts  in  a  left/righ t discrim ination task , depending 
strongly  upon the  exact dosage of ex trac t em ployed in  an  experim ent 
(R osenblatt and  Miller, 1966; R osenb latt, 1969). Such inversion effects, 
which had  been noted occasionally by  previous investigators (Nissen e t ah, 
1965), seemed to  be particu larly  prevalen t in the  carefully balanced left/right 
choice situation.

In  an  a ttem p t to  determ ine w hether a reliable relationship could be 
found betw een the  tra in ing  of th e  donors and  th e  observed bias o f the 
recipients, a large num ber of experim ents were perform ed over a tw o-year 
period, w ith  replications bv W illiam  H erblin  a t  D uP on t Laboratories. 
In  these experim ents we tested  the  dosage range from  0-013 to  0-050 brain  
equivalents per recipient ra t, an d  tried  to  dem onstrate th e  existence of 
a m axim um  (positive effect) in the  dose-response curve a t a dose o f 0-025 
brain  equivalents. B oth  a t  our laboratory  and  a t H erb lin’s, i t  appeared 
th a t  such a m axim um  did exist, b u t th a t  i t  was exceedingly unstab le and  
difficult to  replicate. I t  seemed to  be sensitive to  the  slightest varia tion  in 
experim ental technique, condition of the  ra ts , or variations in  equipm ent. 
Some o f these results are illustra ted  in Figs 2a and  2b, which show the  dose

Fig. 2. C om parison  o f dose-response curves in  tw o series o f consecutive ex p eri­
m en ts . A ll ra ts  w ere  in jec ted  w ith  r ig h t- tra in e d  b ra in  e x tra c t, from  donors 
tra in e d  in  th e  tw o -b a r box  (Fig. la ) . S, sh ift from  p re te s t, in  m e a n  p e rcen tage  

o f le f t b ar-p u sh in g  responses. D ose in  b ra in  equ ivalen ts .
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response curves for two different sets of consecutive experim ents, with 
ra ts  in jected  w ith righ t-tra ined  ex tracts. While the  earlier series shows a 
m axim um  right-bias appearing consistently  a t 0-025 brains, the  la te r series 
shows a m axim um  left-bias appearing a t the  same dosage. Moreover, a pool 
of all d a ta  ob tained  on left-right discrim ination experim ents to  d a te  revealed 
th a t the  net effect (averaging over all doses) was an inversion effect; i.e., 
w hatever consistent effect em erged ind icated  th a t  th e  principal effect of 
the  ex tract was either to  in terfere w ith the  task  learned by the  corresponding 
donors or to  prom ote the  opposite behaviour (R osenblatt, 1966).

W hen, a t the  end of tw o years, we were still unable to  replicate the  left- 
righ t dose-response curve reliably, it seemed th a t the tim e had come to  
re-exam ine th e  basic assum ptions which had led to  th is choice of experi­
m ental design. In  earlier experim ents, where we had ob tained  generally 
positive results (R osenblatt e t al., 1966), and  in experim ents a t  o th er 
laboratories where positive results were reported , there  was less em phasis 
on sym m etry, and  the  differences between experim ental and control groups 
were m uch g reater th an  in our left-righ t design. I t  seemed possible th a t the  
left-right choice, in which ra ts  were tested  for only one relatively  m inor 
aspect of w hat they  learned in the  apparatus, m ight be particu larly  subject 
to  conflicting effects and  instab ility . D onor ra ts  gain considerable experience 
pressing both  bars (not m erely the  correct one); they  m ust learn to  suppress 
bar-pressing on th e  wrong bar, as well as to  press the proper bar; and  the 
sensory signals to  which both  groups learn to  respond are identical. Moreover, 
i t  seemed likely th a t the  sets of neurones involved in left and  right b a r­
pressing behaviour would be largely identical, and  th a t  any differences 
would probably involve sym m etric, and  chemically related  types of neurones. 
Thus a very  slight change in balance, favouring exc ita to ry  over inhib itory  
factors, or favouring one cue over another, m ight result in a change from  
positive to  inversion effects in  a “ transfer experim ent” .

Thus we were led to  design a new set of training-boxes, in which sim ilar­
ities between the  two tasks would be minimized, and a m axim um  num ber 
of d istinct perceptual cues would be available to  characterize each a lte r­
native. The likelihood th a t  sensitivity  to  different stim uli was easier to 
transfer th an  preference for different responses (R osenblatt, in  press) was 
a fu rth e r consideration. In  th e  new “asym m etric design” (Fig. 1c), donor 
ra ts  had  a choice of a black or white com partm ent, differing in operan t 
tasks, lights, windows, and  other incidental cues. One group of donors 
was trained  to  operate a lever in a w hite com partm ent for a food reward, 
while a second group was tra ined  to  push a door for food in a black cham ber. 
E xperim ents w ith  groups tra ined  for eight days and  ten  days (15 m inutes 
per day), w ith  and  w ithout the  in troduction  of a tw o-day “ rest period” 
during train ing  (as suggested by McConnell) show very sim ilar results. 
Tw enty-three groups of recipients have been tested  w ith these ex tracts, 
each group consisting of 30 “bar recipients” and  30 “door recipients” . 
In jections were done intravenously, a fte r th ree unreinforced sessions in 
the  apparatus, and  d a ta  are obtained from a single 5-m inute te s t 24 hours 
a fte r injection, w ithout reinforcem ent. The results for these 23 experim ents 
are shown in Fig. 3. No significant inversion effects were obtained, and 20 of
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F ig . 3. D ose-response cu rve  fo r 23 consecutive 
ex perim en ts  w ith  a sy m m etric  b a r-d o o r p ro b ­
lem  (Fig. lc). F ach  p o in t rep resen ts  th e  d if­
ference (A) betw een  th e  m ean  p e rcen tag e  of 
tim e  sp e n t in th e  door ch am b e r by  a  g roup  of 
30 door-in jec ted  ra ts  and  by  a  g roup  of 30 bar- 
in jec ted  ra ts , on th e ir  first postin jec tion  tes t. 
Dose in brain  equ iva len ts . I)a ta  a re  ad ju s ted  
for differences o f p re te s t scores by  m eans o f a  

covariance  correction .

the  experim ents showed a positive effect. (The probability  of 20 out of 
23 being positive is 0-0003 by a binom ial test, and  4 of the individual experi­
m ents were significant a t p  =  0-05). The percentage of tim e spent in the  
bar-cham ber was found to  provide a b e tte r measure of effect th a n  th e  ratio  
of b ar to  door-presses, and  tests  on subsequent days show a steadily  d im i­
nishing effect. The points shown in th e  figure represent the difference (for 
each experim ent) between the  m ean percentage of tim e spent in  th e  bar- 
cham ber by  bar-in jected  ra ts  and  by door-injected ra ts. This is ad justed  
sta tistica lly  to  elim inate effects of covariance between pre-injection scores 
and  post-injection scores. (Correlations between te s t and  p re test ten d  to  
be about 0-30; unad justed  scores show a very  sim ilar d istribu tion , b u t 
w ith slightly greater variab ility .) There is a generally increasing effect with 
higher doses, although the  dose-response curve has not yet been explored
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sufficiently to  determ ine w hether there are local m axim a or minim a, or 
w hether the  effect peaks a t  some dosage. Seven additional groups of ra ts  
were tested  w ith  an  ex trac t from  donors tra ined  for six days, and  showed 
a  weaker effect (three groups showing non-significant inversion effects, 
a n d  four showing positive effects).

In  a subsequent series of experim ents, th e  boxes were modified slightly, 
th e  colours a t  th e  tw o ends being interchanged, and  the  opaque ceiling 
being replaced by  a wire-grille and  tran sp a ren t plastic ceiling, in  order to  
elim inate th e  preference which we had  found in  favour of the  door-end of 
the  apparatus. W hile th is trea tm en t has no t entirely  elim inated th e  bias, 
i t  has reduced i t  considerably, and  most groups of ra ts  are abou t evenly 
divided between preference for the  white and  dark  end by th e  tim e of their 
second p retest. In  addition, th e  operan t tasks were replaced by  au tom atic  
feeding of the  donors (one pellet every 20 seconds). Six ou t of seven groups 
ru n  to  da te  w ith  th is modified design have shown positive effects (the 
seventh  being a non-significant inversion).

We are still concerned, however, abou t the  possibility th a t  an  inheren t 
bias tow ards one a lternative  or th e  o ther m ay be an  im p o rtan t factor in 
these experim ents. We have found, for example, th a t  ra ts  recently  shipped 
from  the  supplier have a m uch stronger dark-preference th an  ra ts  who have 
been kep t for a week or more before use; th e  day  a fte r arrival, practically  
100 per cent of our ra ts  prefer th e  black to  the  w hite cham ber. I t  is easy 
to  see th a t  an  ex trac t which induces or sim ulates a nervous s ta te  or a relaxed 
s ta te  in  a recipient ra t  m ight d rastically  affect the  bias m easured in our 
experim ents. The observed bias due to  the  ex tracts  is m uch sm aller th an  
the bias due to  various in tervals from  shipm ent dates, degrees of s tarva tion , 
or o ther factors which affect th e  exploratory  behaviour of the ra ts . Thus the 
m ain question rem ains one of specificity: do the  different ex tracts  actually  
differ qualita tively  in their effects upon th e  recipient anim als, or are we 
m erely observing differences in  degree of some common effect ? Control 
experim ents which will a ttem p t to  answer th is question are now in progress. 
In  general, w hat m ust be shown is th a t  a num ber of different effects can 
be produced by different ex tracts  which differ in opposite directions, relative 
to  a neu tra l control group. I t  is no t enough th a t th ey  differ from  one another, 
or even th a t th ey  go in opposite directions from  p re test scores, since shifts 
from  pretests m ight be composed of a sum m ation of a positive ex trac t effect 
w ith a negative spontaneous shift. Furtherm ore, a com plete dose-response 
curve m ust be studied to  dem onstrate  th a t  one ex trac t is n o t sim ply p ro ­
ducing a phase-shifted effect, due to  a lower or higher concentration of the  
sam e active factor.

A lthough the  above steps m ust be com pleted in  order to  prove th a t  the  
tw o ex tracts  being tested  bo th  contain task-specific factors, there seems 
little  doub t a t th is tim e th a t they  a t least differ significantly in  one factor, 
which influences the  behaviour of recipients (in an  asym m etric situation) 
in such a w ay as to  favour the  behaviour learned by the donors.
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IM M U N O LO G ICA L ST U D IE S  O F T R A N S F E R  FA C TO R S

On th e  assum ption th a t  the  active constituen ts o f our bra in  ex tracts  in 
th e  experim ents described above were some k ind  of p ro tein  or polypeptide, 
i t  seemed possible th a t we m ight be able to  ob tain  antibodies which would 
be useful in characterizing and  localizing them . Moreover, since th e  ex tracts 
them selves seemed to  produce differential effects on behaviour, i t  seemed 
possible th a t antibodies against th e  ex tracts  m ight also affect th e  behaviour 
o f recipient ra ts  in to  whose brains th ey  were in jected . The work o f Mihailovic 
and  Jankov ic (1961) dem onstrated  th a t  specific brain nuclei could be 
affected by  antibodies against these nuclei. Jankovic et al. (1968) have also 
dem onstrated  the abolition of a defensive conditioned reflex by antibodies 
d irected  against a p ro tein  fraction of naive cat brain. D ’M onte and  Talw ar 
(1967) have shown th a t  antibodies to  occipital, m otor, and  sensory cortex 
of the  m onkey differ in  their electrophoretic p a tte rn  an d  th a t th e  cross­
reactiv ity  of homologous an tigen-an tibody  system s has a m uch higher 
haem agglutination titre  th an  heterologous system s.

Since our an tibody  experim ents were begun while we were still concen trat­
ing on left-right discrim ination tasks, we decided to  a ttem p t to  form a n ti­
bodies against left-tra ined  and  righ t-tra ined  ra t b ra in  ex tracts, p repared 
as described above. Since these “ transfer experim ents” are them selves 
difficult to  reproduce reliably, and  are particu larly  subject to  inversion 
effects, as we have just seen, results obtained  from  corresponding an tibody  
experim ents m ust be considered ten ta tiv e , and  subject to  re in te rp re ta tion  
a f te r  th e  experim ents have been repeated  w ith  a consistently positive p ro ­
cedure, such as th e  asym m etric bar-door choice.

Antibodies were obtained  by  preparing a left-trained  and  righ t-tra ined  
bra in  ex trac t by  th e  acetone p recip ita tion  m ethod described above. These 
ex tracts  were used as antigens, for tw o successive groups of rabbits. In  the  
second group, in  which th e  rabb its were stim ulated  and  bled on a system atic 
schedule, th e  procedure was as follows: The rabb its  were in jected  a t m ultiple 
subcutaneous sites w ith tw o bra in  equivalents of ex trac t each, emulsified 
in  F reu n d ’s com plete ad ju v an t. A first bleeding was tak en  11 days later. 
A t 20 days, th e  rabb its were bled again (second bleeding). A t 22 days th ey  
were restim ulated , w ith m ultiple subcutaneous injections in  F.C.A. A ddi­
tional bleedings were tak en  a t roughly 10 day  in tervals. A to ta l of 11 bleed­
ings were collected from the  rabb its of Group I I .  The rabb its  were restim u­
lated  tw ice m ore (1 bra in  equivalent per rabb it) subcutaneously, w ith  
F.C.A., a t 3 week in tervals. The schedule of injections and  an tibody  tite rs  
obtained over an  80 day  period (using a passive hem agglutination tech ­
nique) are shown in Fig. 4. A gam m a-globulin fraction  was p repared  from  th e  
rab b it sera by  the following procedure: The serum  is p recipiated  th ree tim es 
w ith  sa tu ra ted  am m onium  sulfate to  a concentration of 50 per cent. (In 
th is  high concentration y  M tends to  be precip ita ted .) The p recip ita te  is 
dissolved in saline and  dialyzed against 0-01 M tris-saline buffer, p H  7-4. 
The gam m a-globulin concentration is determ ined by  optical density  a t 
278 mytt. P recip itin  tests  showed th a t  p recip ita ting  an tibody  was present, 
and  several tests using O uchterlonv p lates to  com pare reac tiv ity  w ith  brain ,
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Fig. 4. A n tib o d y  levels in  se ra  o b ta in ed  from  
ra b b its  o f  G roup  I I ,  as d e te rm in ed  by  passive 
h em ag g lu tin a tio n . T ite rs  a re  for th e  pooled 
se ra  from  th ree  L -in jec ted  an d  th ree  R -in jec t- 

ed ra b b its .

kidney, and liver have suggested th a t  th e  an tibody  contains a m ix ture of 
com ponents, w ith different reactivities for the  different tissues.

To evaluate th e  behavioural effects of these antibodies, groups of naive 
ra ts  were in jected  in traven tricu la rly  w ith  an ti-L  and  an ti-R  gam m a­
globulin, and  tes ted  in  a tw o-bar box (Fig. la ), as in  a regular transfer 
experim ent. Table 1 sum m arizes th e  results o f these experim ents, for th e  
in itia l te s t session (generally 12 to  14 hours a fte r injection). A ltogether, 
16 groups of ra ts  were tes ted  w ith antibodies from  th e  rabb its  of Group I, 
and  9 groups were tested  w ith antibodies from Group I I .  In  each experi­
m ent there were 10 to  15 an ti-L  recipients and  10 to  15 an ti-R  recipients. 
Dose is given in  m illigrams of gam m a-globulin, an d  perform ance m easures 
(delta) are given as th e  m ean per cent of left responses for the  anti-L  
in jected  group m inus the  m ean per cent of left responses for th e  an ti-R  
in jected  group. Thus a  positive delta  represents a bias sim ilar to  th a t of 
the  original donor ra ts, while a negative delta  (which we continue to  call 
an  “ inversion effect” ) represents a bias opposite to  th a t of th e  donors. 
In  o ther words, a positive delta  m eans th a t  an ti-L  induces ra ts  to  push the  
left b a r and  an ti-R  induces them  to  push the  righ t bar. P robabilities are 
ob tained  by  a  single-tailed M ann-W hitney U -test.

In  experim ent 1, recipient ra ts  were p re tra ined  to  push th e  left or righ t 
bar, and  each of these groups was divided in to  tw o subgroups, one of which 
received an ti-L  and the  o ther an ti-R  antibody. Since we originally expected 
th a t  th e  m ost likely effect of th e  an tibody  would be interference w ith  th e  
learning or perform ance of the  homologous response, we expected to  find
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TABLE 1

S u m m á n 7 o f  a n tib o d y  ex p ei ‘im e n ts . F i r s t  te s t  se ss io n

Group I (4 Babbits) Group II (6 Babbits)

Bleeding Expt. Dose Delta Prob. Bleeding Expt. Dose Delta Prob.

i 1 (L-t rained) — 11-6 0-948 1 A 1-3 mg — 8-0 0-924
(R- tra in ed ) 0-6 0-712 B 5(1V) 2-2 0-388

2 2 5(iV) — 15-3 0-913 C 5(IV) -  8-2 0-794
5(IC) 11-5 0-797 2 A 1-3 11-4 0-029*

3 3 5 mg — 12-9 0-870 B 1-3 18-1 0-002*
15 10-7 0-900 C 1-3 6-1 0-182

4 5 31-1 0-000 3* 3 A 1-3 - 2 1 0-1)03
5 5 10-3 0-05(1 B 1-3 -7 -2 0-725

4 o 1-5 17-9 0-025* 4 A 1-5 -7-1 0-796
7 1-5 16-7 0-009*
8 1-5 -  6-4 0-774

5 9 A 1-5 2-1 0-327
9B 4 5-1 0-734
9C 1-5 0-0 0-532

0 10A 1-5 — 9-8 0-532
101? 1-5 7-4 0-210

* P ro b , o f  5 o u t  o f  25 e x p e r im e n ts  sign ifican t a t  0-03 lev e l =  0-001.

negative deltas in th is experim ent. This was, indeed, the  m ain effect observed 
(although non-significant) in th e  early  bleedings from  b o th  Group I  and 
Group I I .  T he only significant results obtained, however, were th e  five exper­
im ents m arked w ith asterisks in  th e  tab le . E ach  of these corresponded to  
a  “ positive” effect, an d  all were concentrated  in  th e  m iddle series of bleed­
ings (the th ird  and  fou rth  bleeding of Group I, and  the  second bleeding of 
Group II). The d istibu tion  of scores (percentage of le ft responses) for the  
ra ts  in  these tw o consecutive runs of positive experim ents is shown in Fig. 5. 
While these tw o groups of experim ents are clearly significant when consid­
ered by them selves, we m ust still show th a t th e  effect is significant when 
considered as p a r t of the  com plete series of experim ents run. The m ost con­
servative te s t th a t  can easily be used for th is is the  binom ial probability  
th a t  a t  least 5 out of 25 experim ents will be found to  be significant a t the  
0-03 level (corresponding to  th e  weakest of the  five significant cases). This 
probability  is 0-001. (The probability  of finding either 5 significantly posi­
tive or 5 significantly negative experim ents a t th is level is 0-002.) We con­
clude, therefore, th a t  there is strong evidence for a behavioural effect 
induced by antibodies to  tra ined  b ra in  ex tracts, which mimics th e  tra in ing  
of the  donor anim als.

In  la ter bleedings, no significant effects were found. I t  is also notew orthy  
th a t  th e  m ain effect was found in the  in itia l te s t of a series of six, while 
w ith  th e  injections of b ra in  ex trac t ra th e r th a n  antibodies, effects were
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L,V.

L
F ig . 5. D is trib u tio n s  o f percen tag e  of le ft re ­
sponses fo r ra ts  in jec ted  w ith  an ti-L  and  an ti-R  
an tib o d y , fo r tw o consecu tive series o f ex p eri­
m e n ts  w ith  G roup I  an d  G roup  I I  r a b b i t  sera.
P ro b ab ilitie s  a re  o b ta in ed  b y  a  M ann-W hitney  

U -tes t.

m inim al on the  first session and  tended  to  increase progressively in  la ter 
sessions (R osenblatt, PNAS). This suggests th a t  th e  antibodies m ay be 
mimicking th e  effect of a second-order product, synthesized in  the  recipient 
ra ts  w ith  a tim e-lag of over 24 hours in  response to  bra in  ex tracts. The possi­
b ility  th a t  th e  transfer phenom enon which was previously observed m ight 
be a  m anifestation of an  im m unological reaction to  the  bra in  ex tracts has 
been considered. Two experim ents were run  w ith im m unosuppressants 
(6-m ercaptopurine) adm inistered together w ith  the  brain  ex tracts. W hile 
th e  only significant effects found in  these experim ents were in  th e  control 
groups (which received bra in  ex trac t w ithou t 6-MP), the  results are insuf­
ficient to  dem onstrate  th a t  6-M P actually  in terfered w ith the  transfer effect. 
W e have also sought to  dem onstrate  an  im m une response of ra ts  to  our 
b ra in  ex tracts, by  precipitin  tests, passive hem agglutination, and  by skin 
tests. W hile none of these have given any  evidence of an tibody  production 
th ey  m ay be insufficiently sensitive and  are not conclusive.

Some theorists, including Szilard (1964), have speculated upon the  possi­
b ility  th a t  the  m echanisms of neurological and  im m unological m em ory m ight 
be closely re lated . In  th is case, antibodies prepared  against b ra in  ex tracts  
m ight m im ic th e  phenom ena o f m em ory in  some fundam ental sense, and 
th e  effect of the  brain  ex tracts  when in jected  directly  m ight furnish im m u­
nological inducers to  the recipients which are generated  in  the  donors during 
th e ir learning process. The results ob tained  in  our experim ents are not 
inconsistent w ith  th is hypothesis. On the  o ther hand , since th e  p rim ary
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effect of left/righ t-trained  brain  ex tracts upon the  behaviour of ra ts  seems 
to  be an  inversion or interference effect, i t  is still possible th a t the  seemingly 
“positive” effect of the  antibodies is ac tually  an  interference w ith th e  molec­
u lar processes which would have favoured inversion. The best w ay to  
resolve th is  question seems to  be to  repeat th e  an tibody  experim ents w ith  
th e  bar/door design, which we have shown to  be free from  inversion effects. 
I f  the  antibodies continue to  produce a “positive” effect in  th is design, 
th en  the  first of these hypotheses would seem to  be upheld.

A part from  th e  im plications of th e  behavioural results in  these experi­
m ents, th e  finding th a t  we can obtain  an tibody  w ith different properties 
for left-tra ined  and  righ t-tra ined  bra in  ex tracts  strongly supports th e  view 
th a t  th e  left and  righ t bar-pressing tasks are characterized by d istinctive 
macromolecules. I t  also provides an  ana ly tic  tool which m ay be used in 
studies of localization o f th e  corresponding antigens, bo th  m acroscopically 
an d  subcellularlv, and  for purification of th e  different antigens by  cross­
reaction techniques. F u rth e r work in  our laborato ry  is d irected  tow ard  
investigating  th e  feasibility  of some of these m ethods, as well as a more 
careful characterization of the antibodies which we have obtained .
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DISCUSSION

J . Sz e n t á g o t h a i: E xperim ental neuroem brvological evidence has shown 
th a t neuroblasts receive, already  in relatively early  stages of developm ent, 
specific cues w ith  respect to  w hat direction -oral or caudal, dorsal or 
v en tra l their axons should grow. In  spite of the reversal of the  axis orien­
ta tions of various p arts  of th e  early brain  anlage, m any axons find their 
appropria te  goals correctly. S trangely there  is little  if any  evidence th a t 
th e  neuroblasts would have any  cues th a t would .specify them  as belonging 
to  th e  left or the  righ t side. Most nerve trac t crossings are not brought about 
b y  some inheren t tendency of the  axons to  reach the  o ther side, b u t ra th e r 
as a consequence of the  b ilateral sym m etry  of the  CNS producing trans- 
versallv oriented m icellular s tructu res in  the  m edullary tube commissures 
(Székely and  Szentágothai, 1956, Acta Biol. Acad. Sei. hung. 6. 215-229) 
th a t  in  tu rn  induce m ost fibres to  cross th a t arrive in their vicinity. Thus 
there  m ay be very  little  specific difference between the  chemical charac­
teristics of the  sam e kind of neurones belonging to  th e  righ t and  the  left 
side. This m ay be the  reason why your results are not very conclusive.

F . R o se n b l a t t : I  believe vour explanation is very  plausible. We m ay 
sim ply have m ade a poor choice of a discrim ination task , if  our purpose is 
to  find a problem  which differs strongly  in the chemical characteristics of 
th e  neurones involved. I f  the cells responsible for a left or rig h t choice are 
indeed chemically sim ilar, then  very slight secondary influences or details 
abou t our tra in ing  boxes which we have failed to  control adequately  might 
become the  main determ inan ts of bias in our ex trac t. On the  o ther hand, 
the  fact th a t  inversion effects seem ty predom inate consistently in th e  left- 
righ t task , ra th e r th a n  a com pletely neutra l mixt ure of positive and  negative 
effects, and  th a t th is had  been found in Y-mazes as well as tw o-bar Skinner 
boxes, does seem to  indicate th a t th ere  is some kind  of chemical specificity 
characterizing th e  left-trained  and  righ t-tra ined  ra ts , even though it is 
easily overpowered by o ther factors and  is difficult to  ob tain  reliably. The 
an tibody  experim ents also seem to indicate a definite difference between 
th e  two kinds o f ex tract.

W. C. Co r n in g : H ave you observed the  complex dose-response curve in 
naive anim als ? W hat if  you were to  observe such a curve in naive anim als ?

F . R o se n b l a t t : I t  is no t clear how any  dose-response curve could be 
observed in  “ naive anim als” , if this m eans anim als receiving no brain- 
ex trac t a t  all. I f  you m ean anim als who are in jected  w ith different doses
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of ex trac t from  un tra ined  donor ra ts, th en  one m ight indeed observe differ­
ences in  left or right bias a t different doses. We have found th a t  alm ost 
any  trea tm en t, including naive b ra in  ex tracts, and  even injections of large 
doses o f distilled w ater, is likely to  a lte r th e  bias o f a  ra t. Thus if  ra ts  in  a 
particu la r box exhibited a general tendency  to  shift tow ards th e  left or 
the  righ t (as m ight occur if  one bar was slightly  easier to  press th a n  the  
o ther), I  would exjiect th is bias to  be influenced by alm ost any ty p e  of 
trea tm en t. We have seen repeated  indications th a t  our differential left-righ t 
effect is superim posed upon the  effect of non-specific factors, of which there  
m ay be a large num ber. I  would therefore consider a dose response curve 
ob tained  for anim als in jected  w ith  naive ex trac t as a dem onstration  of the  
effects o f these non-specific factors (or perhaps factors specific to  th e  expe­
rience of the  “naive” donor rats). I t  is for th is reason th a t  we have em pha­
sized the  use of differential techniques, com paring the  effects of a left ex trac t 
against a sim ilarly tra in ed  and sim ilarly handled righ t ex trac t, ra th e r th an  
against the  hypothetical construct of a “naive r a t ” .

R . Ga la m bo s: Y our rep o rt of a positive resu lt upon behaviour o f a n ti­
brain  an tibody  is th e  first I  know of in the  ra t, and  you are  to  be congrat­
u la ted  for having succeeded in  th is dem onstration. H ave you such controls 
on this as negative results a fte r injection of antibody  to  such ra t  tissues as 
norm al brain , or liver?

F . R o se n b l a t t : W e have used only an ti-b ra in  antibodies in our beha­
vioural experim ents, a lthough we have com pleted a prelim inary  check for 
cross-reactivity  w ith o ther tissues, and found evidence for a m ix tu re of brain- 
specific and  non-specific antibodies. We have also run  groups of saline- 
in jected  controls in  our first series of experim ents. These groups came out 
between the  an ti-L  an d  an ti-R  groups.

G. U n g a r : Dr. R osenb latt’s steadfastness in sticking b y  the  left-right 
experim ents is adm irable b u t a t the presen t stage of th e  transfer problem  
it risks to  confuse the  issues. We need a t  th is po int clear-cut situations 
which are n o t accom panied by  reversal and do not exhibit m ultiphasic 
dose-response curves. The problem  of inversion m ay be in teresting  to  stu d y  
a t  some fu tu re  stage outside th e  contex t of th e  transfer experim ents.

F. R o se n b l a t t : The problem  of finding a good task  for use in “ transfer 
experim ents” is to  find one in  which it  is likely th a t  chem ically different 
kinds of neurones are involved (hopefully from the  same sensory m odality), 
bu t in  which the  different a lternatives do no t differ in  a ttractiveness, or in 
em otional quality , or difficulty of learning. Any of these factors m ight 
result in  differences in  horm onal com position of th e  ex tracts, due to  differ­
ences in  stress or em otional experience of the  donors, and  sucli differences 
in  com position m ight affect the  recipients’ behaviour in  a m anner entirely  
independent of m em ory or learning. I t  is no t clear to  me how th e  inversion 
phenom enon could be stud ied  “outside the  con tex t of transfer experim ents” , 
since it is specifically a transfer phenom enon.
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CHEMICAL TR A N SFER  OF COLOUR AND TASTE 
DISCRIM INATION* IN  G O LD FISH  

(C A BA S S I  US AU BAT US)

by

G. F . D omagk ami H . P . Z ip p e l

U n iv e rs ity  o f G ö ttingen , G .F .R .

w  e wish to  report upon a series of experim ents we began abou t a year ago 
in  which we have been able to  dem onstrate  a  transfer of an  acquired infor­
m ation from  tra ined  goldfish in to  naive recipient anim als.

Our fish are kept in groups o f tw o in  the  tra in ing  tanks (size 130 X 20 X  30 
cm). D uring the  conditioning phase th e  anim als are fed Tubifex worms a t 
either sm all side of th e  basin th rough  plastic funnels w ith sm all holes in  it. 
The v ibrations occurring when the  fish bites or swims against th e  funnel 
can be registered as either “ le ft” or “ rig h t” by  a tw o-channel au tom atic  
recorder (Zippel, 1970).

As H afen (1935) had  found in  her experim ents perform ed w ith  minnows 
(Phoxinus laevis), our fish showed a strong in n ate  preference for red  light; 
green light, which in itially  was repellent, was chosen as th e  conditioning 
stim ulus (CS). During th e  first 10 to  15 tra in ing  sessions green light was 
given for 5 m inutes a t  one side of th e  tan k , followed by  a short period of 
CS plus feeding of Tubifex ( =  unconditioned stim ulus, US) a t th e  sam e 
side. A fter the  fish had learned to  swim to  th e  green light, a red  light was 
shown during th e  tra in ing  period on the  opposite side o f th e  tan k . F o r a few 
days th e  fish preferred the  red light to  the green, bu t a f te r  a to ta l of 40 to  
60 trials, a conditioned reflex to  green light was m anifested.

F ish th u s tra ined  served as the  donors of b rain ; using the  technique 
described by  U ngar et al. (1968), we homogenized the  pooled brains in a 
P o tte r-E lveh jem  homogenize!’, dialyzed th e  whole hom ogenate against 20 
volumes of distilled w ater, and  collected a fte r 24 hours the  ou ter liquid 
w ith the  low m olecular weight m aterial, which th en  was concentrated  by 
lyophilization. The small residue was dissolved in R inger’s solution and 
in jected  in traperitoneallv  in to  naive recipient anim als whose preference for 
red light had  been tested  before (Fig. 1). A bout 12 hours a fte r the  injections 
th e  anim als began to  swim to  the  green light. This preference for th e  green 
light offered random ly a t th e  left or righ t side of the  tan k  (red light being 
shown a t  the  opposite side) could be observed for abou t one week. A s ta ­
tistica l analysis of our results, which have been published recently  (Zippel 
and  Dom agk, 1969), is given in Table 1.

* T his in v es tig a tio n  h as been  su p p o rted  by  a  g ra n t fro m  th e  D eu tsche  F o rschungs­
gem einschaft.
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Fig. 1. C hem ical tra n sfe r  o f colour d isc rim ina­
tion  in  goldfish. P reference  to  green lig h t (b lack 
blocks) as com pared  to  red  light (s tria ted  
blocks) o r no co lour offered (w hite  blocks).
(a) B ehav iou r o f dono r g ro u p  exposed to  g reen  
and  red ligh t a f te r  117 to  4(> tra in in g  sessions.
(b) B ehav iou r o f rec ip ien t g roup  exposed to  
g reen  and  red  light, w ith o u t p rev ious tra in in g .
(c) B ehav iour o f rec ip ien t g roup  from  tw o 
h o u rs  to  six  days a f te r  i.p . in jec tion  o f b ra in

e x trac t p rep a red  from  dono r g ro u p  a.

These prelim inary experim ents looked quite encouraging; the only trouble 
was th e  long tra in ing  tim e (6 to  8 weeks) needed for the  donor groups. 
We therefore tested  the an im als’ ab ility  of ta s te  discrim inations. Using the 
tra in ing  tan k s  described above solutions of various chemicals were dropped 
in to  th e  feeding funnels, a stream  o f w ater being offered a t  th e  opposite 
side of th e  basin in  order to  avoid arte fac ts  due to  the  dropping. W e found 
solutions of glucose to  be a ttra c tiv e  and  solutions of either acetic acid or
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TABLE 1

S ta tis tic a l analyses o f colour d isc rim ina tion  experim en ts  perfo rm ed  wit li 4 fish groups 
(W ilcoxon m a tch ed  p a ir  signed ra n k  sta tis tic s)

Before 0 to 24 hours 24 to 48 hours 2 to 6 days Training
inejction after injection after injection after injection after forgetting

p  <  0-02 p  >  0*05 p  <  0*02 p  >  0-05
for red for green

light p  <  0-05 light
Recipients (n = 7) (n =  5) for green 

light
(n =  6) (li =  10)

p  <  0-005 p  >  0-05 (a =  5) p  <  0*05 p  >  0-05
red light green light

(n =  «) (» =  ß) (li -  5) (n =  9)

p  <  0*005 p  >  0*05 p  >  0*05 p  <  0-02
red light green light

Control
recipients

(n -  9) (n =  5) p  >  0-05 (« =  6) (» 10)

p  <  0-005 p  >  0-05 (n =  5) p  <  0*05 p  >  0*05
for red light red light

(« = H) ( n  -- 6) ( n  =  5) (n 9)

quinine to  be repellent for th e  fish (Bieck and  Zippel. 1969). Therefore we 
chose th e  la tte r  as the  CS. W ith in  one or tw o weeks of tra in ing  all fish 
w ould learn  to  go for th e  previously disliked chemical, since food was 
offered on th e  sam e side of th e  tan k  a fte r the testing  phase. W hen the  side 
o f the CS was changed during the  testing period, th e  fish soon swam to 
th e  new position of the  CS. F igure 2 shows th a t  an  acquired preference

injection
Fig. 2. B ehav iou r o f goldfish exposed to  quin ine 
so lu tion  before and  a f te r  in jec tion  o f b ra in  ex tra c t 
p rep a red  from  qu in ine  a d a p te d  donors. T ra in ing  
w as g iven  to  rec ip ien t an im als  2 w eeks a f te r  fo r­

ge tting .
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F ig . 3. T ran sfe r efficiency o f b ra in  e x tra c ts  from  
acetic  acid  a d a p te d  donors before (a) an d  a f te r  

(b) tr e a tm e n t w ith  try p s in .

for quinine can be transferred  by an i.p. injection of low m olecular weight 
bra in  ex tracts  prepared  in th e  m anner described above.

B v a fu rth e r experim ent we were able to  give support to  U ngar’s idea 
of th e  peptide n a tu re  o f th e  m aterial responsible for the  transfer phenom ­
enon. One h a lf of the  bra in  ex trac t ob tained  from  acetic acid ad ap ted  
fishes was trea ted  w ith try p sin  for 30 m inutes. As can be seen from  Fig. 3, 
th is trea tm e n t w ith  a protease destroyed the  transfer factors, whereas th e  
undegraded control ex tract gave positive transfer effects.

R E F E R E N C E S

B ie c k , B . a n d  Z i p p e l , H . P .  (1969): Pflügers Arch. ges. P hysio l. 307 , 132. 
H a f e n , G . (1935): Z . vergl. P hysio l. 22, 192.
U n g a r , G., Ga l v a n , L. and  Cl a r k , R . H . (1968): N ature  217, 1259. 
Z i p p e l , H . P . (1970): Z . vergl. P hysio l. 69,54.
Z ip p e l , H . P . an d  D o m a g k , G . F . (1969): E xperien tia  25, 938.

DISCUSSION

G. U n g a r : These are very  beautifu l experim ents and  should bring us 
closer to  th e  solution o f th e  specificity problem . Could you tell us how m any 
anim als were involved in each of th e  experim ents ?
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G. F . D o m a g k : A bout a dozen of goldfish had been used for the  colour d is­
crim ination train ing , and  for m em ory transfer 2:1 ra tio  of donor to  recipient 
b ra in  equivalents had  been injected. F o r th e  experim ent w ith  acetic acid 
ad ap ted  anim als, 8 fish were used, and  one h a lf o f th e  dialyzed m ateria l 
had  been degraded by  a 30 min incubation w ith  trypsin . In  these transfers 
which gave positive results w ith th e  undergraded m ateria l a  1 : 1 ra tio  
(donor: recipient bra in  equivalents) had  been used.
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E FFE C T  OF BRA IN  EXTRACTS ON TH E  
FIX A T IO N  OF E X P E R IE N C E  IN  TH E  RAT 

SPIN A L CORD*

by
J . D a l ie r s  an d  C. G iu r g ea  

Pharm aco log ica l D e p a rtm e n t,
U CB  D ijtha, B russels, B elgium

IN T R O D U C T IO N

Several years ago a particu la r form  of m em ory a t spinal level was described 
by  Di Giorgio (1929) who dem onstrated  th a t centrally  (lesion) induced 
asym m etry  in  the  rear limbs of several species of anim als m ay persist a fte r 
spinal cord transection.

L a te r Cham berlain et al. (1963) using ra ts , dem onstrated  th a t asym m etry  
induced from cerebellar lesion persist a fte r th e  spinal cord is transected, 
provided th a t  th ey  have been m ain tained  in  asym m etry  for a sufficient 
length of tim e, nam ely abou t 45 min. This phenom enon has been in te r­
pre ted  by  a perm anen t change occurring in  the  neuronal s tru c tu re  of the  
spinal cord.

Spinal fixation tim e (SFT) i.e. th e  m inim al tim e needed by  the  spinal 
cord to  m ain tain  the  postu ral asym m etry  a f te r  section, m ay also be used 
for pharm acological studies of learning (C ham berlainét ab, 1963; G iurgea and  
M ouravieff-Lesuisse, 1969).

These studies, which took in to  account th e  num ber of trea ted  anim als 
m aintain ing th e ir asym m etry  when transected  a t  35 m inutes a fte r the  onset 
o f asym m etry  (tim e a t  which all saline in jected  anim als lost th e ir asym ­
m etry), show th a t SFT reacts ra th e r specifically to  drugs th a t are presum ed 
to  enhance learning and  m em ory. In  th e  above m entioned papers from  our 
labora to ry  i t  was shown th a t  no m odifications of SFT were ob tained  w ith 
various psychotropic drugs such as stim ulan ts, tranquillizers, hallucinogens, 
an tidepressan ts, etc. Since SFT seems to  be derived of any  m otivational 
factor in  th e  norm al sense of th e  word, it  is understandab le th a t  th is model 
should no t react to  psychotropic drugs.

The aim  of our stu d y  has been to  investigate w hether th e  acquisition of 
th is new behaviour by  th e  ra t, i.e. th e  asym m etry, can be modified by 
b ra in  ex trac ts  supplied by  anim als which were surgically rendered asym ­
metric.

M A T E R IA L  A N D  M E T H O D S

Details on SFT technical procedure have already been described else­
where (Cham berlain et al., 1963; G iurgea and  Mouravieff-Lesuisse, 1969); 
we sum m arize here th e  experim ental m ethod in order to  help the  com pre­
hension of th e  results.

* S u p p o rted  b y  I .R .S .I .A . R esearch  F u n d  No. 1341-1549/2.
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(1) Cerebellar lesion
The 270 anim als used are W istar albino ra ts  of 250-350 g. They are 

anaesthetized  w ith 40 mg per kg i.p. N em butal, and  the left h a lf of the 
an terio r cerebellar lobe is rem oved by  suction (Fig. 1); when emerging from  
anaesthesia asym m etry  consists in an  ipsilateral tonic flexion and  a con tra­
la tera l hypotonic extension of the  h ind  legs. This m om ent is considered 
tim e zero.

A sym m etric anim als are used either as donors of ex trac t or as subjects 
for SFT.

(a) Donors. R a ts  are m ain tained  in  asym m etry  w ithout any  spinal sec­
tion for several, usually  17, hours. T hey provide the  m ateria l to  be ex tracted .

(b) Recipient ( S F T )  test. R a ts  are in jected  in traperitoneally  w ith  the  
ex trac t either th e  day  before (17 hours) or on th e  day  of SFT test. In  this 
la tte r  case, ex tracts  are given sim ultaneously w ith N em butal, th u s  2 to  
3 hrs before th e  aw akening of the  anim als. E ach  anim al receives the  ex tract 
from  tw o ra ts.

Their spinal cords are transected  (level T 7) 35 m inutes a fte r th e  onset 
of asym m etry; some m inutes la ter th e  persistence or th e  lost of asym m etry  
is m easured and  anim als are classified as positive (persistence) or negative 
(lost).
(2) Extracts

Rats are stunned, decapitated and their whole brains removed and frozen 
with dry ice as quickly as possible. This step must not take more than one 
minute. The material may then be stored at —18 °C. After defreezing the

Spinal cord fixation time

Section

F ig . 1.

192



brains are homogenized (Mixer J  & K, 25,000 rev. per min) and  the  solvent 
is added  according to  th e  chosen ex tract procedure.

(a) Chloroform-methanol-HCl extract (C-M-HC1 ex tract). 160 ml chloro­
form -m ethanol m ix tu re 2 : 1 ,  containing 1 per cent concentrated  HCl, is 
used for 40 brains. A fter keeping for 30 m in a t zero °C, the  m ix tu re  is 
centrifuged; th e  upper aqueous layer is easily rem oved while the organic- 
layer and  the  insoluble m ateria l (interphase) are again ex trac ted  w ith 40 ml 
w ater.

The aqueous layers are pooled, first p artia lly  evaporated  under vacuum  
and  th en  lvophilized. The resulting d ry  m aterial is easily dissolved in  w ater 
and  the pH is brought up to  8-5; a fte r keeping th is m ateria l a t zero °C for 
a t least 60 m inutes, the  insoluble m aterial is rem oved bv centrifugation 
and  the  clear supernatan t, a fte r pH  ad justm ent to  7, is ready to  be injected. 
All the trea tm en ts  of the ex trac t are done between zero and  10 °C.

(h) Phenol extract (RNA extract). The R N A  is ex tracted  according to  
the classical m ethod described by L itta u e r an d  Eisenberg. This procedure 
has been slightly adap ted  a n d  already described in detail (Daliers, 1968). 
I t  consists m ainly in ob tain ing  the  aqueous layer of a phenol ex trac t (using 
ED TA  sodium dodecyl sulfate and Na acetate).

Two volum es of 98 per cent alcohol are added  to  this solution and the  
p recip ita te  is collected a f te r  a jiight a t zero °C.

A fter drying under vacuum  the w hite powder is finally slowly dissolved 
in w ater and ready to  be injected.

RESULTS

(1) Positive effect on SET
Table 1 shows th a t anim als in jected  w ith brain  ex tracts  from  “cerebellar” 

anim als m ain ta in  th e ir asym m etry  a fte r the  spinal cord transection. In  the  
sam e conditions (35 m inutes tim e in terval) all saline in jected  ra ts  lost th e ir 
asym m etry .

TABLE 1

Effect of the injection of brain extracts in naive animals on spinal fixation time 
(Extract prepared after 17 hrs asymmetry)

I No. of asymmetric animals 1 Fisher-Tates 
1 probability testExtract injected Donor No. of tested animals 

1 after section at 35 min
Conclusion

Saline (XaCl 0-9%)
I

0/24 Control:
inactive

Aqueous layer of 
chloroform - m et ha - 
nol-HCl extract

Cerebellar lesion 
No lesion

8/10
0/5

active
inactive

p  <  0-005

Aqueous layer of Cerebellar lesion 8/12 active p  < 0-005
phenol extract No lesion 0/5 inactive —
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Control ex tracts, from  unlesioned ra ts  (no cerebellar lesion) are inactive.
The ac tiv ity  is found in  bo th  phenol and  C-M-HC1 ex tracts.

(2) Control ex tracts
(a) Table 2 presents results of an  experim ent perform ed on CM-11 Cl 

ex trac t in order to  s tudy  the  specificity of th e  correlation between th e  lesion 
and  th e  ac tiv ity . The first experim ent is perform ed w ith  an ex trac t obtained 
a fte r a un ilatera l tem poral lesion. T h at lesion produces no asym m etry  of 
the  jiaws in  th e  donor. This m aterial is inactive; we m ay thus conclude th a t 
no t all lesions are able to  produce an  active ex tract.

TABLE 2
Specificity of CNS lesion (Chloroform-methanol-HC'l extract prepared after 17 hrs

asymmetry)
No. asymmetric animals Fisher-Yates 

probability testDonor No. of tested animals 
after section at 35 min

Conclusion

(1) Cerebellar lesion 8/10 active p  <  0*005
(2) Temporal lesion
(3) Cerebellar lesion spinal

0/5 inactive —

cord lesion 4/4 active p  <  0*005
(4) No lesion 0/5 inactive —

(b) The second control experim ent is perform ed w ith an  ex trac t supplied 
by anim als in  which the spinal cord has been transected  im m ediatly  a fte r 
the  onset of th e  cerebellar induced asym m etry. These anim als in  spite of 
th e ir cerebellar lesion, are thus deprived of any  postu ral asym m etry  since 
th e ir hind legs are paralysed.

Table 2 shows th a t  th is ex trac t is active. Consequently asym m etry  in  itself 
and  its  proprioceptive feedback, here in te rru p ted  by the  section, are not 
necessary for th e  biosynthesis of the  active m aterial in to  the  brain .
(3) D ynam ics of ac tiv ity

C-M-HC1 ex trac ts  were prepared  rem oving th e  brains a t  various lapses 
of tim e a fte r th e  onset of asym m etry. Table 3 shows th a t  more th an  2 hours 
are needed for the  brain to  elaborate a sufficient am ount of active m aterial.

TABLE 3
Activity of the extract in correlation with the lime spent in 

asymmetry by the donor (C-M-HCl extract)

Time elapsed 
in asymmetry

No. of positive animals 
No. of tested animals 

after section at 35 min
Conclusion Fisher-Yates 

probability test

45 min 0/5 inactive
2 hrs 0/4 inactive
() -7 hrs 4/5 active p  <  0*005

17 hrs 8/10 active p  <  0*005
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C O N C LU SIO N S

The experim ents w ith  hab ituation  to  sound (Ungar and  Oceguera- 
N avarro, 1965; Daliers and  R igaux-M otquin, 1968) and  in p articu la r those 
on m orphine tolerance (Ungar and  Cohen, 1966) allow to  th ink  th a t m o tiva­
tion  stricto sensu is not a critical factor on which th e  success o f a transfer 
experim ent depends. The non-necessity of m otivation  was already proved 
concerning th e  acquisition o f a  classical conditioned reflex (Giurgea and  
Raiciulescu, 1959; D o ty  and  Giurgea, 1961). The presen t work contributes 
to  the  view th a t  m otivation  does not necessarily interfere w ith  the  transfer 
mechanism.

From  th e  chemical point of view, i t  is of some in terest th a t  the  transfer 
is obtained bo th  w ith the  phenol and  the C-M-HC1 procedure. As m ost of 
the macromolecules are theoretically  absent from th is last ex tract, since 
they  are p recip ita ted  by  m ethanol and  HC1, we m ay expect th a t  in our case 
ac tiv ity  is no t supported  by R N A  molecules.

The o th e r—phenol ex tract, rich  in DNA and  RNA contains also some 
peptides and  polysaccharides (K irby, 1956). Thus we m ay conclude th a t  
ac tiv ity  m ay be supported  by o ther molecules th an  RNA, m ost probably, 
by some relatively sm all molecules such as oligopeptides.

This k ind  o f molecule was already proposed by  U ngar as being respon­
sible for transfer (Ungar e t ah, 1968).

The s tudy  of th is particu la r point is to  be continued using enzym atic 
incubation of the  brain ex tracts.
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DISCUSSION

R . Gala m bo s: (i) W ould you elaborate on th e  te s t applied to  th e  recip­
ien t?  (ii) To tes t w hether th is is a specific effect of a cerebellar lesion, 
have you rem oved th e  en tire  cerebellum  in the  donor?

J . Da l ie r s : (i ) The recipient anim als are su b m itted  to  th e  te s t of SFT. 
i.e. it is m easured w hether th e ir asym m etry  persists a f te r  spinal cord section 
perform ed a t 35 m inutes a f te r  th e  onset of asym m etry, when control anim als 
do never show any  persistence of th e  asym m etry, (ii) We have no t p e r­
form ed this experim ent; I th ink  th a t it would be a good control expe­
rim ent and  th a t we would try  to  perform  it.

G. H o r n : (i ) H ave you ever tried  in jecting spinal cord ex tracts  obtained 
from  anim als w ith  com bined cerebellar and  spinal lesions? (ii) Asym m etry 
of the legs persists if  the cord is transected  some 45 m in a fte r a cerebellar 
lesion, suggesting th a t th e  hypothetical bra in  changes have tak en  place in 
th a t  tim e. Brain ex tracts from  anim als w ith  cerebellar lesions are not 
effective, in the transfer situation , a t th is tim e, a t  least 6-7 hours m ust 
elapse (Table 3). H ave you any suggestion to  m ake about th is apparen t 
discrepancy ?

J .  D a l ie r s : (i ) W e never tried  this k ind  of experim ent bu t we have a p re­
lim inary  result which can be of some interest.

W e have used spinal cord phenol ex trac t from  asym m etric anim als and 
th is  m ateria l is also active b u t only if we used th e  sam e am ount as of the 
bra in  ex tract. We have in jected  th e  m aterial from  10 spinal cords per 
anim al. This was perform ed only on tw o ra ts, (ii) I  th in k  th a t there  is 
no real discrepancy betw een these two facts. Indeed  as D r. U ngar has 
showed in the  experim ent w ith  dark  avoidance (Ungar et ab, Nature, 217. 
125, 1968), th e  anim al has learned the  avoidance from  his first tria l. This 
behaviour is stable and  long-lasting; nevertheless a f te r  th is first tria l, if 
you m ake an ex tract, it will be inactive. The sam e seems to  be tru e  for 
the  lesioned anim als in  our experim ents. I  th in k  th a t th is tim e being 
betw een 45 m inutes and  6-7 hours is one more proof th a t  m em ory conso 
lidation is a tim e dependent process.

G. U n g a r : These experim ents illustra te  the cen tral problem  of all transfer 
experim ents. They show th a t  anim als subm itted  to  a given experience 
develop some sort of a chemical equivalent of th is experience in  th e ir brain. 
The developm ent of th is m aterial can be tested  by adm inistering an  ex tract 
of th e  b ra in  to  naive recipients. W hether the  experience can be called learn ­
ing or no t is a secondary point and  which has no im p o rtan t bearing on the  
problem .

K . K e l e m e n : The background of your transfer experim ents is not quite 
clear to  me. I  should like to  know w hether the  asym m etry  is lacking in all 
control anim als 35 m in a fte r transection and  is p resent in all of them  afte r
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45 min? W hat I  really  wish to  know is w hether the positive transfer effects 
m ight not be caused by statis tica l chance.

J . D a l ie r s : W hen transected  35 m inutes a fte r the onset of asym m etry, 
all the  control anim als lost their asym m etry  (24/24).

A t 45 m inutes only one anim al ou t of 24 lost its  asym m etry.
T h at m eans th a t  if  you com pare, for instance, the  values 0/4 and  4/5 of 

Tables 1 and 2 (the less significant result ) by the  Fischer-Yates exact p rob ­
ab ility  test, you will have a )) <  0-005.

G. H o r n : I f  the  hypothetical b ra in  changes continue over several hours, 
as Dr. U ngar suggests, one m ight expect th e  duration  of leg asym m etry  
to  increase the  longer the  in te rva l between a cerebellar and  a spinal lesion. 
Does th is happen?

J . D a l ie r s : In  fact, i t  so happens th a t even a fte r only 45 m inutes of 
asym m etry , th e  spinal cord m ay be transected  w ithout loss of asym m etry  
and  asym m etry  persists for several hours. This fact has been described by 
Cham berlain et ah, (J. Neurophysiol. 26, 662, 1963) and  also confirmed in 
our laboratory .
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THE MEMORY TRANSFER EFFECT: 
AN UNSPECIFIC PHENOMENON?

by

J. F a iSZT and G. Á d ÁM
D e p a rtm e n t o f C om parative  Physiology, 

E ö tv ö s L o rán d  U n iv e rs ity , B u dapest, H u n g ary

Some th ree years ago in  1966, a ra th e r unusual event occurred in  our labo­
ra to ry . Our team  working for m any years on several electrophysiological 
and  biochem ical problem s of conditioning was taken  aback by  four different 
reports published independently  of one ano ther on the  in ter-anim al m em ory 
transfer in m am m als. Our first reaction was, of course, hea lthy  scepticism . 
N evertheless, being in  possession of a  ra th e r g reat varie ty  of conditioning 
techniques we decided to  repeat the  published experim ents. A lthough we 
appreciated  Professor H y d en ’s d a ta  on RNA-changes in  neurones and 
Professor McConnell’s findings on m em ory transfer in  p lanarians, we did 
no t believe in the  possibility o f in ter-m am m al transfer. Thus, our scheduled 
series o f transfer experim ents has been guided exclusively by  curiosity and  
scepticism ! Our operan t behaviour was consequently identical w ith  the  
behaviour of m ost of th e  colleagues of the  22 laboratories busy w ith  transfer 
problems.

In  our first series, published in  Nature  in 1967, we got a surprising posi­
tive transfer effect on ra ts  and  tried  to  clear up some prelim inary  conditions 
o f this phenom enon. U nder our experim ental conditions o f avoidance 
train ing  th e  optim al effect occurred when donors were tra ined  for abou t 
10 days, i.e. 12 experim ental sessions, and  when adu lt recepients were 
no t h ab itu a ted  to  th e  conditional stim ulus only to  th e  unconditional one.

The results of our second series have been published in Nature  in 1968. 
As some of you m ight know, in th is series we com pared th e  effect o f ribo- 
somal, messenger and  soluble R N A -fractions and found th a t  th e  ribosom al 
RN A  gave the  best transfer effect of the  avoidance response.

In  th e  present paper we would like to  give account of some new d a ta  
concerning tw o m ain questions widely debated:

(1) We obtained some data about the specificity, or more exactly the 
unspecific character, of the transfer phenomenon.

(2) We tried  to  follow up some com ponents of th e  RNA -fractions respon­
sible for th e  successful m em ory-facilitation effect.

The m ethods applied were identical w ith those already  published. W istar- 
R ehbrücke ra ts  perform ing in  100 per cent an  avoidance task  —jum ping 
up on a shelf -in  response to  an  aud ito ry  stim ulus served as donors. The 
recepients had been p re tra ined  to  jum p on th e  shelf in  the  experim ental
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box, b u t they  rem ained naive w ith  respect to  the  conditional s t i ­
mulus.

As regards the unspecific character of the transfer phenomenon the 
results of our experiments will be summed up in which our donor rats received 
the CS (ringing of a bell) and the US (electric shock) not in the form of paired, 
associated stimuli, but according to a special schedule, independently from 
each other.

(1) In  th e  first series (group 1 in Table 1) the  bell and the  shock were 
adm inistered a lternative ly  a t 30 sec in tervals, 5 stim uli each. The donors 
were tre a ted  in th is  m anner for 12-15 days un til the  avoidance responses 
to  the  aud ito ry  stim uli decreased to  a 5 per cent level. F igure 1 represents 
the avoidance behaviour of th is group of anim als. Usually, the  m otor reac­
tions dim inished no t lower th an  to  a 5 per cent level; in this special case th is 
occurred on the  10th day probably  owing to  in tersignal responses. W hole 
brain R N A -extract of the donor (using the phenol ex traction  procedure) was 
in jected  in traperitoneally  to  naive recipients p re tra ined  to  perform  the 
avoidance ta sk  to  electric shock. F igure 2 represents the  perform ance of 40 
recipients during  4 experim ental sessions receiving the  R N A -extracts of 20 
pseudoconditioned and  20 control donors. The CS (5 in each session 4, 8, 12 
and 26 hours a fte r th e  injection) was adm inistered for 5 sec. i f  the anim al 
perform ed th e  defensive response, shock was not applied; if  th e  ra t  did 
not jum p, reinforcem ent was adm inistered. The perform ance of the  re ­
cipients trea ted  w ith pseudo-conditioned donors’ bra in  ex trac t was signifi­
can tly  b e tte r  th an  th a t  of the  control recipients (W ilcoxon tes t: p <( 0-01).

(2) In the second series (group 2 in Table 1) the pseudo-conditioning of 
the donor group was carried out by the random administration of the CS

5 10 15 20
2 4 6 8 10 12

Fig. 1. A voidance beh av io u r o f a 
g roup  o f ra ts  w h ich  received CS 
and  UOS a lte rn a tiv e ly . A bscissa: 
ex p erim en ta l days; o rd in a te : p e r ­
cen tage  of avo idance  m o to r re-

F ig . 2. L earn ing  cu rve  o f 40 recip ient 
ra ts  receiv ing R N A -ex trac ts  o f 20 p seu d o ­
cond itioned  (solid lines) an d  20 contro l 
donors (broken  lines). A bscissa: no. o f OS; 
o rd in a te : p e rcen tage  o f positive  avo idance

sponse to  5 acoustic  stim uli. responses.

200



TABLE 1

Group
Number

Naives

of donors 

Trained
Number of 
recipients Significance

Pseudo- 1. A lternative fix schedule
conditioned (CS-US-CS-US-CS-

US-CS-US-CS-LTS) 20 20 40 p  <  0-01

2. Random fix schedule
(US-CS-US-CS-OS-
US-US-CS-CS-US) 20 20 40 p  <  0-01

3. Random variable schedule 1)0 60 120 p  <  0-02

4. Homogeneous stim uli (CS or US) 20 | 20 40

Total 120 120 240

and  the US, bu t always in the  sam e sequence: US-CS-US-CS-CS-US-US- 
CS-CS-US. Figure 3 shows the  learning curve of 40 recipients. The facili­
ta tin g  effect of the  pseudo-conditioned donors’ bra in  ex trac t is significant
(P <  o-oi).

(3) In  th e  th ird  series (group 3 in  Table 1) the  pseudo-conditioning of 
the  donors was carried ou t according to  a variable schedule in  each session 
in  3 different subgroups. F igure 4 sums up the results of 60 trea ted  and  60 
control recipients. The facilitation of learning of the group trea ted  w ith

Fig. 3. L earn ing  cu rve o f 40 rec ip ien t ra ts  
receiv ing R N A -ext rac ts  o f 20 pseudo- 
cond itioned  solid line and  20 con tro l d o ­
nors (b roken  line). F o r  legends cf. F ig . 2.

F ig . 4. L earn ing  cu rve of 120 rec i­
p ie n t ra ts . L egends as in  p rev ious 

figures.
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pseudo-conditioned donors’ RNA- 
fraction is obvious (significance: 
p  <  0-02).

(4) In  the  last, fou rth  series (group 
4 in  Table 1) of this pseudo-condi­
tioning program m e the  donor groups 
received during 12 sessions 10 times 
in  each session either th e  aud ito ry  
stim ulus, or th e  electric shock, b u t 
never th e  tw o together. As shown 
by Fig. 5, there was no difference 
betw een th e  experim ental and  con­
trol recipient groups.

Summing up the results of these 
four series of pseudo-conditioning 
experiments, it seems tha t the real 
conditioning treatment of the do­
nors is not the prerequisite of the 

successful transfer effect. The CS and US administered in a random sequ 
ence do not enhance the donors’ avoidance learning, but the brain extract 
of these donors does facilitate the conditioning of the recipients.

Two possibilities can be presum ed:
Firstly, the facilitation of learning by brain extracts is not a specific 

transfer phenomenon. Or, at least the situation created in the donor ani­
mals’ environment by the random administration of the two stimuli CS 
and US evoked a so-called “state dependent” learning, the molecular 
agents of which can be transmitted to the recipient rats.

The second possibility of some k ind  of peculiar specificity cannot be 
excluded either. I f  th e  donors received homogeneous stim uli, i.e. aud ito ry  
or electric stim uli, the  facilita to ry  effect did no t occur. The donors’ brain 
ex tra c t accelerated the  recipients’ learning only if  the  so-called pseudo­
conditioning was carried ou t by th e  adm inistration  of two heterogeneous 
stim uli acting on tw o d is trac t populations of neurones in the brain . According 
to  P avlovian rules th e  prelim inary  condition of learning is the  effect of a t 
least tw o stim uli evoking tw o d istinc t neuronal events; th e  m onotonous 
stim ulus leads to  inhibition.

In  the  following our second experim ental program m e will be described 
re la ted  to  some com ponents of the  R N A -fractions which m ight be respon­
sible for the  successful transfer effect. We com pared the  effect of the  so-called 
“ com plete” ribosom al R N A  fraction (found successful in our published 
experim ents) w ith  th a t o f a high molecular and  a  low m olecular weight 
fraction. The gel filtration has been carried ou t by  Sephadex G50 separating 
the  fractions above and  below 10,000 molecular weight (Table 2).

(1) In  the  first series of th is program m e (groups 1 to  IV) we m ade a com ­
parison between the  effect of the high and  low molecular w eight fractions 
and  th e  brain  ex trac t of u n trea ted  control donors. From  the  four groups of 
th is series we found a slight positive effect only in groups I  and  I I I ,  b u t no t 
in groups 11 and  IV.

Fig. 5. L earn ing  cu rve o f  40 rec ip ien t 
r a t s  tre a te d  w ith  R N A -ex trao ts  from  th e  
b ra in s  o f 20 dono r an im als  receiv ing 
hom ogeneous s tim u li (solid line) an d  from  

20 con tro ls (b roken  line).
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TABI.JÍ

Numbers of donors

Naives Trained
Number

O f
recipients

Croup
No. Complete

RNA-
extract

(1)

Complete
RNA-

extract
(2)

RNA- 
extract 

MW below 
10,000 

(3)

RNA- 
extract 

MW above 
10,000 

(4)

Significance*
P

1 (g) 20 % 00 1-4 <  0-05
i i 20 20 20 00

h i <§> 20 60 1-3 <  0-05
IV 20 20 20 60
V © © 15 15 00 1-2 <  0-02

V! ® 25 25 100 1-2 <  0-02
V II 20 20 20 60

VIII © <§> 20 60 1-2 <  0-02
IX © © 60 1-2 <  0-02 1-4 <  0-05
X © @> 20 60 1-2 <  0-02

XI © <§> 20 60 1-2 <  0-05
XII @) 20 60 1-2 <  0-05 1-3 <  0-05

XIII (§) (2§) 20 60 1-2 <  0-02
XIV 20 20 20 60

’otal 280 200 200 200 880
* The significance h as been ca lcu la ted  betw een t he perfo rm ance o f an im al g roups 

appearing  in  th e  tab le  in  circles.

(2) In  ano ther series (groups V and  VI) we com pared th e  effect o f high 
and  low m olecular weight fractions no t only with control donors, b u t w ith 
th e  tra ined  donors’ com plete R N A -extract. Surprisingly enough in  bo th  
groups (V and  VI) th e  com plete
R N A -fraction proved to  be sig­
nificantly effective, while th e  high 
and  low m olecular weight frac­
tions tu rn ed  ou t to  be w ithout 
any  facilitating  influence.

(3) The sam e unexpected result 
was found in th e  th ird  series, in 
groups V II to  X IV . The gel fil­
te red  fractions had  somehow 
“ lost” their enhancing effect, 
whereas the  com plete RNA- 
ex trac t was unequivocally effec­
tive.

In  Fig. 6 the  average learning 
curve of 200 recipient ra ts  in jec t­
ed w ith tra in ed  donors’ com­
plete R N A -extract is represented 
as com pared w ith  200 control
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Fig. 7. A verage lea rn ing  cu rve  o f 200 
rec ip ien t ra ts  in jec ted  w ith  tra in ed  d o ­
no rs’ low m olecu lar w eight frac tio n  

(below  10 000).'

recipients. The difference is obvious and  sta tistica lly  significant. On the 
contrary , neither the low m olecular weight fraction (Fig. 7) nor the  high 
molecular weight ex trac t (Fig. 8) showed any  facilitating  influence.

In  conclusion, the  chemical approach of the  fraction responsible for the 
successful transfer effect has caused some difficulty for us. The complete 
R N A -extract is in m ost cases effective, whereas its  tw o Sephadex-fractions 
become ineffective. Principally  th is fact can hard ly  be explained: the  gel 
filtration is a very  fine m ethod causing no s tru c tu ra l a lterations in the 
molecular s tru c tu re  and  a m inim al loss of the brain  tissue. According to  
Professor U ngar’s findings, th e  effectiveness of dailysable transfer agent 
depends on the  in teg rity  of its pep tide linkages and has a tendency to  form 
complexes w ith RNA. I t  is no t unlikely th a t  our R N A -extract contained 
th is factor in a loose bond which m ight explain its  effectiveness.
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DISCUSSION

G. U n g a r : I  agree w ith Dr. F a isz t’s and  Dr. Á dám ’s conclusion concern- 
nig the  loss of th e  active m ateria l in  course of gel filtration. The low molec­
ular substances m ust have come out in their procedure. As far as the  spe­
cificity problem  is concerned, I  do no t believe th a t it  can be solved by  expe-
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rim ental designs in  which th e  recipients are reinforced. In  th is case all you 
can say is th a t  the  learning ra te  is accelerated. We know th a t  this can be 
done by  m any non-specific substances (drugs, yeast, RNA, etc.). The 
problem  of specificity can be a ttack ed  only if the recipients are no t re in ­
forced so th a t  th ey  do no t learn anyth ing  during the test. This has been 
done w ith  conditioned avoidance and  w ith m any other situations. All our 
experim ents of the  last th ree  years were done w ithout reinforcing th e  re ­
cipients.

G. Á d á m : T hank  you for your com m ent, D r. U ngar, b u t as you heard, 
we used a quite different approach from  yours. In  a previous work published 
in  Nature  we dem onstrated  th a t the non-reinforced recipients a t least in 
our experim ental situation  were less effective th a n  those anim als who 
were fam iliar w ith the  experim ental setup, i.e. who were reinforced. To avoid 
such discrepancies between experim ental situations, a s tan d ard  design 
should be w orked out am ong all laboratories engaged in  transfer research.

F . R o se n b l a t t : How “pseudo” was your pseudo-conditioning? I f  I  were 
a ra t  in  a s ituation  in  which I  could escape from  a shock by  jum ping to  
a shelf and  a sound occurred a t in tervals, l th ink  I  would ten d  to  associate 
th a t  sound w ith  the  shock-situation.

G. Á d á m : I agree w ith  you, Dr. R osenblatt. As we have m entioned in 
our lecture, if  the  donors received homogeneous stim uli, i.e. aud ito ry  or 
electric stim uli, the  facilita to ry  effect did n o t occur. The donors’ brain- 
ex trac t enhanced th e  recipients’ learning only in  the  case if  th e  stim uli 
had  been adm inistered heterogeneously: e.g. aud ito ry  and  electric stim uli 
in a random  sequence. Thus a peculiar k ind  of “ learning” cannot be ex­
cluded.

F. K l in g b e r g : Did you observe in te rtria l responses, th a t  m eans between 
the  p resen tation  of stim uli during the  pseudo-conditioning, and  how did 
you evaluate  them  ?

G. Á d á m : I  guess you are th ink ing  of our donor anim als’ in te rtria l re ­
sponses. In  these ra ts  the  prelim inary  condition of finishing th e ir tra in ing  
had  been the  lack of spontaneous in te rtria l jum pings.

J .  Sze n t á g o t h a i: I  wish to  p u t fo rth  a question which I  th in k  is essential: 
W hy do n o t people while working w ith  transfer phenom ena try  to  use not 
only b ra in -ex trac ts, b u t also ex tracts from other organs? I  believe th a t th is 
would be an essential control. Do we have any  inform ation on th is ?

G. U n g a r : Yes, we used muscle and  liver ex tracts in our experim ents 
and  never obtained positive results w ith any  other tissue except the brain.

G. Á d á m : So far we have perform ed a body of experim ents w ith an  av er­
age of abou t th ree  thousand  recipients in our laborato ry  and  under certain  
conditions found a positive so-called “tran sfe r” effect, i.e. an  enhancing 
or facilitating  influence. We also tried  liver-extract: it was ineffective.

G. H o r n : B rain  hom ogenates are usually  used in  transfer experim ents. 
H as anyone used control injections containing more restric ted  p arts  of 
nerve tissue: autonom ic ganglia, peripheral nerve, spinal cord, or various 
p arts  of the  sensory pathw ays ?

F . R o se n b l a t t : We have reported  an early  experim ent (using th e  Jaco b ­
son technique) in which we observed a stronger effect from cerebral ex tract
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th an  from  brain-stem  ex tract. However, the  com plexity of th e  dose- 
response curve and  the  presence of inversion effects in our la te r experim ents, 
m ade it essential to  find some more adequate technique which gives a reliable 
dose-response diagram . These com parative experim ents should be repeated 
w ith our new techniques.

J . V. McCo n n e l l : 1 am  glad th a t  th e  experim ents on m am m als proved to  
be successful. I  m ust rem ind you th a t  in m y own studies w ith  p lanarians 
specific transfer effect occurred cannibalisticallv. Donors tra ined  to  go to 
a special alley in a maze were fed to  u n tra ined  cannibals. One group of can­
nibals were fed w ith  donors tra ined  to  go to  th e  dark  alley: th is was the 
best recipient group. A nother group of p lanarians was tra ined  to  go to  th e  
light alley: th e  cannibals fed by them  constitu ted  th e  second best group. 
The th ird  group o f recipients has been fed w ith  bo th  ligh t-tra ined  and  dark- 
tra ined  donors: this group was significantly inferior to  th e  o ther tw o groups. 
I  cannot in te rp re t th is  experim ent in  any  other way, b u t th ink ing  of some 
specific m em ory transfer effect.

G. Á d á m : I  th in k  th e  m ain problem  in all our papers presented here 
or published in th e  literatu re , is the  existence of a g reat varie ty  o f experi­
m ental situations. As you know, there  is a controversial discussion in  th e  
lite ra tu re  about the  difference in th e  brain  m echanism  betw een th e  classical 
(type 1) and  th e  operan t (type II )  conditioning. Now, as we have heard 
from  Dr. U ngar, Dr. McConnell and  o ther colleagues, we can speak about 
ty p e  I I I ,  ty p e  IV, etc. conditioning approaches. Our laborato ry  has been 
dealing w ith several conditioning techniques for o ther purposes in th e  last 
10 years. B u t for the  problem  under discussion we have chosen th e  avoidance 
train ing , because it is a very  simple, reproducible and  easily discrim inable 
task . As I  m entioned earlier, i t  would be advisable if  we could agree upon 
a common and  very  simple te s t which could he repeated  in different labora­
tories represented here a t th is m eeting. I t  would be desirable th a t an agree­
m en t should be achieved on some tests  on specificity. 1 do n o t th ink , e.g. 
th a t  th e  righ t-left s ituation  which was so heroically tra ined  w ith  several 
thousands of anim als in  D r. R o sen b la tt’s laboratory , is the  m ost suitable 
test. I t  seems to  me too sophisticated. W e ought to  choose a very  simple 
situation  for th e  anim als: an  approach tra in ing  or an  avoidance conditioning 
in a very  unequivocal m anner. This tra in ing  program m e should be repeated  
in a stereo typed  m anner by  several laboratories to  decide th e  elem entary 
and  very  im p o rtan t basic question of th e  specificity of th is “ tran sfe r” 
effect.

F . K l in g b e r g : Both Professors Szentágothai and  Adám  raised the 
question abou t the  specificity o f the  transfer effects. We are in possession 
of a great body o f facts abou t th e  biochemical basis o f different sensory 
system s and  several m otivational processes. This m ight be th e  specificity 
of no t only synapses, b u t also of different p a rts  of the  brain . The main 
question is: have we any evidence th a t  m em ory contents or concrete infor­
m ation can be transferred? 1 have never m ade such experim ents, b u t 1 
suppose th a t the  reported  results reflect only a gross specificity, th a t  means 
ra th e r a facilitating  effect on the  system  which has been involved during 
th e  train ing  o f th e  donors.
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There are some questions unresolved, as for exam ple w hy th e  transfer 
o f hom ogenates from  the  whole brain  does no t provoke a g reat varie ty  of 
behavioural effects, why is th e  efFect restric ted  to  th e  ty p e  of reaction 
which th e  experim enter expects to  see. All th is leads to  th e  suggestion 
th a t th is phenom enon is no t a real transfer of some m em ory conten t of 
concrete experiences or inform ation. The report of Dr. F aiszt and  Professor 
Adám  m ay throw  some light on th e  problem . I t  is very  im p o rtan t to  pay  
a tten tio n  to  the  level of ac tiv ity  in  th e  different situations of several system s 
and  p a rts  of the  brain. W e all know th a t  th is level of ac tiv ity  is m aintained 
by biochem ical m echanism s or vice versa: certain  biochem ical substances 
m ay cause non-specifically a certain  s ta te  of general behavioural ac tiv ity . 
I feel th a t  th e  transfer experim ents show evidently  a general biochem ical 
background involved in learning situations b u t the  concrete content of 
these plastic processes depends on very  concrete neuronal circuits and 
nets.

F. R o se n b l a t t : F irs t o f all I  would like to  com m ent on D r U ngar’s 
and  Dr. D om agk’s experim ents. In  each of these cases we have an  exam ple 
of highly polarized situations. F or instance, in cases involving the  train ing  
of the  anim al to  do som ething in th e  red light which the  fish strongly p re­
fers and  in a green light which th e  anim al definitely does not prefer. In  each 
of these cases we are really n o t dealing w ith a discrim inative situation , 
but ra th e r w ith  the  choice betw een doing som ething which th e  anim al does 
not norm ally do or no t doing it. The successful transfer effects th a t  have 
been reported  by U ngar, for exam ple, have generally been in the  direction 
of facilitating  a tren d  which is norm ally present in these groups of anim als, 
th a t  is to  say a bias which is likely to  occur in  any case. H e selected his 
groups of recipients for a strong direct bias. These groups which are selected 
in this m anner have a n a tu ra l tendency  subsequently  to  move som ewhat 
in the  direction of the  light. Now w hat George U ngar is really doing in  th is 
case is to  accentuate  th a t  n a tu ra l tendency. Again I  th in k  th a t in  the case 
o f the  fish experim ents we m ust presum e a very  strong in itia l bias, which 
later tended  to  appear even in th e  control groups. In  each case of these 
highly polarized situations when one tried  to  transfer the  opposite effect, 
apparen tly  there is difficulty and  one finds th a t  th e  controls and  th e  experi­
m ental groups look very  m uch alike. In  non-polarized situations, as in our 
left-right experim ents, we do not find such a gradient b u t again even a slight 
asym m etry  can produce very  profound d isturbances in th e  results. I  would 
also like to  com m ent very briefly on Professor Á dám ’s suggestion th a t  
perhaps one should try  for the  sim plest possible behaviour in transfer 
experim ents. We have done in fact several experim ents w ith  sim ple Pavlov - 
ian conditioning of avoidance reflexes and th ings of th is sort. We have not 
been very  lucky in these a ttem p ts . I  th ink  th a t th is is an  em pirical question: 
we do n o t know w hat is being transferred . We do not know how complex 
the  optim um  behaviour should be. Perhaps we needed a very  simple test, 
and  alternative ly  wre could need a te s t w ith as m any different situations 
and  as m uch learning and  inform ation as possible, in  order to  optim ize the  
results. The only way we can answer th is question is to  try  a spectrum  of 
different possibilities and  find out em pirically which is th e  effective one.
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R. Ga la m b o s: A m ost useful outcom e of th is Symposium would be the 
description of a transfer experim ent th a t  w ould alm ost certainly give 
positive results in the  hands of any  com petent experim enter anyw here in 
the  world. I  realize th a t a num ber of the experts collected here have for 
some two years now been a ttem p tin g  to  design and  agree upon such an 
experim ent, and  1 w onder w hether th ey  can, a t th is tim e, p u t it on record 
for us.
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CONCLUDING REM AR KS

b y  th e  C hairm an  

H. H y d é s

W e are fo rtu n a te  to  have liere a t th is m eeting a group of people w ith m any 
years’ experience in  th e  s tudy  of the transfer of behaviour. We have heard  
m uch abou t the  necessary caution th a t  should be taken  in designing experi­
m ents and  abou t the  danger of bias. We have been advised abou t various 
experim ents an d  th e ir reliability . I t  seems to  me, a fte r all th is, th a t  the 
real im portance of th is m eeting could be to  agree upon experim ents th a t  
would m eet all requirem ents and could also be repeated  in every laboratory . 
I t  would be w orth while, and  of g reat im portance, if we could reach such 
an  agreem ent.

No uniform  opinion has been form ed today  regarding th e  specificity of 
the  transfer phenom enon; we have heard  several objections, and  several 
unsolved problem s have been p u t forward.

“ I  have a grand  m em ory for forgetting” -th is  is a quotation  from a 
novel leading us to  the  u ltim ate  conclusion th a t  in th e  end we have a con­
densed memory, a skeletonized m em ory of the  experience.

I t  is to  be hoped th a t  this discussion will help us to  get nearer to  the  
tru th  abou t experim ental design and  specificity -a t  least.
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Section  IV

THE ROLE OF TRANSMITTER SUBSTANCES 
IN LEARNING AND RETENTION





TH E  RO LE OF BIO G EN IC AMINES IN 
MEMORY CONSOLIDATION*

by

W . B . E s s m a n

Q ueens College o f th e  C ity  U n iv e rs ity  o f N ew  Y ork , F lush ing , U .S.A .

Over th e  p a s t several years we have been concerned w ith th e  relationship 
between altera tions in bra in  biogenic am ines and the  ex ten t to  which such 
changes are re la ted  to  the  m em ory consolidation process. The process of 
m em ory consolidation has been generally defined as the  in terva l of tim e 
following tra in ing  or learning, w ithin which those cellular or m ulti-cellular 
events which lay down a m ore perm anent trace  for storage of th e  acquired 
experience, are susceptible to  the  d isruptive effects of a varie ty  of agents 
and/or events. The consolidation period has been dem onstrated  experi­
m entally  in a varie ty  of paradigm s, w ithin which th e  duration  of th is 
period has been considered to  last from  several seconds to  several hours. 
Differences in th e  definition of th is  tem poral in terva l m ay well reside in 
differences between th e  species o f anim al utilized, th e  learning or tra in ing  
technique em ployed, the  stim ulus param eters em ployed in  train ing , and 
th e  param eters associated w ith th e  d isruptive agent or event. A tem poral 
gradient for retrograde am nesia has usually been tak en  as good evidence 
for a consolidation period; such a re la tionsh ip  implies th a t, as th e  in terva l 
between learning or tra in in g  increases, there  is a decrease in the  efficacy 
w ith  which specific even ts  cause a d isruption in m em ory consolidation. 
Such d isruption has usually  been determ ined on the  basis of a re ten tion  
te s t or tes ts  given a t  a tim e where the  effects of the  d isrupted  event are no t 
longer in evidence. The relationship between bra in  biogenic am ines and 
m em ory consolidation has been explored in o u r laborato ry  in several respects; 
published d a ta  have ind icated  th a t  pharm acological agents, capable of 
m odifying th e  brain  level of 5 -hydroxytryptam ine (serotonin) can effectively 
antagonize or reduce the  am nesic effect of electroconvulsive shock (ECS) 
given w ithin a few seconds following learning (Essm an, 1967). This obser­
vation  was re la ted  to  the  finding th a t  ECS elevated the whole brain sero­
ton in  level, while decreasing the  whole bra in  level of ribonucleic acid (RNA). 
W hen th e  synthesis o f brain  RNA was accelerated and  its  level increased 
in  mice by  trea tm en t w ith tricvanoam inopropene, the  am nesic effect of 
post-train ing  ECS was significantly reduced, and  th e  ex ten t to  which RNA 
level was regionally affected by ECS in the  d rug -treated  anim als was con­
siderably less m arked th an  the  predicted  decrease in regional level observed

* T his w ork  w as su p p o rted  in p a r t , b y  G ran t HD-0;i49:i-01, and  th e  B iom edical 
Scienecs S u p p o rt G ran t, 5-S05-FR-07064-03, from  th e  N a tio n a l In s ti tu te s  of 
H ea lth .
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in control animals (Essman, 1966). With the same compound, a relationship 
between drug dosage, change in brain RNA level, and the magnitude of 
post-training ECS was demonstrated; at a greater current intensity, ECS 
produced a greater incidence of retrograde amnesia in control animals, 
whereas the degree of antagonism toward the amnesic effect of electroshock 
was related to the extent to which RNA level was increased by the drug 
and the extent to which RNA level was decreased by ECS in experimental 
animals (Essman and Golod, 1968).

In  an  instance wherein a drug, specifically affecting the  level of m etab ­
olism of bra in  serotonin, was utilized, th e  effect of ECS still resu lted  in 
a well negatively  correlated change in  brain  RN A  and  serotonin; ECS led 
to  an  increase in  brain serotonin tu rnover tim e, whereas under drug tre a t­
m ent conditions, where th e  post-train ing  amnesic effect of ECS was signif­
ican tly  reduced, tu rnover tim e was decreased by ECS from  a drug-induced 
elevation in th is m easure of bra in  serotonin m etabolism . I t  was also d e te r­
m ined th a t  under th e  experim ental conditions utilized, brain norepinephrine 
was no t consistently  a ltered  by  electroshock, nor was the  ac tiv ity  of bra in  
m onoam ine oxidase affected (Essman, 1968a).

Several pharm acological agents, generally classed as an tidepressan t 
compounds, have also been shown to  reduce th e  incidence of retrograde 
am nesia produced by post-train ing  ECS. These compounds, while th ey  
affect the  tu rnover of bra in  serotonin differentially under control conditions, 
depending upon th e ir cen tral mode of action, generally had  the  sam e effect 
upon tu rnover following ECS, as described previously; where inhibition  of 
MAO was n o t involved, tu rnover tim e, in the  absence of ECS, was increased 
and, subsequent to  ECS adm inistration , tu rnover tim e was significantly 
decreased. U nder control trea tm en t conditions, as observed previously in  
o ther studies, tu rn o v er tim e was increased (Essm an, 19686).

The relationship betw een pharm acologically-induced changes in  RN A  
synthesis and  th e  effects upon regional changes in bra in  serotonin m etabolism  
have been fu rth e r explored to  the  ex ten t where such changes are brought 
ab o u t by trea tm en t w ith  te tracvanopropene; th e  degree to  which p o s t­
tra in ing  ECS resulted  in  re trograde am nesia was reduced as a function of 
the  duration  of such trea tm en t. For specific regions of th e  mouse brain , 
serotonin tu rn o v er ra te  was increased, specifically in the  corpus callosum  
an d  hypothalam us, as R N A  synthesis and  level were increased in these 
regions. In  single cells of the  diencephalon ECS reduced RN A  concentra­
tion  by approxim ately  21 per cent, whereas for th is sam e region, the  tu rn ­
over tim e of serotonin was increased. The reduction in serotonin tu rnover 
tim e, j)aralleling these drug trea tm en t conditions, as observed in th e  corpus 
callosum an d  hypothalam us, im plicated  a possible functional role of glia 
in  accounting for such changes, and  fu rth e r reinforcing th e  possible func­
tional in terre lationsh ip  betw een R N A  and  serotonin as a basis for dealing 
w ith the  m em ory consolidation process on a m olecular level (Essm an and  
E ssm an, 1969).

An example of the extent to which whole brain RNA level and serotonin 
level are affected by ECS may be seen in Fig. 1, where these concentrations 
were obtained from mice ten minutes following the application of a trans­
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corneal cu rren t of 10 niA. As previously indicated, ECS led to  a decrease 
in RNA level of a correlated increase in serotonin concentration.

The ap p a ra tu s  utilized for the  behavioural portion  o f th e  experim ents 
consists of a double cham ber apparatus, w ith a clear lucite vestibule ad jo in­
ing a  larger, opaque, box, the  floor of which consists of grids, wired in series 
th rough  a sham -operated  grid scram bler to  a 700 V power supply. C ontact 
b v  th e  mouse betw een any  tw o grids on the  floor o f the inner cham ber p ro ­
vides for a foot shock of 3 mA for th ree seconds, following which the  anim al 
is rem oved from  the  apparatus. The tra in ing  tr ia l consists of placing the  
anim al in to  the  o u ter cham ber, from which it  enters the  inner cham ber 
th rough  a 2-incli d iam eter hole, usually w ithin ten  seconds, in to  the  more 
preferred  darkened box, where foot shock is adm inistered. Electroconvulsive 
shock is given following th is tra in ing  tria l, usually a t ten  seconds, and 
a single testing  tria l for re ten tion  o f the  avoidance response is given 24 hours 
later. In  u n trea ted  control anim als there  is usually a low in itia l latency to  
respond by stepping in to  the darkened  cham ber and, on the  testing  tria l, 
avoidance behaviour is characterized by  significantly elevated latencies to  
respond by  entering th e  cham ber in which foot shock was previously given, 
or a com plete failure to  m ake such an en try  response by rem aining in the 
ou ter vestibule. In  the anim als given post-train ing  ECS, a retrograde 
am nesia is usually observed on the  testing  tria l; th is is characterized by  
a failure to  show avoidance, and  the  anim al usually re-enters the  cham ber 
in  which foot shock was previously given, showing a latency to  respond, 
which is essentially com parable to  th a t  shown on the  train ing  tria l. Animals 
no t given foot shock on the  tra in ing  tr ia l re-en ter on a testing  tria l, showing 
com parable response latencies. This technique has been shown to  result in 
a rem arkably  stable degree of avoidance behaviour, which is still apparen t 
in anim als tested  a t  periods of several m onths following a single conditioning

Fig. 1. M ean ( -- a) w hole b ra in  se ro ton in  of ribo ­
nucleic acid  (RN A) an d  5 -hydroxy  try p ta m in e  
(5-HT) w ith  20 m in u te s  follow ing th e  ad m in is tra - 
tio n  of e lec troconvu lsive  shock  (ECS) o r sliam - 

shock  tr e a tm e n t (ECS).
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tria l. In  the mice given post-train ing  ECS, the  re trograde am nesia is re la­
tively  perm anent in  th a t avoidance behaviour does not appear to  be re in ­
s ta ted  when a re ten tion  tria l is given a t la ter times.

An in itial series of experim ents was concerned w ith the  ex ten t to  which 
changes in bra in  serotonin level, as approxim ating  those produced by ECS, 
would affect th e  incidence of conditioned response acquisition. In  th is  study, 
5 -hydroxv tryp tam ine was adm inistered svstem ically in  doses which have 
previously been shown to  result in increases in bra in  concentration of ap ­
proxim ately  20 to  30 per cent. At lower doses, the am ine does not effectively 
cross the  blood-brain barrier. Anim als were given either physiological saline, 
or 5-HT in doses of 75 or 100 mg/kg, i.p., one hour prior to  being given 
a single train ing  tria l in the  apparatus, previously described. U nder each 
of the  drug or saline conditions, foot shock was adm inistered a t  either 
3 mA or 6 mA, and  a single testing  tria l for the  re ten tion  of the  avoidance 
behaviour was given 24 hours later. Independent assessm ent of the  effects 
of 5-HT trea tm en t, as described, upon threshold  to  foot shock a t  th e  same 
curren t levels used in  conditioning, indicated  th a t such thresholds were not 
affected. The results, indicating the per cent incidence of conditioned re ­
sponses established under these conditions, are sum m arized in  Fig. 2. I t  m ay 
be seen th a t there was only a very  slight reduction in the  incidence of con­
ditioned response acquisition a t  bo th  5-HT doses, where the  foot shock was 
3 mA (10 per cent). At the  higher foot shock in ten sity  there was a 22 per 
cent reduction in conditioned response acquisition in  the  mice given 75 
mg/kg of 5-HT, and  a 62 p er cent reduction in response acquisition in  mice 
given 100 mg/kg of 5-HT. These findings suggest th a t  higher in tensity  foot 
shock, which is less susceptible to  the amnesic effect of ECS, is affected to  
a g reater ex ten t by increases in bra in  5-HT level, resulting from  system ic 
injection. This finding m ay also suggest th a t  a more stable conditioned 
avoidance behaviour, as produced by a more intense conditioning stim ulus,

is consolidated less efficiently where 
5-HT brain  levels are elevated a t 
th e  tim e of conditioning. Brain 
5-HT levels were n o t affected by 

\\1 foot shock under any  of t he experi­
m ental conditions described.

In  a fu rth e r stu d y  of th e  re la tio n ­
ship between changes in b ra in  5-HT 

Ui level and  t he susceptib ility  of
v f MSS! mice to  the  amnesic effect of post-

train ing  electroshock, groups of 
anim als were given i.p. doses of 

bd m the  serotonin precursor, 5-hydroxy- 
0-9 7. 75mg/kg ioomg/kg try p to p h an  (5-HTP). These doses
Saline 5-HT 5-HT varied from  3-12 to  100 mg/kg and

Fig. 2. P e r cen t incidence o f cond itioned  were adm inistered one hour prior to  a 
response  acq u is itio n  in  se ro to n in  (5-HT) s i n „ le tra in ing  tria l, followed ten  sec-
sponse acqu is ition  a t  tw o s tim u lu s in ten- °dtls later 1)\ ItCS (10  m A ). A 3  m A , 

s ity  levels. 3 second foot shock was utilized
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Fig. 3. P e r  cen t incidence o f cond itioned  response re ten tio n  
follow ing KCS or F( 'S in 5 -hydroxy  try p to p h a n  (5-H T P)- 

tre a te d  m ice.

on train ing , and  control anim als, under each of the  drug an d  saline t r e a t­
m ent conditions, were given sham  ECS (ECS), consisting of application of 
the  corneal electrodes only, w ith no curren t passed. The results of this 
experim ent are sum m arized in  Fig. 3, showing th e  per cent incidence of 
conditioned response re ten tion  under ECS an d  ECS conditions for drug- 
and  saline-treated  anim als. I t  m ay be observed ih a t saline-treated  anim als 
receiving sham  ECS showed a pred icted  high incidence of conditioned 
response re tention, whereas for the  saline-treated  anim als given ECS the  
incidence of conditioned response re ten tion  was reduced to  approxim ately  
ten  per cent. At doses of 5-H TP, above 50 mg/kg, th e  incidence of acquisi­
tion  of th e  conditioned response was reduced and  the  am nesic effect of 
post-train ing  ECS was highly effective. The surprising finding in th is stu d y  
was the  failure of post-train ing  ECS to  significantly reduce the  incidence 
of conditioned response re ten tion  in th e  anim als tre a ted  w ith low doses 
of 5-HTP. This is particu larly  apparen t in the  anim als trea ted  w ith 3 1 2  
mg/kg. In  order to  assess th is finding more carefully, the  experim ent, as 
described above, was replicated  w ith mice given either 3-12 mg/kg of 5-H T P 
or an equivalent volum e of physiological saline. One hour following drug 
trea tm en t, anim als were given either ECS or ECS .ECS was given a t  e ither 
10 mA or 20 mA following a single tra in ing  tria l and  re ten tion  tests were 
given 24 hours following train ing . I t  was also established, under these 
conditions, th a t  there  was no altera tion  in foot shock threshold  produced 
by  5-H TP trea tm en t.

The results of th e  behavioural portion of th is s tudy  are sum m arized in 
Table 1, from  which it  m ay be observed th a t  saline-treated  anim als, given 
ECS, showed the predicted  high incidence of conditioned response re tention, 
and  th a t th e  20 mA ECS in th e  saline-treated  anim als resulted  in a higher 
incidence of retrograde am nesia th an  did  the  10 mA ECS. The 5-HTP- 
trea ted  mice given ECS showed the  same high incidence o f conditioned 
response re tention, again indicating th a t these d rug -treatm en t conditions
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TABLE 1

M edian response la ten cy  difference and  p e r  cen t incidence o f cond itioned  response 
re te n tio n  an d  m ax im u m  te s tin g  tr ia l la te n c y  fo r saline- an d  5 -h y d ro x y try p to p h an - 

(5 -H T P )-trea ted  m ice g iven ECS (10 or 20 m A ) or sh am  ECS (ECS)
follow ing tra in in g

Treatment

Injection Post-training

Median response 
latency difference 
(testing-training)

Per cent incidence 
of cond. resp. 

retention

Per cent incidence 
of maximum testing 

trial latency 
(>  30 sec)

5-HTP (3-12 mg/kg) ECS10 mA 27-0 88
|

07
5-HTP (3-12 mg/kg) E*- 'ho mA 19-0 8S 47
5-HTP (3-12 mg/kg) ECS 25-0 100 95
Saline (0-9%) ECS10 mA 2-0 30 15
Saline (0-9%) ECS,,, mA — 3-5 28 0
Saline (0-9%) ECS 24-5 100 100

did  not a lte r conditioned response acquisition. Significant a tten u a tio n  of 
the  am nesic effect of ECS was again ap p a ren t in mice trea ted  w ith  3-12 
mg/kg of 5-H TP. This occurred a t both ECS in tensity  levels, w ith  a slightly  
g reater degree of antagonism  tow ard  am nesia achieved a t th e  lower ECS 
in tensity .

Table 2 sum m arizes the  sta tis tica l analysis o f th e  com parisons between 
saline an d  drug trea tm en t and  ECS intensities insofar as the  incidence of 
criterion conditioned response re ten tion  is concerned. Table 3 sum m arizes 
th e  s ta tis tica l analysis for th e  incidence of m axim um  response latency 
incidence on th e  re ten tion  testing  tria l. In  general, these findings indicate 
th a t a t a low dose of 5-H TP the  am nesic effect of post-train ing  ECS is signif­
ican tly  reduced and  th a t  this reduction appears to  be an inverse function 
of the  in ten s ity  o f the  am nesic stim ulus.

TABLE 2

C hi-square ana ly s is o f incidence of criterion  conditioned  response re te n tio n  in  saline- 
an d  5 -h y d ro x y try p to p h an - (5 -H T P )-tre a ted  m ice  g iven  ECS a t  10 m A  o r 20 m A

Comparison X.2 I>

Between Groups
(Saline10mA, 5-HTP10 mA,
Saline20 mA, 5-H T P ,,, mA) 3 25-56 <0-001
Sahneio mA vs. 5-HTP10mA 1 13-19 < 0 - 0 0 1

Saline20 m A v s- 5  H T P 20 m A 1 12-08 < 0 - 0 0 1

Sahneio m a 5 ’ H T P 1 0 m A  v s-
S a h n e i o  m A  5 ' H T P 2 0 m A | 1

1
0-29 11.s.
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TABLE 3

C hi-square analysis o f incidence o f m ax im u m  response la ten cy  ( <  .10 sec) fo r saline- 
a n d  5 -h y d ro x y try p to p h an -(5 -H T P )-tre a ted  m ice g iven ECS a t  e ith e r 10 m A  or 20 raA

Comparison ( I f z2 V

Between Groups 
( S a l i n e io m A -  5 H TPi[i,„A' 
Salineofl „ A -  5-H T P20 mA) 3 23-.S2 <0-001

S a h n e i o m A  v s- S ' H T P l o m A 1 11-63 <0-001
Saline,,, mA vs. 5-H TP,0 mA 1 8-74 <0-01
•S a l in e io m A  H T P l o m A v s- 
S a U n e .io m A  1 5 H T b o m A 1 3-45 >0-05

The m ean whole bra in  concentration of serotonin and  th e  tu rn o v er o f th is 
am ine in the  brain  are sum m arized in  Table 4. I t  m ay be observed th a t the 
effect o f 5-H TP trea tm en t was, as expected, to  elevate whole brain 5-HT 
level under ECS conditions; the  effect of ECS was to  elevate bra in  5-HT 
level w ith  a small, sta tis tica lly  insignificant difference, depending upon the 
cu rren t in ten sity  o f th e  ECS. 5-H IA A  level was also increased by  ECS in 
b o th  the  saline control groups as well as in th e  d rug -trea ted  groups. As 
observed in  previous studies w ith  o ther pharm acological agents in  doses 
which serve to  a tten u a te  the  am nesic effect o f electroshock, drug trea tm en t 
led to  an increase in brain  5-HT tu rnover tim e, and  the  increase in tu rnover 
tim e produced by ECS appeared  to  be a function of th e  curren t in tensity ; 
i.e., a g reater increase in tu rnover tim e occurred a t  th e  20 mA level and  
a t  the  10 mA level.

t a b l e  +

M ean ( — a) b ra in  se ro ton in  (5-H T) co n cen tra tio n  and  tu rn o v e r in  saline- an d  
5 -h y d ro x y try p to p h an - (5 -H T P )-trea ted  m ice g iven  ECS (10 or 20 mA) or sham  ECS

(ECS)

Treatment

Determination 5-HTP Saline

ECS!0 mA EGSo0 mA I ECS ECSjo mA EC S20 mA 1 ECS

5-hydroxy tryptam ine 1-09 1-12 0-85 0-71 0-78 0*50
(Serotonin — fiig/g) (0-47) (0-16) (0-11) (0-22) (0-14) (0-06)

5-hydroxyindoleacetic acid 0-60 0-61 0-46 0-39 0-42 0-29
(/< g/g) (0-09) (0-10) (0-08) (0-07) (0-09) (0-05)

5-HT turnover ra te  
(/(g/g/hr.)

0-61 0-58 0-51 0-45 0-42 0-35

5-HT turnover time 
(min.)

107 116 110 94 1 1 1 86
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These findings indicate, in general, th a t  a low dose of the  5-HT precursor, 
5-H TP, leads to  an  increase of approxim ately  70 per cent in whole brain  
5-HT level, an increase in 5-HT tu rnover ra te  of approxim ately  113 per cent, 
and  an increase in 5- HT tu rnover tim e of approxim ately  30 per cent. 
This would suggest th a t  a t th is low dose of 5-H T P the  synthesis and  degra­
dation, as well as the  level of b ra in  5-HT are increased. W ithin 20 m inutes 
a fte r ECS adm inistration, one hour following drug injection, tu rnover tim e in 
experim entally -treated  anim als was less m arkedly increased th a n  it was 
in  control anim als.

A nother approach to  th e  question of differences in m em ory consolidation, 
as a function of differences in  the  m etabolism  of bra in  serotonin, was ex­
plored in an  experim ent in which tw o discrepant age populations of mice were 
utilized. L aborato ry -bred  mice were sexed a t  th ree  days of age and  housed 
(5/cage) un til they  reached e ither 23 or 43 days of age, a t  which tim e base­
line locom otor ac tiv ity  levels were again obtained, an d  anim als were given 
a 3 mA foot shock for one m inute in th e  activ ity  box. This technique serves, 
in general, to  suppress locom otor ac tiv ity  and  represents ano ther ty p e  of 
single tria l avoidance conditioning technique. Animals were te s ted  for 15 
m inutes o f locom otor ac tiv ity  24 hours following the  tra in ing  session, and 
brain  tissue was obtained from  all experim ental anim als and  control an i­
mals, and  from  non-behavioural p artic ip an t mice from  the  same age groups. 
F igure 4 shows the  ex ten t to  which locom otor ac tiv ity  was suppressed as 
a function of age. Basal ac tiv ity  levels were approxim ately  63 per cent 
higher in  the  45-dav-old anim al as com pared w ith the  25-day-old anim al, 
and  ac tiv ity  levels in  the  45-dav-old group were still 13 per cent higher 
th an  in  the  25-day-old anim als when te s ted  24 hours a f te r  th e  foot shock. 
The younger mice showed conditioned ac tiv ity  suppression of only 17 per 
cent, as com pared w ith th e  42 per cent suppression in locom otor ac tiv ity  
shown by  the older anim als.

Fig. 4 shows th a t the whole brain concentration of 5-HT and 5-HIAA 
are som ewhat higher in th e  older mice, and a com parison of behaviourally

in c-
c s 0-60
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c  in c
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Fig. 4. M ean w hole b ra in  se ro to n in  o f 5 -h y d ro x y try p ta - 
m ine (5-HT) a n d  5-hyd ro x y in d o leace tic  acid  (5-H IA A ) 

in m ice o f  25 and  45 d ay s of age.
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Fig. 5. B ra in  5 -h y d ro x y try p tam in e  (5-HT) tu rn o v e r 
in m ice  o f 25 and  45 days of age

utilized mice, w ith non-behavioural partic ipan ts, yielded essentially no differ­
ence in am ine level for each of the  respective age groups.

F igure 5 shows th a t tu rnover ra te  a t 25 days of age is lower, and  tu rnover 
tim e is higher th an  these m easures of 5-HT synthesis and  m etabolism  a t 
45 days of age. These findings suggest th a t  th e  synthesis and  degradation 
o f bra in  5-HT is g reater in  older anim als, and  this finding m ay possibly 
relate to  th e  behavioural differences observed under these d iscrepant age 
conditions. These findings are re la ted  to  our previous studies, inasm uch as 
th ey  m ay reflect differences in capacity  to  acquire and express new behaviour, 
as re la ted  to  brain 5-HT m etabolism .

A fu rth e r consideration of age differences in  learning and, specifically, 
m em ory and  its bearing to  th e  role of brain serotonin was considered during 
early  developm ent in the  mouse. Mice, ranging in age from  15 to  30 days,

Fig. ö. P e r  cen t incidence of cond itioned  response 
acq u is itio n  in  m ice a t  d ifferen t ages
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were tested  for their capacity  to  acquire the  one-trial conditioned passive 
avoidance response, previously described. A relatively  high incidence of 
acquisition was no ted  am ong these groups of anim als w ith 75 per cent, 
or more, of anim als in all age groups showing stable response acquisition. 
These findings are sum m arized in  Tig. 6.

In  ano ther series of experim ents, groups of mice, ranging in  age from 
15 to  30 days, were given a single conditioning tria l, followed either im m e­
d iately  (0 =  w ithin 10 seconds), 10 m inutes (10), 20 m inutes (20), or 60 
m inutes (60) la te r by a single transcorneal ECS of 10 mA. These anim als 
were tested  for re ten tion  of the  conditioned avoidance response 24 hours 
following train ing, and  the  results are sum m arized in Fig. 7.

There are two very  app aren t findings which emerge from these d a ta ; 
one is a clearly indicated  tem poral gradient for the  am nesic effect of electro­
shock, such th a t  as th e  training-EC S interval is increased, the  per cent 
incidence of re trograde am nesia, produced by ECS, becomes decreased. 
The m ost app aren t amnesic effects of ECS, therefore, are seen when th is 
stim ulation  is given w hith in  approxim ately  ten  m inutes following the  tra in ­
ing tria l, although a t 20 m inutes there  is still some ap p aren t degree of 
am nesia, as com pared to  the  60-m inute group in which 100 per cent re ten tion  
is shown on the  24-hour test. The second finding apparen t in these d a ta  is 
the  obvious departu re  from  the  age tren d  in susceptibility to  the  amnesic 
effect o f ECS a t all training-EC S in tervals; this clearly occurred in  mice 
of 17 days o f age in which, particu larly  in the 0 and  10 m inute group, there 
is a s tatistica lly  significant reduction in th e  incidence of ECS-induced 
re trograde am nesia. The group given ECS im m ediately following train ing  
showed 80 per cent re ten tion  on th e  testing  tria l, whereas a t  all o ther tra in ­
ing-ECS intervals, 100 per cent of these anim als showed re ten tion  of the 
avoidance behaviour.

Fig. 7. Inc idence  o f cond itioned  response re ten tio n  
in  m ice a t  severa l ages g iven p o st-tra in in g  ECS a t  
severa l in te rv a ls  follow ing a  single tra in in g  tria l.
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Age, days

Fig. 8. M ean b ra in  se ro to n in  o f no rep ineph rine  and  
m onoam ine oxidase a c tiv ity  in  m ice o f several ages.

Am ine levels were m easured under identical age differences up  to  25 days 
of age, and as m ay be observed in Fig. 8, whole brain  norepinephrine level 
d id  no t vary  w ithin th is age range, as a function of age. Brain m onoam ine 
oxidase ac tiv ity  decreased from  16 to  17 days of age and rem ained lower 
up to  25 days of age; however, specific differences, except for th e  16 to  
17 day  change in th is enzyme, were not apparen t.

B rain  serotonin and  5-hydroxyindoleacetic levels are sum m arized in 
Fig. 9, from  which it  m ay be observed th a t the  am ine and its  m etabolite

Age, days

Fig. 9. Mean brain 5-HT and 5-HIA A levels 
in mice a t several ages.



decrease gradually  from  15 to  17 days of age, and  a fte r 17 days o f age, 
5 H IA A is again elevated, although 5-HT remains low by 18 days of age. 
The tu rnover of whole bra in  serotonin was also measured, and  i t  m ay be 
seen th a t  w ithin the  age range studied, 17-day-old anim als have the  highest 
tu rnover ra te  and  the lowest tu rnover tim e, as com pared to  prior an d  su b ­
sequent ages. I t  m ay, therefore, appear th a t  17 days of age, in the  male 
CF-1 mouse, m ay represent a critical age a t  which the synthesis and  m etab­
olism of brain  serotonin is such th a t the  effects of ECS are only m inim al 
in producing those changes which are capable of d isrupting  such m etabolism  
to  the  degree to  which th is becomes necessary to  account for an  in terrup tion  
of the  m em ory consolidation process. The well-correlated change a t 17 days 
of age in serotonin concentration, tu rnover, and  resistance to  th e  amnesic 
effect of electroshock leading to  retrograde am nesia suggest ano ther level 
of analysis on which the  role of serotonin in the  m em ory consolidation 
process m ay be considered.

A nother m eans by which differences in bra in  serotonin concentration and  
m etabolism  m ay be ob tained  is through differential housing. P rio r studies 
(Essm an, 1969) have ind icated  th a t there are regional differences in brain 
5-HT concentration and tu rnover which are brought abou t as a result of 
isolation housing. F igure 10 sum m arizes some of these differences in brain 
norepinephrine, serotonin, and  5-hydroxyindoleacetic acid in isolation- 
housed mice (28 days of isolation, commencing a t 25 days of age), as com ­
pared  to  aggregation housing (housing 5/group for 28 days, commencing 
a t  25 days of age). I t  m ay be observed th a t 5-HT and 5-HIAA are som ewhat 
elevated as a consequence of isolation. Differences in tu rnover ra te  (Fig. 11) 
and  tu rnover tim e (Fig. 12) for several regions of the  mouse bra in  indicate 
generally th a t  isolation housing leads to  reduced tu rnover tim e, a finding 
which, in th e  light of previous studies, would allow for the prediction th a t

Fig. 10. D ifferences in  b ra in  se ro ton in  of 
no rep inephrine , 5 -h y d ro x y try p tam in e , and  
5 -hyd roxy indo leacetic  acid  in  iso la ted  and  

agg rega ted  m ice.
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Fig. 11. B ra in  sero ton in  tu rn o v e r  ra te  in  iso lated  
and  agg regated  m ice.

u n d er these conditions one m ight expect a reduced ra te  o f learning or a 
m ore poorly consolidated m em ory trace, or a m em ory consolidation process 
which m ay he more highly susceptible to  the  amnesic effects of post-train ing 
conditions. This hypothesis was tested , utilizing the  single tria l avoidance 
conditioning technique, previously described, and  th e  results are sum m ariz­
ed in Fig. 13. I t  m ay be observed th a t  under ECS conditions isolation- 
housed anim als showed approxim ately  30 per cent less conditioned avoidance 
reten tion , suggesting th a t  the  acquisition of the  conditioned avoidance re ­
sponse was less efficient in th is group. Taking th is discrepancy in to  account
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Fig. 12. B ra in  se ro to n in  tu rn o v e r  tim e  in  iso lated  
and  agg rega ted  m ice.
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Isolation Aggregation

Fig. 13. E ffec t o f p o s t-tra in in g  ECS or ECS upon  
cond itioned  avo idance  response re te n tio n  in d ifferen­

tia lly -housed  m ice.

in  evaluating th e  am nesic effect of ECS adm inistered 10 seconds a fte r the  
tra in ing  tria l, i t  m ay be observed th a t th e  g reater incidence (approxim ately 
20 per cent more) of retrograde am nesia was produced by ECS in th e  isola­
tion-housed group. These findings support the  hypothesis th a t  the  changes 
in  serotonin level and  m etabolism , produced by isolation, are consistent 
w ith  a reduced incidence of response acquisition and  an increased incidence 
o f ECS-induced retrograde am nesia.

Considering th e  possibility th a t  ECS m ight well exert different effects as 
a function of differential housing, and  th a t  these effects m ay well relate 
to  processes affected by  bo th  isolation housing as well as ECS, th e  role of 
R N A  in th is in teraction  was specifically considered. I t  has been previously 
shown th a t isolation housing did no t lead to  any system ic changes in whole 
brain  R N A  level; however, in  view of the  in tercorrela tion  between changes 
in  R N A  and  serotonin, and  changes in serotonin and  RNA, th e  in teraction  
o f these molecules m ight allow for a prediction th a t  conditions which p ro ­
vided  for increased serotonin levels could, possibly, affect th e  synthesis 
and  level of RNA. This relationship will be supported  by bo th  physical 
evidence and  in  vivo studies presen ted  la te r in th is paper. However, to  tre a t 
th is investigation in  a chronological fashion, the  R N A  conten t per cell for 
different regions of th e  mouse brain  was com pared under ECS conditions 
and  ECS conditions for isolation- and  aggregation-housed anim als. The 
change in  R N A  con ten t per cell, as a consequence of ECS, is sum m arized 
for several areas of th e  mouse brain  in  isolation- and  aggregation-housed 
anim als, as shown in Fig. 14. A general decrem ent in R N A  conten t p er single 
cell m ay be observed to  have occurred as a consequence of ECS in isolation- 
housed anim als; the  only possible exception to  th is finding occurred in the  
diencephalon, where the decrease in single cell RNA was approxim ately



Fig. 14. C hanges in  R N A  co n ten t p e r  cell in 
severa l regions o f th e  m ouse b ra in  follow ­
ing  ECS ad m in is tra tio n  in d ifferen tia lly - 

housed mice.

the same under both conditions of differential housing. These findings are 
consistent with the hypothesis that conditions leading to concentration 
and turnover changes in brain serotonin, which correlate with reduced 
learning and/or increased suscepibility to the amnesic effects of electro­
shock, also lead to an increase in the degree to which ECS results in an 
RNA decrement in single cells from several areas of the brain.

In  an  earlier stu d y  (Essm an, 1969) i t  was ind icated  th a t, e ither as a 
resu lt of prolonged isolation, or perhaps because o f increased age, behaviours 
which developed as a consequence of isolation ten d  to  become m inim ized, 
whereas, to  some ex ten t, th e  biochem ical changes a tten d in g  prolonged 
isolation ten d  to  rem ain preserved. In  order to  consider th is  question in 
th e  light of the  present them e, studies were carried ou t in  mice subjected  
from  weaning (21 days) to  tw o discrepant periods of prolonged isolation, 
either 138 days or 152 days. B ehavioural and biochem ical determ inations 
were ob tained  for these anim als. T raining and  testing  for re ten tion  of con­
d itioned  avoidance behaviour under ECS and  ECS conditions was carried 
out, utilizing th e  previously described single tria l technique, w ith  re ten tion  
tria l given a t 24, 48, 72 and  96 hours a fte r train ing. The behavioural results 
are sum m arized in Table 5. As m ay be observed, ECS conditions resu lted  
in  a stable and  high incidence of conditioned response acquisition and  re te n ­
tion, whereas th e  anim als isolated for 138 days showed an in itia lly  low 
incidence of conditioned response re ten tion  as a consequence of ECS; 
however, by  96 hours post-train ing, 60 per cent of these anim als showed 
reten tion , indicating th a t  th e  degree of re trograde am nesia produced by 
ECS was unstab le over tim e, and  re insta tem en t of a significant degree 
(P <  0-01) of conditioned response re ten tion  was possible under these con­
ditions. F or th e  mice isolated for 152 days a high, stable degree of condi­
tioned response re ten tion  was observed, indicating th a t  ECS u nder these
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TABLE 5

M e d ia n  re sp o n se  la te n c y  (sec) a n d  p e r  c e n t in c id en ce  o f  c o n d itio n e d  re sp o n se  r e te n ­
t io n  fo r  m ic e  fo llo w in g  tw o  p e r io d s  o f  p ro lo n g ed  iso la tio n  h o u s in g

Duration of 
isolation (days) Condition

Retention trial (hrs post-train.)

24 48 72 96

ECS 120-0 120-0 120-0 120-0

138
(100) (100) (80) (100)

ECS 9-5 22-0 24-5 44-0
(20) (20) (40) (60)

ECS 120-0 120-0 120-0 120-0

152
(100) (100) (100) (100)

ECS 30-6 07-5 51-0 56*5
(75) (75) (75) (75)

conditions was less effective in leading to  a re trograde am nesia th an  under 
previously observed conditions. In  Table 6, the  concentration of serotonin 
an d  5-hydroxvindoleacetic acid, and  tu rnover d a ta  for brain serotonin are 
sum m arized for several regions of th e  mouse brain . I t  m ay be observed 
th a t  increased tu rnover tim e for serotonin occurred in  the  cerebral cortex 
and  diencephalon of mice isolated for 152 days. There was also a significantly 
lower level o f 5-HIAA in the  diencephalon of the  152-dav isolates. These 
observations are consistent w ith the  general prediction th a t  such changes 
should lead to  an  a tten u a tio n  of the  am nesic effect of ECS and  do, in fact, 
agree in  th is regard  w ith th e  behavioural data .

TABI.E 6

M ean ( +  a) reg ional concen tra tio n  (/ug/g) o f 5 -h y d ro x y try p tam in e  (5-HT) an d  5- 
livdroxy indo leueeue acid  (5-H IA A ), w ith  tu rn o v e r ra te  (fig/g/hr) an d  tu rn o v e r tim e 
(m in) o f b ra in  5-H T  for m ice u n d e r tw o d u ra tio n s  o f p rolonged iso la tion  housing

138 days i 152 days

Region
5-HT 5-HIAA

5-HT turnover
5-HT 5-HIAA

5-HT turnover

Rate Time Rate Time

Cerebral
cortex

U-17
(0-04)

0-18
(0-02)

0-14 46-62 0-25
(0-05)

0-17
(0-03)

0-20 70-20

Mesencephalon 0-46
(0-06)

0-27
(0-03)

0-37 82-20 0-46
(0-07)

0-36
(0-11)

0-37 61-20

Dirncephalon 0-51
(0-04)

0-54
(0-02)

u-43 47- 76 0-51
(0-06)

0-28
(0-02)

0-41 87-60
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The effect o f ECS on b ra in  serotonin level an d  m etabolism  is sum m arized 
in Table 7 for the  same regions of th e  mouse brain . I t  m ay be observed th a t 
whereas 5-HT level in  the  diencephalon was significantly increased as a con­
sequence of ECS, the  m agnitude of th is increase was appreciably lower in 
the  152-day isolates; the  m agnitude of the  increase in tu rnover ra te  of bra in  
5-HT was also appreciably lower in  the  152-day isolates, as was the  change 
in tu rnover tim e, resulting  from ECS. I t  appears, on the basis of th e  presen t 
findings, th a t  possible differences in th e  incidence of stab ility  of retrograde 
am nesia m ay be accounted for by differences in th e  m agnitude of the  change 
produced by ECS in 5-HT level and  turnover, particu larly  as observed in 
the  present s tudy  for th e  diencephalon. A fu rth e r im plication of these 
findings is th a t  changes in bra in  serotonin level and  m etabolism  and the 
effect o f ECS upon these changes, as well as th e  ab ility  of ECS to  produce 
re trograde am nesia, appears to  be a function of age, dura tion  of isolation 
housing, and possibly of the  in teraction  of these tw o variables. In  any case, 
fu rth e r detailed  stu d y  of th is phenom enon appears w arranted.

In  order to  assess the  effect of a reduction  in  brain  am ine level upon acqui­
sition of avoidance behaviour and  re ten tion  of an avoidance response, 
experim ents were carried out in which: (i) tra in ing  for acquisition of con­
ditioned avoidance behaviour and  the presentation of post-train ing  ECS were 
given under conditions of reduced levels of brain norepinephrine an d  dop­
am ine in  mice; and  (ii) tra in ing  and  post conditioning ECS were given to  
mice, in  which brain  serotonin levels were reduced.

Mice were given i.p. injections of 100 mg/kg of alpha m ethyl-p-tyrosine, 
an  inh ib itor of tyrosine hydroxylase, the  enzyme involved in  th e  ra te - 
lim iting step  in the  form ation of DOPA, which has been shown to  lead to  
a reduction in  brain  level of bo th  dopam ine and  norepinephrine. At several 
in tervals following drug injection (im m ediately =  0, 4, 6, or 8 hours) groups 
of mice were given a single train ing  tria l for acquisition of the  passive 
avoidance response, as previously described, and  one group of anim als 
a t  each of the  respective post-injection tim es was given a single transcorneal

TABLE 7

R egional p e r cent change in  5-H T, 5-H IA A , an il 5-H T  tu rn o v e r  resu ltin g  from  ECS 
g iven to  m ice u n d e r tw o d u ra tio n s  of p ro longed  iso lation  housing

Region

138 days 152 days

5-HT 5-HIAA
5-HT turnover

5-HT
5-HT turnover

5-HIAA
Rate TimeRate Time

Cerebral cortex 18 28* 14 i i 16 0 15 16

Mesencaphalon 11 11 11 2(5* 26* — 6 24* 33*

Diencephalon 118* —15 HIT* 145* 49* 29* 46* 14

* p  <  0-02.
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ECS (10 mA), while the  rem aining group, a t each respective tim e, was given 
sham -ECS (ECS). Testing tria ls were given a t 24 and  48 hours following 
train ing . U nder parallel conditions, mice given sim ilar injection-training- 
ECS or ECS conditions were sacrificed w ithin ten  m inutes following the 
com pletion of th is  sequence, and  bra in  levels of norepinephrine, dopam ine, 
and  5-hydroxy tryp tam ine were determ ined from  bra in  tissue. The results 
of th is s tu d y  are sum m arized in  Table 8, from  which i t  m ay be observed 
th a t  th e  m axim um  degree of norepinephrine and  dopam ine depletion occur­
red  four hours following injection, a lthough these am ines were depleted a t 
six and  eight hours following injection; however, to  a lesser degree. Tissue 
obtained  from anim als a t th e  zero tim e did not show any  appreciable change 
from  baseline levels observed in  o ther studies, as m ight be expected. B rain  
serotonin level was unchanged as a function of drug trea tm en t; however, 
as m ay be observed a t  the  zero tim e, 5-HT level was elevated as a con­
sequence of ECS, closely paralleling those observations reported  earlier in 
th is  paper. The behavioural d a ta  closely parallel the  biochemical d a ta  in 
one respect. The incidence of conditioned response acquisition, as m easured 
by  th e  testing  tr ia l given 24 hours following train ing , ind icated  th a t th e  
acquisition o f th is avoidance response was im paired as a function of the 
degree to  which brain  norepinephrine and  dopam ine were depleted, i.e. th e  
lowest incidence o f CR re ten tion  in E C S-treated  mice occurred a t four

TABLE 8

M edian response la ten cy  difference, p e r cen t incidence o f cond itioned  response re te n ­
tio n  and  m ean  b ra in  am ine  levels in  m ice  tre a te d  w ith  a lp h a-m eth y l-p -ty ro s in e  

(100 m g/kg, i.p .), an d  tra in e d  w ith  p o s t-tra in in g  ECS o r ECS at various
p o stin jec tio n  tim es

Time
post-ini.

(lire)
Condition

Median response 
latency diff. 
(test.-time.)

Per cent 
incidence of 
CR retention

Mean (ia ) brain amine level ( j i g / g )

24 hrs 48 hrs Norepinephrine Dopamine 5-HT

0 ECS

ECS

110-0 10 10 0-54 (0-13) 1-03 (0-12) 1-01 (0-16)*

— 2-0 100 100 0-48 (0-18) 0-98 (0-11) 0-83 (0-11)

4 ECS 55-0 65* 60* 0-18 (0-14) 0-34 (0-14) 0-88 (0-12)

ECS 1-0 20* 39* 0-21 (0-11) 0-36 (0-11) 0-76 (0-10)

6 ECS 111-0 22 44* 0-29 (0-09) 0-46 (0-13) 0-81 (0-12)

ECS 3-0 80 75 0-31 (0-06) 0-48 (0-11) 0-83 (0-09)

8 ECS 108-0 25 17 0-38 (0-14) 0-73 (0-09) 0-79 (0-13)

ECS —2-0 95 80 0-37 (0-10) 0-76 (0-12) 0-84 (0-11)

*  p  <  0-02.
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hours following injection, with a slight reduction in CR retention at six 
hours, and no appreciable reduction at eight hours.

The am nesic effect of ECS, tak ing  the  reduced incidence of acquisition 
in to  account in evaluating  th is phenom enon, was significantly less p ro ­
nounced in  th e  four-hour group on bo th  of th e  re ten tion  testing  trials, and 
for the  six-hour group, on the  48-hour re ten tion  testing  tria l. I t  is apparen t 
th a t  the  effect of th e  drug trea tm en t did  no t influence the  re ten tion  te s t 
a t  either 24 or 48 hours, as indicated  by  the  resu lt of th e  zero-hour groups. 
I t ,  therefore, appears th a t  a reduction in  norepinephrine and  dopam ine level 
can, as a function of the  degree to  which such depletion occurs, reduce the 
incidence of acquisition of avoidance behaviour. This observation has been 
m ade in  o ther studies (Rech et al., 1968). One fu rth e r observation is of 
in terest w ith respect to  th e  present data , and  th a t is th a t  the  amnesic 
effect of ECS is significantly reduced in conditions wherein brain  no r­
epinephrine and  dopam ine levels are appreciably lowered in  th e  brain. The 
possible relationship of th is  finding to  the  d a ta  reported  earlier w ith  respect 
to  changes in brain serotonin m ay be of in terest in th is respect. I t  m ay be 
no ted  th a t  bra in  serotonin levels in  anim als w ith reduced norepinephrine 
and  dopam ine concentrations were no t obviously affected by  ECS; the  only 
condition under which there  was an  ECS-induced elevation of bra in  sero­
ton in  occurred in the  zero-tim e group, where catecholam ine levels were not 
yet affected. U nder all o ther conditions, ECS had no app aren t effect upon 
bra in  serotonin level, suggesting the  possibility th a t  one requirem ent for 
the  amnesic effect of ECS is its  ab ility  to  alter bra in  5-HT level and, p e r­
haps, such alterations are dependent upon the  ex ten t to  which brain  ca te ­
cholam ine levels are depleted. I t  should be fu rth e r no ted th a t the  lowered 
levels o f catecholam ines had  no effect upon foot shock threshold  or upon 
the  occurrence of a full clonicotonic convulsion produced by passage of 
a transcorneal curren t of 10 mA. I t  would, therefore, appear th a t  any 
explanation  of the  results in term s of foot shock or electroshock threshold  
would n o t be w arranted.

In  ano ther study , th e  effect of lowered lírain 5-HT levels upon th e  acqui­
sition and  re ten tion  of conditioned avoidance behaviour was assessed. 
A reduction in brain  serotonin level has been shown to  follow th e  adm in istra­
tion of p-chlorophenylalanine (PCP) th rough  th e  inhibition  of try p to p h an  
hvdroxylation  (Koe and  W eissman, 1966). W e have previously shown 
(Essm an, 1967) th a t  such a drug-induced depletion of bra in  serotonin and  
5-hydroxvindoleacetic acid results in a sm aller elevation of bra in  5-HT 
following the  adm inistration  of ECS. The purpose of th e  present experim ent, 
therefore, was to  determ ine w hether reduced levels of 5-HT and  a small 
reduction in the  degree to  which 5-HT elevation occurred following ECS, 
m ight possibly p lay  a role in th e  acquisition and  re ten tion  o f avoidance 
behaviour. I t  has been previously suggested (Woolley, 1965) th a t  lowered 
levels of bra in  5-HT lead to  an im provem ent in  maze perform ance by mice. 
The n a tu re  of the  behavioural technique em ployed in our studies is such 
th a t  acquisition differences probably  cannot reflect any  im provem ent in 
acquisition inasm uch as th is appears to  be a relatively all-or-none event 
in a single-trial conditioning situation ; however, differences in th e  s treng th
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of the acquired conditioned response should be reflected in the ability of 
post-training ECS to disrupt the retention of such behaviour.

Mice were in jected  w ith p-chlorophenylalanine, in doses of 100, 200 and 
300 mg/kg, or w ith an  equivalent volume of 0-9 per cent saline, 72 hours 
prior to  being given a single train ing  tria l in the  ap p ara tu s  previously 
described. One group of anim als under each of the  respective injection 
conditions, was given a single ECS ten  seconds following the  train ing  tria l, 
whereas o ther groups for each of the  respective conditions were given ECS- 
A single testing  tr ia l was given 24 hours following train ing , and  the  inci­
dence of CR re ten tion  was determ ined. B rain  norepinephrine and  5-hydroxv- 
trv p tam in e  levels were determ ined under parallel conditions following either 
ECS or ECS adm inistration . The results of th is s tudy  are sum m arized in 
Table 9, and  indicate th a t  brain  5-HT levels were depleted as a function 
o f PCP dosage. I t  m ay be no ted th a t the  ex ten t to  which 5-HT depletion 
occurred in mice was appreciably less m arked th a n  the  ex ten t to  which th is  
has been reported  in ra ts  (Koe and  W eissman, 1966). Brain norepinephrine 
levels appeared  essentially unchanged under these conditions. The ex ten t 
to  which ECS resulted  in elevated bra in  5-HT level was less m arked am ong 
P C P -trea ted  mice th an  observed in th e  saline-treated  controls; however, 
some degree of elevation occurred as a result of ECS under each condition. 
The behavioural d a ta  indicate th a t  a reduction in brain  5-HT level did not 
a lte r the  incidence of conditioned response acquisition and  re tention, and 
th a t  th e  effect of post-train ing  ECS was to  result, in every case, in a sig-

T A B L E 9

M edian response la ten cy  difference (te s tin g -tra in in g  tr ia l), p e r  cen t incidence o f  
cond itioned  response re ten tio n , an d  m ean  b ra in  am ine  levels in m ice tre a te d  w ith  

p -ch lo ropheny la lan ine  72 hou rs  p re tra in in g

Treatment Post-treat, 
cond.

Md. response 
latency diff. 

(sec)
% incidence of 
CR retention

Mean (^cr) 
level

XK

brain amine 
0'g/g)

5-HT

Saline (0-9%) ECS i 0-0 5 0-62 (0-12) 0-94 (0-10)*

ECS 112-0 95 0-56 (0-14) 0-78 (0-11)

PCP (100 mg/kg) ECS 3-0 5 0-58 (0-10) 0-72 (0-14)*

ECS 115-0 95 0-54 (0-11) 0-65 (0-18)*

PCP (200 mg/kg) ECS — 1-0 0 0-53 (0-11) 0-63 (0-11)*

ECS 111-0 100 0-57 (0-13) 0-56 (0-13)*

PCP (300 mg/kg) ECS — 4-0 10 0-54 (0-12) 0-54 (0-13)*

ECS 114-0 95 0-53 (0-11) 0-47 (0-12)*

* p  <  0-02.
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nificant degree of re trograde am nesia. These findings again support our p re ­
vious observations regarding alterations in bra in  5-HT by ECS and the  
am nesic effect of ECS. The present findings also suggest th a t  a reduction 
in brain 5-HT level has no effect upon the amnesic properties of ECS, nor 
does bra in  norepinephrine appear to  be dependent upon reduced brain 
5-HT levels, either in term s of th e  response of th is am ine in the brain  to  
ECS or to  alterations in brain  5-HT, produced by ECS.

Because of the  apparen t consistency w ith which several regions of the  
mouse brain  showed alterations in bra in  serotonin level and m etabolism  
is response to  ECS, several fu rther a ttem p ts  to  characterize the  changes in 
th is  am ine on a cellular level, in response to  ECS, were m ade.

.Mice, ranging in age from approxim ately  35 to  40 days, were given a single 
transcorneal ECS of 10 mA or ECS which, from previous d a ta , m ay be 
expected to  elevate regional as well as whole brain serotonin levels, as d e ter­
m ined w ithin 10 to  20 m inutes a f te r  such trea tm en t. Since areas w ithin 
th e  diencephalon and  limbic system  appear to  be im plicated insofar as the 
am ine changes are concerned, and on the  basis of o ther experim ental and 
clinical evidence, to  be involved in the m em ory process, these areas of the 
bra in  were rem oved and  prepared for fractionation. U tilizing a technique 
wherein discontinuous gradients of sucrose and  ficoll were em ployed w ith 
successive centrifugation steps following mincing and mesh extrusion of 
the  tissue, a  neuronally-enriched and  glial-enriched fraction was obtained. 
Anim als were sacrificed one hour following ECS in order to  determ ine th e  
ex ten t to  which persisting alterations in  bra in  5-HT level occurred. Each 
of the fractions from  each of the  experim ental conditions was homogenized, 
ex tracted , and  carried th rough  a m icrospectrofluorom etric procedure for 
estim ation of 5-HT and  5-HIAA concentration. The results are sum m arized 
in Table 10. The level of 5-HT and  5-HIAA in th e  glia-enriched fraction 
was appreciably higher, a lthough th e  difference did  not reach a satisfactory  
level o f statis tica l significance. The effect of ECS, as reflected in the  two 
fractions, is of in terest to  note. At one hour following ECS, the  5-HT level

TABLE 10

M ean ( +  o) concen tra tio n  o f 5 -h y d ro x y try p tam in e  (5-HT) and  5 -hydroxy indo leacetic  
ac id  (,5-HIAA) in  neu ro n a l a n d  glial frac tio n s from  m ouse b ra in  follow ing ECS o r

sham-EC'S (ECS)

(Condition 5 -H T 5-H IA A

Neuronal fraction 
ECS 
ECS

1-173 (0-007)
1 0-804 (0-001) 1

0-269 (0-124) 
0-201 (0-020)

Glial fraction
ECS 1-253 (0-002) 0-402 (0-020)
ECS 1-734(0-017) 0-617 (0-022)
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in  th e  neuronal fractions was significantly reduced, whereas a t  th is same 
tim e, 5-HT levels, as well as 5-HIAA levels in the  glia fraction, were sig­
nificantly  elevated. These findings are sum m arized in more detail in  Table 11. 
There were highly significant differences in bo th  5-HT and  5-HIAA in the  
E C S-treated  anim als between the  neuronal and  glial fractions, suggesting 
th a t by one hour following ECS there is a persisten t elevation of 5-HT in 
a glia-enriched fraction obtained  from structu res of the  diencephalon and  
limbic system , and  th a t the  m agnitude of this change is considerable in 
th is fraction as com pared to  th a t  observed in neurons.

In  considering the  possibility th a t  elevated cellular levels of serotonin 
can persist for as long as one hour following ECS, and  th a t  a one-hour differ­
ence between a tra in ing  experience and  ECS is unlikely to  result in a re tro ­
grade am nesia, it seems apparen t th a t  cen tral changes associated w ith 
ECS-induced retrograde am nesia m ay possibly involve ongoing processes 
which re la te to  m em ory storage. In  order to  assess th is question, several 
studies were perform ed. An in itia l stu d y  was concerned w ith  th e  ex ten t 
to  which increases in available 5-HT concentration would affect p rotein  
synthesis. The synthesis of cerebral p rotein  has been associated w ith m em ory 
processes in several regards and, under certain  conditions, the  inhibition  
of pro tein  synthesis has been shown to  lead to  m em ory deficits which emerge 
a t  tim es considerably beyond the  initial learning experience (Flexner, 1967). 
In  th e  present study , p ro tein  synthesis in  synaptosom es p repared  from 
mouse cerebral cortex and  limbic system  tissue was m easured. S ynapto­
somes were prepared  from  this tissue according to  th e  techniques described 
by  A ustin and  M organ (1967), and the  ra te  of incorporation of 14C leucine 
in to  th e  synaptosom al fractions was determ ined. The p u rity  of the  synap to ­
som al fractions was verified by enzym atic determ inations of succinic dehy­
drogenase and  acetylcholinesterase activ ity . A ddition of 5-HT to  th e  incu­
bating  fractions was based upon concentration differences resulting in  brain  
5-H T as a resu lt o f (i) ECS, and  (ii) system ic adm inistration  of 100 mg/kg 
o f 5-HTP. In  th e  form er case, 5-HT differences averaged 3 X 10~7 m , whereas 
in  th e  la tte r  case air alm ost equal level emerged ( 2 x l0 ~ 7 m ). A ddition 
o f the  first 5-HT concentration resu lted  in a significant degree of inhibition 
o f protein  synthesis, as determ ined from  changes in th e  ra te  of incorporation

TABLE 11

P e r cen t change ( °0zl) in 5 -hydroxy  try p ta m in e  (5-H T) and  5-hydroxy indo leaeetic  
acid  (5-HJA A) in  neu ronal an d  glial frac tions from  m ouse b ra in  an d  level o f s ta tis tic a l 

significance (p) for ECS an d  ECS tre a tm e n ts

5-HT 5-HIAA
Comparison

% .4 V % A V

-^'^ECS -r  6-82 >0-70 49-44 >0-70
^-G ecs 115-67 <0-001 206-96 <0-001
N-Necs — 31-46 <0-001 - 25-28 >0-80
g ‘g ecs - 38-39 <0-001 - 53-48 <0-02
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TABLE 12

K a te  o f 14C leucine in co rp o ra tio n  in to  Synaptosom es from  m ouse cereb ra l co rtex  
and  lim bic sy s tem  s tru c tu re s  and  p e r cen t p ro te in  syn thesis  as affected by  5 -hydroxy-

try p ta m in e  (5-HT)

Condition
ltate of incorporation 

(u ju  M leucine/mg 
Protein/hr)

% Synaptosomal 
protein synthesis

Control 34-29 100
(Cerebral cortex)

Control 36-00 100
(Limbic system)

•j 3-1 IT 
(3X 10~7 m ) 26-00 76
(Cerebral cortex)

5-HT
(3X 10~7 m ) 
(Limbic sytem)

24-89 68

of 14C leucine. These findings are sum m arized in Table 12. I t  m ay be observed 
th a t  th ere  was a slightly  higher ra te  of 14C leucine incorporation in  limbic 
system  synaptosom es (~ 6  per cent), and  th e  degree to  which protein  sy n th e­
sis was inh ib ited  was g reater in  the  synaptosom al fraction from  the  limbic 
system  structures.

W e have previously reported  th a t  in traven tricu la r adm inistration  of 
5-HT can serve to  rap id ly  im pair the  acquisition of one-trial passive avoid­
ance behaviour. This has been observed w ith  concentrations of approxi- 
m atelyl-17 x 1 0 ~ 2M, w liichis considerably above the  concentration difference 
resulting either physiologically or th rough  precursor adm inistration. The 
in troduction  of 5-HT a t th is concentration in  incubating synaptosom es, 
from  which 14C leucine incorporation in to  bra in  was determ ined, ind icated  
th a t  p rotein  synthesis was inh ib ited  in  excess o f 90 per cent.

A fu rth e r series of studies was concerned w ith  th e  changes associated 
w ith elevated brain  serotonin, where such elevation was produced by con­
ditions which have been shown to  im pair conditioned response acquisition 
and/or re ten tion  of such behaviour. Groups of mice were in jected  in tra - 
ven tricu larly  w ith either 5-HT (1-17 X l O -2  m ) or 0-9 per cent saline, and  
several o ther groups of anim als were in jected  i.p. w ith 100 mg/kg of 5-H TP. 
The mice given in trav en tricu la r injections of 5 -flT  were sacrificed 30 m inutes 
following such injection, whereas those anim als given system ic injection 
o f 5-H TP were sacrificed a t  one hour. W hole bra in  RN A  and  to ta l p ro tein  
under these conditions, were estim ated, utilizing standard  fluorescence and  
absorption techniques. A m ean value for to ta l protein, based upon precipi­
ta te d  m aterial from  equal aliquots of a 20 per cent bra in  hom ogenate, was 
estim ated  a t  6-84 mg (±0-74). P ro te in  level in the  brains of 5 -H T P-treated  
mice was reduced by approxim ately  35-8 per cent to  a value of 4-39 mg.
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In  th e  5-H T -treated  anim als, to ta l pro tein  was reduced by approxim ately  
32 per cent to  a value of 4-56 mg. These findings are som ewhat consistent 
w ith our previous observation th a t synaptosom al protein synthesis is 
inh ibited  by addition of 5-HT. The degree to  which such inhibition occurs 
is very consistent w ith the  ex ten t to  which to ta l p rotein  in th e  mouse brain  
was reduced in the  present study . Whole brain ribonucleic acid was also 
estim ated  under these experim ental conditions, and  from  a mean whole 
bra in  level of 2-20 mg/g (±0-30) RNA level in anim als in jec ted in trav en trie - 
ularly  w ith 5-HT was reduced to  1 -40 mg/g. Those anim als given system ic 
injections of 5-H TP had a whole brain  R N A  level of 2'00 mg/g, 60 m inutes 
following such injection. These sm all changes in to ta l R N A  are partia lly  
consistent w ith  our previous findings regarding the negative relationship 
between brain  5-HT level and  RN A  conten t under several physiological 
and  pharm acological conditions which regulate th e  degree to  which m em ory 
consolidation can be d isrupted. Prelim inary findings have ind icated  th a t 
w ith differential gradient fractionation yielding a glia-enriched fraction 
from  cerebral cortex and sub-cortex, excluding olfactory bulbs and  cere­
bellum, to ta l pro tein  levels are slightly affected under conditions paralleling 
those described above; there is a slight trend  tow ard an  increase in to ta l 
p ro tein  in cortical glial fractions (36-8 per cent) 30 m inutes following in tra ­
ventricu lar 5-HT adm inistration, whereas to ta l glial protein, 60 m inutes 
following system ic adm inistration  of 5-HTP, was not altered. This prelim ­
inary  finding m ay possibly indicate a reciprocal in teraction  between neu­
rones and/or their endings w ith adjacent glia in the  m ediation of changes 
re la ted  to  the process of m em ory consolidation as influenced by brain  5-HT. 
F u rth e r studies, now in progress, are directed tow ard  answering some of 
these re levant questions.

A final series of studies has been concerned w ith physical evidence regard­
ing the  in teraction  of serotonin w ith nucleic acids and  nucleotides. Some 
prelim inary d a ta  (B ittm an e t al., 1969) has indicated  a hierarchy of 
nucleic acid and  nucleotide binding to  free 5-HT under several conditions. 
F u rth e r investigation has shown th a t the  form ation of a conrplex between 
5-HT and R N A  occurs. Binding, as m easured by  the  quenching fluorescence 
at pH  7, indicates th a t 5-HT and  R N A  result in quenching of 18 per cent, 
as com pared to  a free 5-HT baseline. R ecent studies (Essm an, 1970) have 
indicated  th a t mice, trea ted  w ith  lith ium  salts, showed re insta tem ent of 
re ten tion  or a passive avoidance response following app aren t retrograde 
am nesia produced by  electroshock. Paralelling th is phenom enon were in ­
creases in bra in  m agnesium  level and  short-term  alterations in bra in  5-HT 
turnover. A possible mechanism  by which th is observation m ay be ac­
counted for is th a t  an  increase in  th e  ionic streng th  of magnesium m ay affect 
the  in teraction  betw een 5-HT and  nucleic acids. Physical evidence for this 
in teraction  was obtained and, as a function of increased ionic streng th  of 
m agnesium, th e  quenching of 5-HT fluorescence was increased, such th a t 
a t  a 5-HT concentration of 4 Hg/ml and  addition of 2-5 M m agnesium, 
fluorescence was quenched by  approxim ately  18 per cent (approxim ately 
equal to  the  degree to  which RNA was quenching 5-HT fluorescence). 
At th e  same ionic streng th  of magnesium, the 5-HT-RNA complex was
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quenched by approxim ately  32 per cent. Addition of lithium  ions over a 
range of varying ionic strengths did  not quench the fluorescence o f either 
5-HT or the  5-HT-RNA complex. This evidence indicates th a t  5-HT and 
RNA bind to  one ano ther, th a t  magnesium  ions hind to  the  5-HT molecule, 
and  th a t the  binding of 5-HT to  RNA is m arkedly increased in the presence 
o f m agnesium  ions. A dditional studies, now in progress, have been u nder­
taken  to  fu rther elucidate the  relationship between these in teractions ob­
served in physical studies and their bearing upon sim ilar in teractions hypo­
thesized in vivo.

The studies sum m arized in th is paper, and  th e  d a ta  presented, suggest 
an  im p o rtan t role for 5 -hydroxytrvptam ine in the m ediation of a t least 
one phase of the  m em ory consolidation process. The relationship between 
changes in th is am ine in whole brain, regional sites w ithin the  brain, and  
on a cellular level, and  o ther events im plicated in o ther phases of the m em ory 
consolidation process (RNA synthesis, p rotein  synthesis, and  their in te r­
dependency), have been shown, under several experim ental conditions; 
these relationships m ay possibly constitu te  a model w ithin the  fram ework 
o f which 5 -hydroxytrvptam ine m ay possibly p lay an im p o rtan t role in the 
m ediation of m em ory consolidation and  in those conditions wherein the 
m em ory consolidation process is im paired.
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DISCUSSION

R. Yu. I l y u t c h e n o k : Did you see amnestic effect of high doses of serotonin 
without ECS? Dr. Devoino from the immunological laboratory of our 
Institute published data about the inhibition of immunological memory by 
serotonin, reserpine and MAO inhibitors.

W. B . E s s m a ít : That was shown on the first slide. We must remember that 
we used two stimulus intensity levels. Otherwise it has been reported by 
other workers tha t in pigeons the impairment of learning is associated 
with an increased serotonin level in the telencephalon.

238



CH O LIN ERG IC B RA IN  MECHANISMS AND MEMORY

by

R. Yu. I ly u tc h en o k

L a b o ra to ry  o f N europhysio logy  and  Pharm aco logy  o f B ehav iour,
In s t i tu te  o f Physio logy , S iberian  D e p a rtm e n t o f th e  U .S .S .R . A cadem y o f Sciences,

N ovosibirsk , U .S .S .K .

In  recent years attempts have been made to use a number of drugs for improv­
ing and blocking memory. Figure 1 is a diagrammatic representation of 
the results of these studies. I t was found that drugs acting upon the cholino- 
reactive structures and stimulants have the strongest influence upon memory. 
The acceleration of the consolidation of memory under the effect of non- 
convulsive doses of stimulants is perhaps also due to the facilitation of 
synaptic intraneuronal transmission.

The formation of memory is, to some extent, related to the structural 
changes in the synapses leading to the facilitation of the passage of impulses 
in the neuronal systems along corresponding channels of communication. 
In the reverberation of the impulses in the neuronal chains, in the poten- 
tiation and in the changes in the number of presvnaptic vesicles (i.e. in the 
changes of contact between the pre- and postsvnaptic neurones) the 
cholinergic mechanisms are primarily involved. The further activation of the 
synthesis of nucleic acids and proteins may also contribute to the processes 
of memory by augmenting the enzyme systems facilitating the synthesis 
of acetylcholine and also by changing the configuration and the synthesis
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of th e  receptor proteins w ith a corresponding a lteration  in the sensitivity  
of the cholinergic receptor (Barondes, 1965; Meerson, 1967). B eritashvili 
(1967) considers th a t  RNA is involved in the  form ation of active protein 
th a t acts upon the  synaptic m em brane and, consequently, facilitates the  
transm ission of impulses.

All these processes are included in to  the concept of the  intrinsic m echa­
nisms of memory. B ut the final step in the form ation of m em ory depends 
no t only upoji the  intrinsic mechanisms of memory. Such nonspecific system s 
as the  limbic and  the  ascending reticu lar activating  system  also play an 
im p o rtan t role in m em ory form ation. These system s comprise a powerful 
cholinergic mechanism.

Hence it is feasible to  in terfere w ith the  intrinsic as well as the regulatory 
mechanisms of m em ory by m odifying the  activ ity  of the  brain  cholinergic 
structures.

Synaptic transm ission can be altered  by th e  stabilization of acetylcholine 
w ith anticholinesterases and  by blocking the cholinergic receptor of the 
subsvnaptic m em brane w ith  anticholinergic drugs.

Conditioning would be facilitated  if ju st the am ount of in form ation­
bearing acetylcholine necessary for the  response were pro tected  from destruc­
tion. Actually, an  increase in the  acetylcholine level up to  a definite point 
brought abou t by anticholinesterases does accelerate the  acquisition of con­
ditioned responses. W hen the  am ount of acetylcholine surpasses the  o p ti­
m um  level, a synaptic blockade m ay ensue as the  result of acetylcholine 
excess. The transfer of inform ation against the  background of large doses 
of drugs th a t stabilize th e  m ediator and  intensify its release is sim ilar to  
th e  transfer of inform ation in th e  presence of noise in definite channels 
of com m unication. B o th  th e  increase of m ediator q uan ta  incoherent w ith 
the  signal and the presence of noise will result in a decrease in th e  am ount 
of inform ation th a t  can be transferred  through a synapse.

I t  seems th a t  differences in the effect of large doses of anticholinesterases 
at various tim es a fte r adm inistration  can be explained by the  sam e m echa­
nism. Learning was inh ib ited  com pletely if  learning was s ta rted  later, 
when there was an  excess of acetylcholine and  synaptic blockade had  
developed.

D eutsch (1966) has proposed an in teresting hypothesis: as a result of 
learning th e  in itially  nonfunctioning synapses are modified and  s ta rt to 
em it a transm itte r. But the  increase in acetylcholine released a t such syn­
apses is gradual. I t  is suggested th a t  even under the  significant blockade of 
anticholinesterase, acetylcholine never accum ulates in excess a t the  syn­
apses. For this reason, a t  th e  early stages of conditioning anticholinesterases 
lead to  the facilitation of synaptic transm ission by  preventing th e  destruc­
tion of acetylcholine and  thus prom ote conditioning. I f  forgetting were also 
due to  the decrease of th e  tran sm itte r a t  the  synapse, then  th is would p ro ­
vide a plausible explanation why m em ory restoration  is facilitated  when 
anticholinesterases are adm inistered 28 days a fte r train ing, when the  con­
ditioned response had  disappeared in the  controls.

The deterioration of the  form ation of new m em ory traces during the  block­
ade of the cholinergic brain  mechanisms is a ttr ib u te d  to  the  im pairm ent of
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short-term  m em ory (Herz, 1960; Bures et ah, 1964; Meyers, 1965; Boh- 
danecky an d  Ja rv ik , 1967). The im pairm ent of registration as well as the 
consolidation of m em ory traces m ay underlie this deterioration. The experi­
m ents of Yeliseyeva and L oskutova in our laborato ry  have shown th a t this 
am nesic effect of m uscarinic anticholinergic drugs is not determ ined by their 
influence upon registration. The adm inistration  of an adequate dose of the 
anticholinesterase galantham ine can abolish the  effect of this anticholinergic 
drug. In  these experim ents the  blockade of th e  cholinergic receptors in mice 
was lim ited in tim e by th e  registration stage (Fig. 2). The effect of benzaein 
given 5 m inutes before th e  experim ent was abolished by galan tham ine just 
a fte r th e  conditioned response had  been acquired a fte r one-trial conditioning. 
The anticholinergic drug did  not exhibit its  amnesic effect here.

I t ,  therefore, can be assum ed th a t the  deterioration of conditioning as well 
as re trograde am nesia under the  effect of anticholinergic drugs are related  
to  th e  im pairm ent of th e  initial stages of consolidation.

Anticholinergic drugs, however, do not p revent conditioning in  all the 
cases. The in ten sity  of stim ulation and  the du ra tion  of train ing  are of p a ra ­
m ount significance in conditioning against the  background of the  action 
of anticholinergic drugs. Anticholinergic drugs block conditioning when 
the  num ber o f train ings is small; when th e  num ber is increased, their block­
ing effect is a ttenua ted .

One of the  possible m echanisms of the  anticholinergic drugs is the  
blockade of th e  transm ission across cholinergic synapses in neuronal chains. 
Such a blockade should prevent the  subsequent consolidation of memory. 
B u t th e  possibility of acquiring a  conditioned response during th e  blockade 
of the cholinergic receptors by anticholinergic drugs is a t  variance w ith 
such an explanation.

Yeliseyeva has m ade an in teresting  observation in our laboratory . 
In  cats conditioned fear was elaborated  against the  background of th e  
effect of anticholinergic drugs; th e  stim ulus was paired 10 tim es w ith 
unavoidable electric shock. Against the  background of benzaein (1-20 
mg per kg) fear was not displayed, bu t in the  consecutive days, when the
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Fig. 2. In fluence o f benzaein  on fear cond ition ing  in  th e  ca t. (a) Ben­
zaein  ad m in is te red  5 m in  before e lec troshock  blocks th e  e lab o ra tio n  
o f  fear response, (b) A nticho linerg ic  effect o f benzaein  is abo lished  
1 m in  a f te r  e lectric  shock  by  th e  an ticho lineste rase  ga lan th am in e ; 

th e  am nesic  effect o f benzaein is n o t d isp layed .
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anim als were tested  w ithout th e  drug, conditioned fear was clear-cut. This 
observation is consistent w ith  the  d a ta  in the  lite ra tu re  (Ricci and Zam paro, 
1965; Meyers, 1965; Oliverio, 1968).

Learning, therefore, is possible w ithout the  repetition of correct specific 
responses. M emory traces can be registered and  re ta ined  when response 
perform ance is blocked in  th e  process of train ing , although th e  retention 
tim e of conditioned fear in anim als trea ted  by anticholinergic drugs is 
shortened.

We believe that the outcome of the struggle for the receptor between 
anticholinergic drugs and endogenous acetylcholine released in the course 
of the reaction is decisive. I t  seems reasonable to assume that if acetyl­
choline wins in the competitive struggle for the receptor, the response is 
performed. The deblocking of the receptor occurs, probably, when large 
amounts of endogenous acetylcholine are released as, for instance, during 
repeated trainings, and, in particular, when repeated electric shocks are 
unescapable. When large doses of anticholinergic drugs are delivered, the 
deblocking of the receptor will not take place and, in consequence, the 
response will not be acquired.

According to  ano ther hypothesis, m em ory traces under norm al condi­
tions are registered and  re ta ined  in the  cholinergic structures, b u t when they  
are blocked, th e  traces can be re ta ined  in the  cholinergic structu res as well 
(Bures et al., 1964; Meyers, 1965; Bohdanecky and  Ja rv ik , 1967). I t  m ight 
be presum ed th a t  th e  la tte r  are adrenergic. But th e  possibility of condi­
tioning cats against th e  background of the  sim ultaneous blockade of the  
cholinergic and  adrenergic structu res dem onstrated  by Yeliseyeva (although 
it  was necessary here to  increase th e  streng th  of th e  curren t to  such an 
ex ten t as to  elicit th e  unconditioned defense response) refutes such an 
explanation. W hat are these noncholinergic m echanisms rem ains so far 
an o th er puzzling aspect of memory. I t  m ay be speculated th a t  some type 
of nonsvnaptic reserve m echanism  is sw itched in to  action.

The em otional s ta te  a t  th e  m om ent of registration or ju st a f te r  th is stage 
has a strong influence upon m em ory form ation. I t  is conceivable th a t 
em otional excitation  cannot only im prove, b u t also accelerate consolidation 
and, on th e  o ther hand , th e  inhibition of em otions will deterio rate  th is 
process.

In  our studies we have com pared th e  influence of anticholinergic drugs 
on short-term  and  long-term  m em ory (Ilyutchenok and  Yeliseyeva, 1966; 
Ilyu tchenok, 1968; Ilyu tchenok  and  Chapligina, 1970). In  dogs w ith 
w ell-established food reflexes, fear response to  th e  feeder was elaborated  
by  delivering an  electric shock when th ey  tried  to  ea t from  it. The fear 
response was m ain tained  for several m onths which is in agreem ent w ith 
resu lts o f B eritashvili (1968).

A single in tram uscu lar adm in istra tion  of the m uscarinic anticholinergic 
drugs am isyl (benactizine) or benzacin (0-5 mg per kg) 10-15 m inutes a fte r 
fe a r conditioning did  n o t produce its  stable disappearance. Only the  re ­
peated  adm inistration  of these drugs for 2-3 days (1 or 2 tim es daily) p ro ­
m oted the  to ta l effacem ent of fear. I t  is much harder to  achieve th e  com plete 
d isappearance of this m em ory of fear em otion when anticholinergic drugs
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are given 2-5 weeks and  especially 2-3 m onths a fte r train ing . W hen a n ti­
cholinergic drugs are given so late, fear disappears only a fte r large am ounts 
of the drugs have been adm inistered repeatedly  (for 3 d ay s , 1 mg per kg 4 tim es 
daily  or 10 mg per kg 2 tim es daily). F ear usually supports defense behaviour 
and, therefore, it  is n o t extinguished h u t is re ta ined  for a considerable 
time. W hen fear response is blocked, conditioned defense response cannot 
be m ain tained  for a long tim e, th is is w hat we observed in our experim ents. 
Perhaps it  was difficult to  elaborate the  defense response against the  back­
ground of anticholinergic drugs because the  a ttem p ts  to  elaborate i t  were 
undertaken  when th e  em otional response was inhibited. The prolonged 
blockade of th e  cholinoreactive brain  structu res leads to  th e  com plete ob­
literation  of em otional m em ory, and  to  its  s tru c tu ra l disruption. Possibly 
em otional m em ory has different m echanisms from  those of o ther types of 
m em ory, for the o ther types of long-term  m em ory are n o t effaced by a n ti­
cholinergic drugs. The m echanisms of em otional fear are probably  included 
in to  a functional system  w ith cholinergic neurones. I t  seems to  be th e  m usca­
rinic cholinergic mechanisms of the  lim bic system .

The changes in the activity of hippocampal neurones induced by anti­
cholinesterases and by cholinomimetic drugs (Salmoiraghi and Stefanis, 
1965; Biscoe and Straughan, 1966; Ilyutchenok and Pastukhov, 1968) 
evidences cholinergic reception in a limbic system. I t  is highly interesting 
that theta-rhvthm in the hippocampus and in the septum are retained during 
the administration of anticholinesterases and cholinomimetics, when the 
reticular formation is ablated through premesencephalic section (Ilyutche­
nok and Bannikov, 1968). This suggests that the limbic system possesses its 
own muscarinic cholinergic mechanism.

The effect o f anticholinergic drugs is displayed b e tte r  in anim als in which 
th e  response is not e laborated  stab le  enough. These are the  instances when 
em otional responses and  reticu lar influences are th e  m ost strongly involved. 
W hen these influences are abolished artificially by anticholinergic drugs, 
th e  consolidation of m em ory trace, probably, deteriorates. W ell-trained 
anim als have enough inform ation to  perform  th e  response (Simonov, 1967). 
The response then  can be perform ed w ith no emotions, and  the  anticholinergic 
drugs will have no am nesic effect.

The ac tiv ity  of th e  ascending re ticu lar ac tiva ting  system  is of significance 
in m em ory form ation. The excitation of th is system  results in the  activation  
of cortical neurones (Bremer, 1961) and  in the  differentiation of th e  cortex 
in to  independent, asynchronously functioning neuronal groups (Lindsley, 
1958). In  our experim ents (Ilyutchenok and  Gilinsky, 1969) the  first effect 
was reflected by  th e  frequency increase of 45-4 per cent of cortical neurones 
during high frequency stim ulation of the m idbrain reticu lar form ation. 
As to  th e  second effect, th e  reticu lar inhibition of 27-1 per cent of th e  neu ­
rones plays an  im p o rtan t role in the  d ifferentiation of neuronal constella­
tions. The weakening of th e  connections between the  sensory un its in th e  
cortex im proves sensory discrim ination because it allows a more contrasting 
perception of inform ation ascending from  the  receptors. R eticu lar inhibition 
m ay be of im portance in  the  m echanisms of spatial d istribu tion  of signals 
in  neuronal constellations.
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I t  appears that the activation of the reticular formation reduces the 
number of reverberating circuits which correspond to the sensory signal, 
while there may be an acceleration of the pulses in the circuits. I t may be 
possible to influence different stages of memory in the course of the changes 
in the activity of the reticular activating system. Anticholinergic drugs in 
this case may exert the strongest effect.

Since in th is system  m uscarinic cholinergic structu res dom inate bo th  at 
th e  level of th e  bra in  stem  and  in th e  cortex (Rinaldi and  Him wich, 1955; 
Ilyu tchenok, 1962; Smirnov an d  Ilyutchenok, 1962; K rnjevic, 1967), the 
influence of anticholinergic drugs on m em ory through reticu lar mechanisms 
m ay consist, on th e  one hand, in the  decrease of th e  ascending flow of 
reticulo-cortical impulses, and, on the  o ther hand, in the  blockade of the 
cholinoreactive cortical inhibition  (Ilyutchenok and Gilinsky, 1969). The 
effect of anticholinergic drugs am ounts to  an increase in the  num ber of 
reverberating  circuits w ith  concom itant decreased ac tiv ity  w ithin each 
of them .
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DISCUSSION
S. F r e e d : Did you  ca rry  o u t ex p erim en ts  w ith  ap p ro ach  reflexes ra th e r  

th a n  defensive reflexes?
R . Yu. I l y u t c h e n o k : The experiments were carried out by the method of 

Beritashvili. At first dogs were trained to conditioned food reflexes. After 
that, when attempting to eat from one of the feeders, they received an 
electric shock. Fear reaction elaborated after 1-2 electric shocks was main­
tained for several months.

F. K l in g b e r g : Many drugs have antagonistic effects depending on their 
doses, which is a well-known fact. How do you explain, e.g. the facilitating 
effect of cholinergic substances (Nivaline, Eserin) on conditioning in low 
doses and its blocking effect in higher doses ?

R.Yu. I l y u t c h e n o k : Increase of acetylcholine to a definite level facilitates 
synaptic transmission. I f  only the amount of information-bearing acetyl­
choline providing the response were protected from destruction by anti­
cholinesterases, this would facilitate learining. W hen acetylcholine level 
exceeds the optimum under the effect of large doses of anticholinesterase, 
the synapses may be blocked in consequence of acetylcholine excess. Infor­
mation transfer under sufficiently high doses of anticholinesterases may be 
compared with information transfer in the presence of noise in a channel 
of communication. I t  leads to the decrease in the amount of information 
transferable across the synapses.
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J .  K n o l l : Some psychopharm acological agents have a dual action. They 
facilitate, e.g. a  conditioned response in  sm all doses, and  inh ib it the  sam e in 
high doses. This depends on the  m ethod used.

R .Y u . I l y u t c h e n o k : Small doses of anticholinergic drugs do no t block the 
synap tic  transm ission or in general the  exc ita to ry  mechanisms, b u t the  ex ­
cita to ry  mechanisms as well as the  reticulo-cortical system  can be blocked 
by higher doses of the  same drug.
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A PSYCHOPHARMACOLOGICAL APPROACH TO A 
POSSIBLE SYNAPTIC MEMORY MECHANISM

by

J .  K n o l l , K . K e l e m e n  and Ber ta  K n oll

D e p a rtm e n t o f  P harm aco logy , U n iv e rs ity  M edical School, B u d ap est,
IT ungary

Learning and  m em ory seem to  us quite clear in their m eaning in spite 
o f th e  fact th a t  very little  if any  of their real physiological and  biochem ical 
bases are known. Our poor knowledge regarding these physiological processes 
is excellently reflected in the  shallowness of the  curren t definition of learning 
according to  which i t  is a  more or less perm anen t change in behaviour resu lt­
ing from  experience.

S ta rting  from  th is general definition a specific ty p e  of processing and  
re ten tion  of inform ation in th e  ra t  will be described.

The simple device used in our experim ents was the  modified jum ping 
te s t developed by us (Knoll, J .  and  K noll, B., 1964), which proved to  be very  
useful for screening purposes in psycho pharmacological research work 
(Knoll, 1967). The essence of th e  m ethod is the  following:

The ra t  is placed on a ho t p la te  under a 30 cm high glass cylinder and  we 
m easure th e  tim e u n til the  anim al jum ps from  th e  warm  p la te  to  th e  upper 
rim  of the  cylinder.

The in terva l between the  beginning of the  tes t and  the onset o f the  escape 
reaction when the ra t  jum ps to  th e  rim , which varies from  one anim al to  
th e  other, is taken  to  reflect the  capability  of the  anim al to  escape and  is 
expressed in a rb itra ry  un its from  zero to  ten , as shown in Table 1. M ark

TABLE 1

Onset of escape reaction (min) U nits

0 -  10 10
1 1 -  2(1 9
21 -  30 S
3 1 -  40 7
41 -  50 C»
51 -  (10 5
(11 -  90 4
91 -  120 3

121 -  240 2
No jum ping within 4 hours 1

Death w ithout jum ping within 4 hours 0
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ten  is given when the anim al jum ps w ithin 10 m inutes and  the lowest m ark, 
zero, is given when the  anim al is unable to  escape and  dies on the  ho t p la te  
in hypertherm ia.

I f  the  tem peratu re  of th e  p la te  is high enough, th e  unconditioned avoid­
ance reaction sets in  w ithin a very short tim e and  a conditioned response 
develops rapidly. Using, e.g. a p la te  tem peratu re  of 60 °C, a conditioned 
escape response is built up  a fte r a few trials, which m ight persist for weeks 
or m onths w ithou t reinforcem ent (Knoll, 1969). If, instead  of 60 °C, a p late 
of 45 °C tem peratu re  is used, a quite different aspect of learning can be 
followed in th e  ra ts. E very  ra t escapes even from  th is low tem peratu re  
p late  by jum ping onto the  rim  of the cylinder b u t, independently  o f th e  d u ra ­
tion o f the tra in ing  th e  developm ent of a conditioned reaction was never to  
be observed (Knoll, 1965). A peculiar ty p e  of learning can be dem onstrated  
in these anim als. This is shown in Figs 1 to  3.

I t  is evident from  the figures th a t  a rem arkable change in the  behaviour 
of anim als develops during train ing.

F ive mg per kg m orphine (Fig. 1, column 2), 15 mg per kg tetrabenazine 
(Fig. 2, column 2) and  15 mg per kg chlorprom azine (Fig. 3, column 2) 
com pletely inh ib its th e  escape response in u n tra ined  anim als b u t no t in the 
tra in ed  ones. The last columns in  Figs 1 to  3 dem onstrate  th a t  on the 21st 
day of the train ing  procedure the  psychodepressants investigated  lose their 
ab ility  to  inh ib it the  unconditioned avoidance reaction. The d a ta  represen t­
ing the  anim als’ perform ance on the  7th and  14th days of train ing , respecti­
vely, show, on th e  one hand, th a t  only as light im provem ent in the  escape reac­
tion  is to  be observed, especially on the  7th day  of train ing  and, on the  o ther, 
th e  loss of sensibility tow ards m orphine and  the  m ajor tranquillizers devel­
oping gradually  during train ing.

before onset o f m easu rem en t. N u m ber of an im als in 
b racke ts.
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in  b rackets.

Figures 4 to  6 show some im p o rtan t characteristics of the  peculiar type 
of learning and  re ten tion  dem onstra ted  in Figs 1 to  3. These figures dem on­
stra te  the  sensitiv ity  of the  stored long term  m em ory traces tow ards electro­
convulsive shocks (ECS). E lectroshock by itse lf does no t influence th e  uncon­
ditioned escape reaction in u n tra ined  or in tra in ed  ra ts  (cf. th e  2nd and  
4th  columns in  Figs 4, 5 and  6) bu t deleates com pletely th e  effect of train ing.

ed ra ts . C h lorprom azine w as ad m in is te red  su b c u ta n e ­
ously 1 h o u r before onse t o f m easu rem en ts . N u m b er of 

an im als  in b rack e ts .
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Fig. 4. E ffect o f  m o rp h in e  in  tra in ed  ra ts  tr e a te d  w ith  
e lec troshock . T ra in in g  =  1 ju m p  daily . ECS =  D elivery  
o f  tw o shocks (25 m A , 0-2 m sec) w ith in  15 m in u tes  fo r 
evoking  th e  to n ic  h in d lim b  flexor com ponen t o f m ax im al 
e lec troshock  seizure. M orphine w as adm in is te red  su b ­
cu tan eo u sly  110 m in u te s  before; o nse t o f m easu rem en t. 
T im e in te rv a l betw een  th e  2nd ECS an d  m o rp h in e  ad m i­
n is tra tio n  is in d ica ted  on th e  figure. N u m b er o f an im als 

in b racke ts.
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Tetra- 
benazine 
15 mg/kg

a
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CL *  ~
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Fig. 5. E ffect o f  te trab en az in e  in tra in ed  ra ts  tre a te d  w ith  
elec troshock . T e trab en az in e  w as ad m in is te red  s u b c u ta ­
neously  L h o u r before o nse t o f m easu rem en t. O therw ise 

th e  sam e as in F ig . 4.
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Fig. (j. E ffect o f ch lo rp rom azine  in  tra in e d  ra ts  tre a te d  
w ith  elec troshock . C h lorprom azine w as ad m in is te red  
sub cu tan eo u sly  1 ho u r before onse t o f m easu rem en t. 

O therw ise th e  sam e as in F ig . 4.

The tra ined  anim als stim ulated  w ith ECS react to  m orphine, te trabenazine 
and  chlorprom azine like un tra ined  ones (cf. the  6th  column in Figs 4, 5 
and  6). One jum ping reaction a f te r  ECS stim ulation im m ediately restores 
th e  m em ory p a tte rn s  (cf. the  7th column in Figs 4, 5 and 6). A fairly rap id  
re trieval even spontaneously was observed a f te r  ECS trea tm e n t (cf. the 
last tw o columns in  Figs 4, 5 and  6).

Our d a ta  clearly show th a t a peculiar type of learning an d  re ten tion  
occurs in ra ts  under appropria te  experim ental conditions. This type of 
m em ory can be characterized m ainly bv its specific sensitiv ity  to  ECS and 
rem arkable insensitiv ity  tow ards such doses of m orphine and  m ajor t r a n ­
quillizers which com pletely inh ib it all types of conditioned reactions and  
even a g reat num ber of unconditioned responses.

A detailed  analysis of the  unconditioned escape reaction in the  setup 
shown in th is p resen tation  led us in earlier works to  th e  conclusion th a t  a 
gradually  increasing special exc ita to ry  s ta te  in  a specific neuronal netw ork 
underlies the  physiological basis of the  anim als’ capability  to  perform  the 
escape response. W e defined th is specific ty p e  of central exc ita to ry  sta te , 
nam ed active focus, by  th e  aid of its  physiological characteristics (Knoll, 
1969).

On the  o ther hand, we have also learned from  our earlier work th a t  the  
rise of excitation  in this neuronal netw ork is m ost efficiently blocked by 
the  highly active groups of psychodepressants, of which m orphine, te t r a ­
benazine or chlorprom azine can be called characteristic representatives, and  
which are all well know n for their ab ility  to  in terfere in  one way or o th er 
w ith  transm ission processes in certain  types of cen tral synapses.



I t  might be, therefore, supposed that during training a type of synaptic 
modulation develops in the neuronal network which renders the animal 
capable to perform the unconditioned escape reaction. This modulation 
might then provide normal transmission between the neurones even in the 
presence of such concentrations of psychopharmacological agents that in 
untrained animals completely block the connections. The material basis 
of the stored long-term memory would then consist of the gradual develop­
ment of this acquired modulation of synaptic transmission insensitive to 
the narcotic analgesics (e.g. morphine) and major tranquillizers (e.g. tetra- 
benazine of chlorpromazine) and specifically sensitive to ECS. Be as it is, 
however, the physiological nature and biochemical basis of this peculiar 
ECS-sensitive type of processing and retention of information needs further 
detailed analysis.
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DISCUSSION

O. F e h é r : Did you see any change in the behaviour of the animals after 
morphine or chlorpromazine? It seems to me that these drugs may have 
abolished orientation reaction and this prevented the animals from learning 
a new behaviour.

J. K n o l l : Dr. Fehér is perfectly right saying that the lack of orientation, 
caused by morphine or chlorpromazine, may prevent the learning of a new 
behaviour. I t  is a well-known fact tha t central depressants inhibit learning 
and learned reactions. The question arising in connection with our data is 
just the opposite one: why the depressants do not inhibit (in doses complete­
ly abolishing all types of conditioning) the repeated jumping reactions. 
The memory underlying conditioning is sensitive to these drugs. This is the 
principal proof that the learning process we are dealing with is different 
from conditioning.

G. U n g a r : Have these animals received morphine or chlorpromazine 
every day during training?

J. K n o l l : N o , th e  an im als received  one single dose o f th e  d ru g  at th e  
tr ia l  a n d  n ev e r before in  th e ir  life. So th is  d ru g  resis tan ce  w as n o t caused  
b y  a n y  to le ran ce  p h enom enon  b u t  b y  a  specific lea rn in g  process.

R. Yu. I l y u t c h e n o k : Attenuation of defensive reaction under high doses 
of chlorpromazine is related not to the blockade of the mechanisms of fear,



b u t ra th e r to  the  inh ibition  of m echanisms th rough  the m otor-vegetative 
reaction displayed in consequence of general reactiv ity  reduction, including 
the  a tten u a tio n  of response to  noxious stim uli. We have d a ta  showing th a t 
o ther beta-adrenoblocking agents have no isolated effect either; neither on 
the  established fear reaction, nor on its  elaboration.

J .  K n o l l : Our results cannot only be explained by th e  effect of chlor- 
prom azine on the m otor-vegetative reactions. These com ponents of the 
behaviour are essentially the  same in un tra in ed  and  tra ined  anim als afte r 
ECS trea tm en t. The u n tra ined  anim als and  the  tra ined  ones tre a ted  w ith 
ECS, however, are unable to  jum p u nder the  same dose of chlorprom azine 
which leaves th e  behaviour of norm al tra in ed  ra ts  unchanged. Thus, train ing  
evokes a change in the CNS which cannot he detected by simple observation 
of behaviour, only by  the  modified drug sensibility, and  th is change is 
elim inated by ECS.

E. K l in g b e r g : 1 would like to  com m ent on the role of electro-convulsive 
shock on m em ory traces. D r. Pollack showed th a t a f te r  electro-convulsive 
shock in hum an subjects very  long traces of hypersvnchrony appear in the  
E E G  accom panied by am nesia. Such results are known also from  anim al 
experim ents. In  m y report, I po in ted  out the  im pairm ent of learning and  
m em ory traces by processes accom panied by  hypersynchrony.

J .  K n o l l : We have no d a ta  on the  E E G  changes accom panying these 
reactions, yet. We are planning to  do such experim ents, m aybe th ey  will 
provide some fu rth e r inform ation.

J .  Sz é k e l y : H ave you controlled the  effect of electroshock in the  o ther 
form  of escape reaction from  the  ho t p la te  ?

J .  K n o l l : Yes, we have. ECS by itse lf does no t inh ib it e ither the  
unconditioned or the  conditioned escape from  the  ho t plate. U nder our 
experim ental conditions the  only detectable effect of ECS is the  restoration  
o f th e  drug sensitivity , i.e. th e  elim ination of th is special effect of train ing .

I. Ma d a rá sz : I  would like to  know if  you ever did try  to  apply  more th an  
tw o ECS’s consecutively to  the tra ined  ra ts  ?

J .  K n o l l : Yes, we did. B ut the  frequent repetition  of ECS leads to  a 
quite different problem  because it m ight inh ib it th e  unconditioned escape 
by itself.





CONCLUDING REM AR KS
b y  th e  C hairm an

J . V . M c C o n n e l l

The word “ m em ory” is as difficult to  define, and  hence as meaningless, 
as is the  term  “ life” . We all come to  th e  stu d y  of “ m em ory” w ith  old p re­
judices and  biases which p reven t us from  looking a t the  problem  objectively. 
F o r instance, we are all an thropocentric we are more in terested  in m an 
and  the higher anim als th an  in th e  lower organisms, yet 95 per cent of all 
living organism s are invertebrates. We th in k  th a t learning occurs in  the  
brain , because m an has a brain, yet experim ents w ith p lanarians show 
m em ory is stored th roughou t th e  body, and  even sim pler anim als th a t  have 
no brains (and no nerve cells) are capable of learning simple tasks.

In  a sim ilar fashion, we tend  to  overem phasize the  im portance of elec­
trica l ac tiv ity  as a m easure of learning, yet if  electrical ac tiv ity  is im por­
ta n t, i t  m ust be a  “ late  arriv a l” phylogenetically since un im portan t elec­
trica l phenom ena occur in very  simple anim als th a t  can learn. Hence, 
a chemical basis for m em ory m ust have occurred in evolution prior to  th e  
appearance of any  pronounced electrical ac tiv ity  a t all. But it is easy to  
p u t an  electrode in to  a bra in  and  very  difficult to  measure chemical changes 
so m ost of us prefer to  look for m em ory where it  probably  does no t exist.

Thus we need a new approach to  the  stu d y  of m em ory, an approach th a t  
does n o t b lind us to  th e  realities of nature . B y giving up our prejudices and 
biases, we m ay eventually  learn w hat learning is all about.
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Section  V

E LECTROPHYSIOLOGICAL GONGOM ITANTS 
OF ELEMENTARY LEARNING





DATA ON T H E  M ECHANISM OF TH E  ACOUSTIC 
HABITUATION

b y

0 .  F e h é r

D ep artm en t o f A nim al Physiology, Jó zsef A tti la  U n ivers ity , 
Szeged, H u n g a ry

A lthough a survey of recent lite ra tu re  of th e  m em ory research convinces 
th e  reader th a t  most new and  in teresting  results come from  biochemical 
laboratories, and  th a t  electrophysiological studies have lost im portance, 
I  am  of th e  opinion th a t fu rth e r results can only be expected from  th e  un ited  
effort of these different branches. T he chemical changes which occur in th e  
nerve cells in the  course of repeated  use provide a basis for th e  organiza­
tional changes, recordable by electrophysiological m ethods. The sim plest 
forms of th e  electrical signs in cerebral cortex are the  evoked potentials, 
which signify th e  arrival of an afferent volley. The analysis of these simple, 
or apparen tly  simple, signs enables us to  clear up  the  elem entary  organiza­
tional p a tte rn s  of th e  cortex. The evoked poten tials are th e  m ost frequently  
recorded phenom ena in  the  course of the  elaboration of conditioned re ­
sponses. The consistent changes of the  electrogram  during the  conditioning 
process reflect modifications in  central nervous function.

One of th e  well known changes which ensue during repetitive stim ulation 
is hab ituation . In  our experim ents we have been dealing w ith th e  h ab itu ­
ation of acoustic click stim uli and  electrical stim uli delivered to  the  m edial 
geniculate body (MGB), as it  could be 
recorded from  the  p rim ary  acoustic area 
of the c a t’s cerebral cortex. The evoked 
potentials elicited in th is way were record­
ed from  a dep th  of 1,500-1,700 //, always 
from  th e  zone of m axim al am plitude. A l­
though hab ituation  m anifested itself in 
each phase o f th e  evoked potentials, my 
rep o rt will include only changes of th e  
negative phase.

The evoked potentials elicited by  ac ­
oustic clicks or electric stim uli to  the 
MGB showed a m arked decrease w ith 
increasing stim ulus frequency. This is the 
m ost prom inent sign of hab ituation  
(Tig. 1).

The am plitudes ob tained  a t  various 
frequencies p lo tted  against th e  log tim e 
separating  the  stim ulating  pulses yield

Fig. 1. F req u en cy  dependence  o f 
th e  am p litu d e  o f th e  p o te n tia ls  
ev o k ed  by  th e  e lec trica l s t im u la ­
tio n  o f th e  M GB w ith  sub -m ax im al 
(lower curve) an d  sup erm ax im al 

(upper curve) s tren g th .
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a  stra igh t, or alm ost s tra ig h t, line in case of both  acoustic clicks and  MGB 
stim uli. In  o ther words, the  evoked po ten tia l am plitude is directly  p ro p o r­
tional to  th e  logarithm  o f the  tim e between the  successive stim uli. F rom  
zero up to  1-0-Í-6 cps the  am plitude fails to  change rem arkably . In  a fre­
quency  range from  2-0 to  10-0 cps, however, a m arked h ab itua tion  is ob ­
servable, a t  bo th  m axim al an d  subm axim al stim ulus strengths. The ta n ­
gents of the  s tra ig h t lines do n o t reveal any  difference.

The ind iv idual po ten tials show of course a rem arkable dispersion around 
th e  mean, characteristic o f the  repetition  frequency, b u t the  averages cal­
cu lated  from  series of 25 evoked po ten tials fit in w ith  the  logarithm ic re la­
tions very  well.

This form  of h ab itua tion  can be analysed on th e  basis of tw o prelim inary  
assum ptions: (i ) the  synapses are a t  least partia lly  fatigued by the  repetitive 
use and  (ii) th e  afferent im pulses ac tiv a te  some form  o f inh ibition  in the 
cortex, w hich reduces th e  am plitude progressively w ith increasing fre ­
quency.

I t  seems very  plausible th a t  bo th  m echanisms m ay play  a role in this 
hab itu a tio n , b u t I  tried  to  explain it  m ainly by  the  synaptic fatigue or 
m ore correctly  by th e  effect of repeated  use on synap tic  efficacy.

The evoked poten tials are bu ilt up  m ainly from  single exc ita to ry  post- 
sy n ap tic  po ten tials elicited by afferent impulses in the dendrites and  
so m ata  of the  cortical py ram idal cells.Therefore, th e ir am plitude is a func­

tion of the  tran sm itte r q u an tity  
released a t th e  presvnaptic  te rm i­
nals. According to  Takeuchi the  am ­
plitude of th e  P S P ’s depends on 
the  m em brane po ten tia l o f the  pre- 
synaptic term inals and  consequently 
on the  am ount of the tran sm itte r re­
leased. In  our experim ents, however, 
the  varia tion  in the am ount of the  
tran sm itte r was not caused by  pola­
rization b u t supposedly by  the  re ­
petitive  use alone.

I t  is well know n since P e rry ’s 
work on sym pathetic  ganglia th a t  
each im pulse liberates th e  same 
fraction, the  sam e proportion  of the  
tran sm itte r being stored  m om enta­
rily. A t higher stim ulation frequen­
cies each im pulse liberates sm aller 
doses of the  tran sm itte r  and  so the  
evoked P S P ’s would be smaller. 
This leads to  a p artia l depletion 
of th e  term inals, because th e  syn­
thesis and  resto ration  of th e  tran s­
m itte r are considerably slower p ro ­
cesses th an  liberation.

F ig . 2. T he top  d iag ram  rep resen ts  a  sim ple 
circu it, co n stru c te d  fo r th e  m odelling  of 
tr a n s m itte r  d ynam ics (c f . te x t) . T he low er 
g ra p h  visualizes th e  sequence o f p o ten tia l 
ch an g es o f condenser C  w hen  sw itch  S 
is tu rn e d  on  an d  off rh y th m ica lly . T he 
tim e  o f sh o rtc ircu itin g  is 1 m sec, th e  
tim e  o f recharg ing , 500 m sec. T his co r­
re sp o n d s  to  a  s tim u lu s  freq u en cy  o f  2 cps. 
On th e  o rd in a te  th e  charge o f  th e  cond­

enser ap p ears  in a rb i tra ry  u n its .
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F or modelling these events in the  presynaptic  term inals we constructed  
a m athem atica l model of a sim ple electrical circuit which can sim ulate 
functionally  th e  processes described qualita tively  above (Fig. 2).

The b a tte ry  U0 charges the  condenser C th rough  resistance B 1 to  a p o ten ­
tia l U0. Now, a t th e  m om ent when switch S  is tu rn ed  on, the  condenser 
begins to  discharge th rough  resistance I i2 and  its  m om entary  po ten tia l 
can be m easured by  instrum ent 0 . A fter opening the  discharging cir­
cuit, condenser C stops discharging and  begins to  regain its  charge from  
b a tte ry  Un. The equations of discharge (1) and  recharge (2) shown in the  
figure represent sim ple exponential functions. In  th is model, b a tte ry  U0 
represents the  synthesizing power of th e  term inals. Condenser C is the  
capacity  of the  term inal, whose m om entary  charge is proportional to  the

q u an tity  of th e  tran sm itte r stored, — expresses the  relation betw een the
Jh

respective ra tes of tran sm itte r refilling and  release. The po ten tial difference 
shown by  in strum en t G is analogous w ith  th e  evoked poten tial. By choosing 
the  param eters of the  circuit su itab ly  one can sim ulate th e  hab itu tion  of 
evoked potentials correctly also q u an tita tiv e ly  (Fig. 3«).

I f  we choose the  values o f —  =  from  100 to  1000, th e  tim e o f sh o rt-
Ji2

circuiting t =  1 msec, and  repeat it  m any times, w ith  an  a rb itra ry  value of U0,

Fig. 3. (a) C urves o b ta in ed  by con tinuous op e ra tio n  
o f  th e  m odel show n in  F ig . 2 a t  d ifferen t stim u lu s 
frequencies an d  v a ry in g  ra tio s  o f tim e  co n stan ts  b e ­
tw een  100 a n d  1000. O rd ina te : th e  lim itin g  values of 
th e  condenser d ischarges belonging to  various s t i ­
m u lus frequencies as co m pu ted  a f te r  m a n y  cycles o f 
th e  m odel. (b) C orre la tion  betw een  th e  tan g en ts  o f th e  

curves in  (a) an d  th e  ra tio s  o f tim e  co nstan ts .
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we obtain  a sequence of po ten tia l changes like this. As you can see in th is  
figure, a t 2 cps repetition  frequency, the  to ta l charge of the  condenser 
decreases stepw ise and  tends to  a  lim iting value; th e  voltage of the  single 
discharges also tends to  some lim it which rem ains practically  constan t and 
charac teristic  for th e  repetition  frequency. A t various frequencies th is 
lim iting value is d irectly  proportional to  the  log tim e separating tw o sub­
sequent impulses. The circuit and  th e  whole sequence of events was sim u­
la ted  by an  electronic com puter ty p e  Minsk 22 and  described also an a ly ti­
cally. As a resu lt o f com puter sim ulation we ob tained  these curves showing 
th e  am plitude changes in  th e  frequency range exam ined in  the  experim ents. 
The in itia l section is alm ost parallel w ith  th e  abscissa, th e  second, decaying 
p a r t is very  nearly  straigh t. V arying th e  respective tim e constants of the  
charging and  discharging circuits so th a t  th e ir quotients fall in to  the  range 
from  100 to  1000, we ob ta in  curves whose tangen ts are of the  sam e m agni­
tu d e  as those of th e  experim ental curves. Considering th a t th e  only factor 
on which th e  tan g en t values depend is th e  quotien t of the  tim e constan ts 
and  resistances, from  a given experim ental curve one can calculate th e  ra tio  
between the  ra te  of the  tran sm itte r refilling and  release. The correlation 
between th e  ra tio  of th e  tim e constants and  th e  tangen t of the second 
s tra ig h t p a r t of th e  curve is also shown in Fig. 3b.

As an a lternative  explanation i t  could be said th a t an  inhibition  which is 
synchronously ac tiv a ted  by afferent im pulses would be able to  m odify the  
am plitude exactly  in  th e  sam e m anner. This, however, could be excluded 
w ith  ce rta in ty  upon evidence from  experim ents on strychninized cerebral 
cortex. S trychnine, as is well known, is a p o ten t inh ib ito r of synapses 
w orking on the  basis of postsynaptic  inh ib itory  mechanism  in th e  central 
nervous system . Therefore, strychnine causes to  appear on the  cortex enor­
mous paroxysm al discharges showing signs of irrad ia ted  excitation  in the 
neuropile of the  upper cortical layers. Such strychnine poten tials can be 
provoked on th e  aud ito ry  area by  bo th  acoustic clicks and  MGB stim uli 
(Fig. 4). The strychnine po tentials elicited by repetetive stim ulation  of the

MGB obeyed the  logarithm ic regular­
ity  m uch b e tte r  th an  did  th e  evoked 
potentials. Therefore i t  seems th a t  
postsynaptic  inhibition does no t p lay  
a considerable role in th e  m echanism  
of th is ty p e  of hab ituation . P o s t­
synaptic  inh ibition  could b e tte r  be 
m ade responsible for the random  v ari­
ations in th e  evoked po ten tia l am ­
plitude, because a fte r s trychnine th is 
becomes apparen tly  reduced.

One m ay suppose th a t  instead  of 
postsynaptic, p resynaptic  inhibition 
m ay be involved. This form of inh ib i­
tion, however, has no t been proved to  
work in the  m am m alian cortex. I  
th in k  th a t our model, based upon the

Fig. 4. F req u en cy  dependence  o f s try c h ­
n ine  p o te n tia ls  elicited  by  super- 
m ax im al MGB stim u li a n d  lead  off 
fro m  th e  surface o f th e  gy ru s ectosyl- 

v ius an te rio r.
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lo g .q  100msec
F ig . 5. F req u en cy  dependence of cor­
tica l p o ten tia ls  lead  off fro m  a  d ep th  
o f  1 700 p  o f th e  gy ru s ectosy lv ius 
an te rio r, e lic ited  b y  superm ax im al 
M GB s tim u la tio n . C on tinuous line: 
con tro l, d o tte d  line: d u rin g  400 /iA  
h y p erpo la riza tion , b roken  line: d u ring  

400 it A  d epo larization .

Fig. 6. T he effect o f locally  ap p lied  0-5 
per c en t (b roken  line) an d  2-0 p e r  cen t 
(d o tted  line) po ta ss iu m  ch loride on  th e  
freq u en cy  dependence o f evoked  p o ­
ten tia ls  by  M( !B s tim u la tio n . T he co r­
tica l p o ten tia ls  w ere lead  off from  th e  
gy rus ectosy lv ius an te r io r  b y  d ep th  
reco rd ing  from  1 800 /.i. C ontinuous 

line: contro l.

dynam ics of tran sm itte r release an d  restoration, offers a b e tte r explanation 
th a n  any  o ther assum ption. The results of our model experim ent seem to 
be supported  by those of o ther types o f experim ents (Fig. 5).

As it  has been m entioned earlier, hyperpolarization enhances tran sm itte r 
liberation, and  depolarization has the  opposite effect. All these agents exert 
th e ir effects by  m odifying th e  m em brane potentials of the  p resynap tic  
endings. As it  can be seen in  Fig. 5, hyperpolarization increased and  depo­
larization decreased th e  tan g en t of the  frequency function obtained  by  MGB 
stim ulation. This m eans th a t th e  ra te  of tran sm itte r  release was enhanced 
a t the  cost of resto ration  in the  case of hyperpolarization, and  th e  opposite 
happened  during depolarization. One m ight object th a t  these changes in 
am plitude, which can be predicted  on the  basis of our model, could be 
caused also by  th e  changes in  th e  m em brane po ten tia l of the  postsynaptic 
elem ents. In  th is la tte r  case, however, we should have obtained  no change 
in  the  slope of the  curve, b u t a displacem ent parallel to  th e  original curve. 
In  addition, the  am plitude of the  E P S P  is far less influenced by  changes in 
postsynap tic  m em brane po ten tia l th an  by those occurring in  presynaptic  
m em brane polarization, as i t  has been proved by Takeuchi on neurom uscular 
junction  and  on sym pathetic  ganglion cells.

T hat in  depolarization real m em brane po ten tia l changes m ust have ensued 
is supported  also by  th e  action of potassium  chloride (Fig. 6). This salt 
applied  locally in 2 and  0-5 per cent concentrations on the  cortex changed 
th e  slope of the  frequency curve in  the  sam e direction as depolarization.

263



1
1
2 3

60 uV
5 6 7 8 10 
log-1 , 100msec

F ig . 7. The effect o f 2 p e r  cen t GABA 
so lu tion , app lied  locally  to  th e  a u d i­
to ry  co rtex , on th e  evoked p o ten tia ls  
b y  MGB stim u la tio n . C ontinuous line: 
con tro l, b roken  line : a f te r  ap p lic a ­

tio n  o f GABA.

_____ l
500 msec

Fig. 8. E v o k ed  p o ten tia ls  lead  off from  
th e  MGB a t  a u d ito ry  click s tim u li o f 
d ifferen t frequencies app lied  to  th e  
opposite  ear. E ach  reco rd  h a s  been  
m ad e  b y  superposition  o f 10-20 fa in t 
traces. N o sign of h a b itu a tio n  occurs.

GABA in 2 per cent concentration exerted  an  effect analogous w ith  th a t 
of hyperpolarization (Fig. 7), which perm its to  assum e th a t  th e  hyper- 
polarizing effect of th is substance observed in inverteb rates affects, in  the  
m am m alian cortex, only presynaptic endings. I t  is rem arkable th a t  GABA 
enhanced no t only bo th  kinds of evoked poten tials b u t also th e  recruiting  
potentials.

Taking records from  th e  MGB a t various frequencies of aud ito ry  click 
stim ulation , no sign of hab ituation  was observed (Fig. 8).

Sum m ing up  our experim ental results and  theoretical considerations, I  
should say th a t  when we search a f te r  m echanisms of hab ituation , before 
adopting  more sophisticated  explanations, one m ust tak e  in to  account the  
changes in synaptic  efficacy which ensue regularly  a f te r  repeated  use. I t  
seems very  probable to  me th a t such a p artia l exhaustion gives rise to  those 
s tru c tu ra l and  functional im provem ents in presynaptic  term inals to  which 
Professor Szentágothai referred in his p ap er (p. 21).

DISCUSSION

J . Sz é k e l y : W hy is no t there any  hab ituation  a t  the  level of the  m edial 
geniculate body ?

0 . F e h é r : I  have n o t said th a t  there  would be no hab ituation  in th e  
MGB a t  all, b u t I  failed to  observe i t  in  th e  frequency range applied to  the  
cortex in our experim ents.

1. Ma d a r á sz : On th e  basis of chronic hab ituation  experim ents, i t  is 
generally  accepted t h a t  hab ituation  —a t least in  th e  in tac t CNS — m ust be 
essentially connected w ith  some sort of m em ory function. The ra th e r specific
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n atu re  of hab ituation , which m eans th a t by  changing th e  stim ulus p aram ­
eters, dehabituation  occurs a t the very  first application of a novel stim ulus, 
speaks -as alm ost generally accepted for th e  inh ib ition-type mechanism  
of th e  phenom enon. M ay I  ask you w hether you have any  explanation, 
on the  basis o f your experim ents, for the  specificity? M ay it  be th a t this 
molecular environm ent, or molecular picture, as Dr. Sebestyén calls it, 
would be a prim itive sort of m em ory function ?

O. F e h é r : I  do no t th in k  th a t th is type of hab ituation  would be specific 
only for th e  aud ito ry  system , or only for th is experim ental situation. The 
phenom enon studied is, no doubt, a com ponent of hab ituation , b u t does 
no t fulfil all its  criteria. I  am  convinced th a t th e  changes ensuing in the 
term inals during hab ituation  are connected w ith  further, more persistent 
biochemical or even m orphological modifications. And this is where our 
subject is re la ted  to  the  problem  of memory.

F . K len g b er g : (i) D id you m easure the  recovery cycles? (i i ) You spoke 
about a possible m echanism  of fatigue a t th e  presynaptic m em brane. D id 
you tak e  in account th a t  there m ight be some kind of accom m odation ? The 
process m ight be influenced by  the  partic ipa tion  of dendrites. W ere these 
axosom atic or axodendritic synapses? (in) I f  you com pare results a fte r 
electrical stim ulation in th e  m edial geniculate body and  a fte r click stim uli, 
you should consider th e  fundam ental difference between the  tw o cases. 
In  the  la tte r  case, 4 -5  neurones are involved in the  chain. The response to  
th e  click is a m ultichannel one, some neurones are not im m ediately involved, 
others drop out, others come in to  th e  process la te r on. So there  are m any 
influences a t different levels and  several channels and  processes involved 
which are no t represented in your simple model. E ven ts in only one cell 
m ay be quite different in  relation to  th e  whole process of habituation .
(iv ) H ave you any  explanation for your finding th a t  responses in  th e  m edial 
geniculate body did no t change. Such changes were observed under different 
conditions in the  la teral geniculate body by Fernandez-G uardiola, N aquet, 
Scherrer and  others.

O. F e h é r : The recovery cycles ranged from  600 to  1000 msec. In  the  gen­
eration  of evoked potentials th e  axosom atic synapses are supposed to  p lay  
the  m ain role, whereas in th e  case of th e  strychnine potentials, th e  apical 
dendrites would be th e  site of origin. The stim uli applied were alm ost a l­
ways superm axim al. This p revented  a m ajor varia tion  in  th e  un its tak ing  
part in  a response. The differences between click responses and  MGB 
stim ulus responses were, to  m y surprise, small as regards th e  hab ituation . 
This m eans th a t  some of th e  peculiarities of th e  evoked poten tials observed 
m ay  be ascribed to  the  cortical synapse.

To your last question I m ay repeat w hat I  have said previously: in a 
range from  1 to  10 cps no hab ituation  in the  MGB could be observed.
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H A BITUATION AND MEMO RA

bv

G a b r i e l  H o r n

U n iv ers ity  o f C am bridge, D e p a rtm e n t o f A natom y,
C am bridge, E n g lan d

IN T R O D U C T IO N

A ny system  which can be modified by  an  event in  such a way th a t  the  orb 
ginal event can be reconstructed  m ay be said to  exhibit a specific memory. 
Clearly if  there is no after-effect there  can be no m em ory: and  if  the 
after-effect is common to  a  w ide varie ty  of stim uli, it will provide little  
inform ation abou t the  n a tu re  of a p articu la r stim ulus. A widely held 
view concerning th e  n a tu re  o f th e  p u ta tiv e  after-effects of experience is 
th a t  a given environm ental change activates specific populations o f neu ­
rones. This strengthening, com m only visualised as a growth of synaptic link­
ages, is considered to  be the  cellular basis of m em ory. Since grow th is 
likely to  involve changes in protein synthesis, which is controlled by  RNA, 
and  which in  tu rn  is controlled by  UNA. it  follows th a t  changes in  these 
substances m ay be expected as a consequence of experience. Changes in 
nucleic acids have long been postu la ted  in relation to  m em ory (Horn, 1952; 
H ydén, 1960; H ydén and  Egyházi, 1962). These are no longer tho u g h t of as 
representing “ tap ed  records” of the  environm ental change, b u t to  be n e­
cessary steps in the  m odification of synaptic connectivity.

All th is  is em inently  reasonable. B ut it needs to  be em phasised th a t these 
argum ents are based on slender evidence. ( )ur notions o f th e  neural basis of 
acquired m em ory are little  more th an  logical constructs m ade from  ob­
served behavioural changes. As a result there  is a danger of confusing the 
construct w ith  reality . There is also a danger of overlooking the  possible 
role of known after-effects of neural ac tiv ity  because th ey  do n o t fit in with 
our preconceived ideas.

One of the  known after-effect o f stim ulation appears as a negative trace 
o f th e  an tecedent neural ac tiv ity . In  th is paper I  wish to  consider the 
possibility th a t  th is after-effect m ay play a role in inform ation storage, 
a m em ory th a t  is basically and, perhaps, paradoxically  a weakening ra th e r 
th a n  a strengthening  of synaptic  linkages.

SOME A F T E R -E F F E C T S  O F ST IM U L A T IO N

1. T IM E  C O U R SE

M any cells in the  cen tral nervous system  of b o th  vertebrates and  in v erte ­
b ra tes respond each tim e a  stim ulus is applied to  a given a rray  of receptors. 
The response of such cells is commonly stab le  w hether the  stim ulus is applied



as frequently  as 5 per sec or only once every 5 sec.There are o ther cells, however, 
which do no t give such stab le  responses. I f  a stim ulus is applied once every 
few seconds, th e  evoked discharge decreases (habituation). An exam ple of 
a u n it behaving in  th is way is given in Fig. 1. This un it, which was recorded 
from  th e  m id-brain of a rabb it, responded w ith  a vigorous discharge of 
spikes when a b rief puff of air was applied to  its cutaneous receptive field, 
located over the  an im al’s righ t shoulder. The response to  repeated  app li­
cations of the  stim ulus applied a t in tervals of 3 sec was irregular, bu t was 
m ain tained  over the first 13 presentations: th ereafte r th e  num ber o f spikes 
in th e  evoked discharge declined until, by  the  tw en tieth  presen tation  or so, 
there  were no more spikes present when the  stim ulus was applied th a n  would 
be expected from  th e  background firing rate .

The ra te  a t  which th e  response of such a un it declines depends on several 
factors, including th e  frequency of stim ulation  and  th e  num ber of times 
th e  stim ulus has been presented in th e  past. The effects of varying these 
tw o factors are shown in Figs 2 and  3 respectively. The responses p lo tted  
are of single un its recorded from  th e  tritocerebrum  of locusts. In  each case, 
as in  all studies of these neurones described in th is chapter, the  stim ulus

F ig . 1. E ffects o f s tim u lu s  re p e tit io n  on  th e  response 
of a  u n it  reco rded  from  th e  tec to teg m en ta l region o f th e  
r a b b it  m id -b ra in . A b rie f  p u ff  o f a ir  w as app lied  a t  3 sec 
in te rv a ls  to  th e  cu taneous recep tive  field located  over 
th e  r ig h t shoulder. T he n u m b e r o f sp ikes p re sen t in  th e  
0-5 sec befo re(background  a c tiv ity , open  squares an d  
b roken  lines), and  d u ring  (open circles an d  solid  lines) th e  
firs t 0-5 sec o f  s t im u la tio n  a re  p lo tte d  a g a in s t s tim u lu s  

p re sen ta tio n  n u m b e r (H o rn  an d  H ill, 1966)
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was a black disk m oved across the  visual 
field. The effects of varying th e  in terval 
between successive m ovem ents are shown 
in  Fig. 2. The shorter the  in terstim ulus in ­
te rv a l (i.s.i.), th e  m ore rap id ly  th e  response 
declined and  the  sm aller i t  became. Thus 
th e re  was only a small decrem ent when the 
i.s.i. was 120 sec and  a  m uch larger one 
when th e  i.s.i. was 5 sec.

The influence of differences in  th e  am ount 
o f p rio r stim ulation on responsiveness is 
illu stra ted  in Fig. 3. In  one experim ent the  
disk was m oved six tim es across the  visual 
field, th e  i.s.i. between m ovem ents being 10 
sec. The stim ulus was th en  w ithdraw n for 
300 sec and  ano ther group of six stim uli 
presented. A to ta l o f five such groups of 
m ovem ents (short series) was made. F ive 
groups, each containing 60 stim uli (long se­
ries) were th en  presented, the  in terva l be­
tw een stim uli and  between groups of stimuli 
was the  same as for the  short series. R e­
sponses to  the first six stim uli of each of the 
last four groups in each series are p lo tted  
(Fig. 3). I t  m ay be seen th a t, for each group, 
th e  first six responses in the  long series 
(open circles) are m uch weaker th an  the  six 
responses of th e  short series (closed circles), 
th ere  being only one po in t of overlap. As 
groups o f 60 stim uli were successively a p ­
plied, th e  responsiveness of the  cell to  t he 
first six stim uli o f each group gradually  
declined, an  effect th a t  is shown by  the  fa i­
ling response to  the  in itia l stim ulus. Two

Fig. 2. F ffec t on response decre­
m e n t o f  v a ry in g  t he in t erst im u- 
lus in te rv a l. T rito cereb ra l u n it  
o f locust. D isk  (4° d iam eter) 
m oved  dow nw ard (40°) in  v isual 
field in 1 sec. A res t period  of 
several m in u tes  in te rvened  be­
tw een  th e  d ifferen t g roups of 
tr ia ls . C urve 1, i.s.i. 120 sec; 
cu rve  2, i.s.i., 40 sec; cu rve  3, 
i.s.i.. 5 sec. T he filled b lack  sq u are  
in th is  and  in o th e r  figures 
rep resen ts  t he n u m b er o f spikes 
w hich  could be expec ted  in  th e  
tim e  tak en  fo r th e  d isk  to  m ove 
across th e  field, ca lcu la ted  from  
th e  background  firing ra te  (H orn  

a n d  R ow ell, 1968).
hours a f te r  the last stim ulus of the long series
had been given the cell had  recovered its responsiveness (Fig. 3, last curve).

I f  a cell is allowed to  rest a fte r a period o f stim ulation, its  capacity  to  
respond usually increases. In  cells behaving in th is way, the  m agnitude of 
recovery is usually a relatively simple function of the rest in terval. Such 
a relationship is illu stra ted  by the set of curves p lo tted  in Fig. 4. In m any 
cells in th e  anaesthetised  m am m alian brain  and  spinal cord a period of 3 
to  10 min of rest is usually  adequate to  restore responsiveness to  its  original 
level (Fig. 5). In v e rteb ra te  neurones often  tak e  longer th an  th is to  re ­
cover: indeed recovery m ay no t be achieved even a fte r a rest period of 
several hours (Fig. 6). The responses p lo tted  on th is figure were obtained 
from  a cell in th e  locust bra in  and  were evoked by an upw ard m ovem ent 
of the  disk in th e  visual field. The response to  successive m ovem ents g ra d ­
ually  declined over 10 p resen tations from  an in itia l value of 71 spikes to
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Fig. 3. Effect; o f p rev ious s tim u lu s exposure on responsiveness. 
T he sh o r t series (closed circles) a re  responses to  g roups of (i m o v e­
m e n ts  o f  th e  b lack  d isk  sep a ra ted  b y  in te rg ro u p  in te rv a ls  o f 
300 sec. The responses to  th e  f irs t 6 o f a  g roup  o f 60 m o v e­
m e n ts  (long series) a re  p lo tte d  as open  circles. A fte r  th e  la s t o f 
th e  long series o f m o v em en ts  h ad  been m ad e  th e  cell w as a l­
low ed a  re s t period  o f 2 h r. T he s tim u lu s w as th e n  p resen ted  
an d  th e  responses evoked a re  p lo tte d  in  th e  la s t cu rve on  th e  
rig h t. In  all cu rves th e  i.s.i. w as 10 sec (H orn  an d  R ow ell,

1968).

a final value o f 16. The cell was then  left unstin iu lated  for 5 h r a fte r which 
the  disk was again m oved in  th e  visual field. The in itial response (25 spikes) 
was only slightly  g reater th an  th e  response to  th e  last m ovem ent of th e  
previous series. Obviously i t  is necessary to  consider w hether such a p ro ­
longed depression is a result of a general deterioration  of th e  preparation. 
This is unlikely since th e  cell responded (63 spikes) to  a forw ard m ovem ent 
presented im m ediately a f te r  the  second set of upw ard  m ovem ents, alm ost 
as briskly as i t  had  done (66 spikes) before the first set of upw ard m ovem ents 
had  been presented.

An in teresting  form  o f response m odification consequent on prior expo­
sure to  a stim ulus is shown in Fig. 7. Responses were recorded soon (< 1  hr) 
a f te r  th e  locust had  been immobilised. The responses to  th e  first group of 
9 m ovem ents, though variable, showed no consistent tren d  (Fig. 7, curve 1) 
and the  responses to  the  second and  also th e  th ird  (curve 2) group of stimuli 
w aned only slightly. The responses to  all subsequent groups of stim uli 
were different, a lthough the  response to  th e  first m ovem ent following a pause 
of 5 min or more was always brisk. In stead  of giving m ain tained  responses 
to repeated  stim ulation, th e  responses waned. This effect is shown in
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F ig . 4. E ffec t o f v a ry in g  th e  in te rv a l be tw een  groups o f 10 
stim u li. E a c h  s tim u lu s w as a  fo rw ard  m o v em en t o f a  b lack  
d isk  in  th e  v isual field. T he i.s.i. w as c o n s ta n t a t  10 sec. The 
n u m b er above each  a rrow  is th e  d u ra tio n  o f th e  in te rg ro u p  
in te rv a l. E a c h  series a f te r  th e  first follow s d irec tly  a f te r  th e  

p reced ing  one (a f te r  H o rn  and  R ow ell, 1968).

Presentation  num ber

F ig . 5. A tte n u a tio n  o f response to  a  rep ea ted  m o v em en t across 
th e  v isual field a n d  recovery  follow ing a  lapse of tim e. U n it 
reco rded  from  ra b b it  m id -b ra in . The i.s.i. w as 4 sec. The n u m ­
b er o f spikes evoked b y  each  m o v em en t is p lo tte d  ag a in s t s t im ­
u lu s p re sen ta tio n . N um bers above th e  a rrow s a re  th e  tim es 
betw een  groups o f m ovem ents . In itia l responses to  m ovem en ts 
w hich follow ed a  re s t o f 300 sec or m ore  w ere ap p ro x im ate ly  

c o n s ta n t (a f te r  H o rn  an d  H ill, 1966).
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F ig . 6. P ro longed  depression  o f tran sm is­
sion. T rito ce reb ra l u n it  o f locust. E ach  
filled circle rep re sen ts  th e  n u m b er o f im ­
pulses evoked b y  an  up w ard  m o v em en t 
o f a  b lack  d isk  in  th e  v isual field, i.s.i., 
10 see. A n in te rv a l o f 5 h r  elapsed  b e ­
tw een  th e  first (curve 1) and  second (curve 
2) g roups of m ovem en ts . M ovem ent in  a  
fo rw ard  d irec tion , im m ed ia te ly  a f te r  th e  
second group  of u p w ard  m o v em en ts  evok ­
ed a lm o st as m a n y  spikes (open t r i ­
angle) as w ere evoked before (closed t r i ­
angle) th e  firs t se t o f u p w ard  m ovem en ts 
w as p resen ted  (a f te r  R ow ell an d  H orn , 

1968).

curve 3, which represents the  re ­
sponses to  a group of six m ovem ents 
m ade a fte r a rest period of 90 min. 
The ra te  of a tten u a tio n  was ex trem e­
ly rap id  and  by th e  th ird  m ove­
m ent the  evoked discharge had  fa l­
len to  a very  low level. Such a 
change, from  a non-decrem ental, 
to  a decrem ental form  of respond­
ing, m ay no t be reversed even a f­
te r  a rest period of 10 hrs (Horn 
and  Rowell, 1968). Indeed, Rowell 
(1970) finds th a t  such changes m ay 
persist in a given cell u n til the end 
of an  experim ent which m ay last for 
several days.

The reason for the  failure to  dem on­
s tra te  such long-term  changes in neu ­
rones in th e  m am m alian bra in  is not 
clear. I t  m ay be th a t such neurones 
do not exist in these brains. There 
are o ther explanations however. Thus 
there  is a possibility th a t  long-term  
effects are no t seen because the  
drugs used to  immobilise th e  anim al 
m ay selectively depress such units. 
F o r this reason, or because the cells 
m ay be particu larly  small, they  may 
no t be detected  by conventional 
m icroelectrode recording techniques. 
In  addition, th e  ac tiv ity  o f single 
un its in the  m am m alian brain is 
no t com m only recorded for prolong­
ed periods of time.

■1. SPECIFICITY

I t  m ay be seen from  Fig. 6 th a t  there  is an elem ent of specificity in the  
unresponsiveness th a t  results from  stim ulus repetition . W hen the  response 
to  an  upw ard  m ovem ent had  w aned to  a low level, th e  cell still responded 
m axim ally to  m ovem ent in th e  vertical plane. E xam ples of more specific 
forms of response decrem ent can also be dem onstrated  in the  locust. Thus 
(Fig. 8), once th e  response to  a m ovem ent in a given plane had  become 
hab ituated , a brisk discharge was evoked in the  cell by  moving th e  disk 
along a line parallel w ith, b u t a few degrees below th e  original one. The 
u n it whose responses are shown in Fig. 9 also shows in tra inodality  speci­
ficity, b u t was recorded from  th e  m am m alian m id-brain. The cell responded 
to  a 1000 H z tone. W hen th is was presented a t in tervals of 1-5 sec, th e
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F ig . 7. C hanges in  response cha rac te ris tic s  o f a  tr ito -  
ce reb ra l u n it. T he d isk  w as m o v ed  dow nw ard  a t  i.s.i. 
o f 5 sec. T he responses p lo tte d  in  cu rves 1 an d  2 are  
re spec tive ly  th e  d ischarges evoked b y  th e  first an d  
th ird  se ts o f 9 m o v em en ts  in  th e  ex p erim en t. A  re s t 
in te rv a l o f 30 m in  preceded  th e  th ird  g roup  o f stim uli.
T he responses p lo tte d  in  cu rve 3 follow ed an  in te r­
g roup  in te rv a l o f 90 m in  (a fte r H orn  an d  Rowell,

1968).

response w aned and  th a t  evoked by  th e  15th stim ulus (record 15) 
was barely greater th a n  th e  background discharge. Following a  5 min 
pause th e  stim ulus evoked a brisk response (record 1). This gradually  
declined and  was n o t g reater th an  th e  background firing discharge

Fig. 8. Specificity  o f h ab itu a tio n . T rito cereb ra l un it. 
T he d isk  w as m oved  rep ea ted ly  (i.s.i., 10 sec) in  a  
h o rizo n ta l p lane  an d  th e  responses to  successive 
m ovem en ts a re  show n in  curve 1. I n  th e  10 sec in ­
te rv a l be tw een  th e  n in e teen th  an d  tw e n tie th  p resen ­
ta tio n , th e  d isk  w as d isp laced  dow nw ard  12° and  
m oved  along a  line pa ra lle l w ith  th e  o rig inal one. 
A  b risk  d ischarge w as in itia lly  evoked w hich g ra d ­
u a lly  declined (a f te r  H o rn  an d  R ow ell, 1968).
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Fig. 9. Specificity  o f h a b itu a tio n  in  a  u n it reco rded  from  th e  ra b b it m id -b ra in . In te r­
s tim u lu s in te rv a ls  betw een  tones in  a  series w as ap p ro x im a te ly  1-5 sec. Scale O'5 sec. 

P re se n ta tio n  n u m b er show n in m arg in s (a f te r  H o rn  and  H ill, 1964).

a t th e  eight and  subsequent presentations. A 1500 Hz tone was su b s titu ted  
for th e  tw en ty -n in th  presen tation . The new stim ulus evoked 32 spikes 
in th e  first 0-5 sec. This com pares w ith 28 spikes evoked in 0-5 sec by th e  
1500 Hz tone presented before the  h ab itua ting  sequence (top record). Thus 
th e  failure of response to  th e  1000 Hz tone was no t accom panied by any  
failure of response to  the  1500 Hz tone.

In  effect, repeated  exposure to  a given stim ulus causes a functional
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ablation of some of th e  response capacities of the  cell. The ab lation m ay be 
highly specific to  th e  stim ulus, though  the  correspondence is rarely  exact. 
This effect m ay be shown by observing the  responses to  tw o stim uli before 
and  a fte r presenting one of them  repeatedly. The results of such an experi­
m ent are shown in Fig. 10. The unit, recorded from  th e  rab b it m id-brain, 
in itially  responded to  tones of 1000 Hz and 950 Hz (Fig. 10, trace  1). The 
1000 Hz tone was th en  delivered a t in tervals of 1-5 sec un til the  “response” 
was no g reater th an  th a t expected from the  background discharge (trace 2). 
The u n it was excited by tones of 900 Hz (traces 2 and  4) and  1050 Hz 
(trace 5), b u t not by th e  950 Hz tone (trace 3). H ab itua tion  of the  response 
to  the  1000 H z tone had  th u s generalised so th a t th e  response to  the  950 Hz 
tone was elim inated.

a) b)

1

1000 950

2

1000 900

3

1000 950

1000 900

1000

6

1050

1000

0-5 sec

Fig. 10. S tim ulus g en era lisa tio n  e x h ib ite d  b y  a  u n it 
reco rded  from  th e  m id -b ra in  o f a  ra b b it .  T he re ­
sponses a re  to  to n a l s tim u li th e  frequencies o f 
w hich a re  g iven below  th e  h o rizo n ta l bars , an d  th e  
d u ra tio n  b y  th e  len g th s o f these  b a rs  re la tiv e  to  th e  
tim e  scale. T races 2 to  5 are  con tinuous. T he re sp o n ­
ses show n in  th e  reco rds in  tra ce  1 a re  contro ls for 
th e  1000 H z an d  950 H z tones an d  w ere p resen ted  
before th e  1000 H z  to n e  w as re p e a te d ly  applied . 
T he response to  th e  1000 H z tone  show n in tra ce  6 
w as reco rded  several m in u te s  a f te r  tra ce  5 w as re ­

corded (H orn  an d  H ill, unpub lished  d a ta ).
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A nother in teresting  featu re of the  experim ent from  which th e  records 
in  Fig. 10 were tak en  is th a t  the  cell, a lthough excitable, rem ained unrespon­
sive to  th e  1000 Hz tone. This was n o t due to  any  lasting im pairm ent of its 
capacity  to  respond to  th is tone which, when presented several m inutes 
a f te r  th e  end o f th e  experim ent, evoked a  discharge of spikes (Fig. 10, 
trace  6). D uring th e  stim ulus sequence therefore th e  cell had, in  some sense, 
acquired  a m em ory n o t to  respond. The behaviour of th ree un its showing 
a sim ilar p roperty  are shown in Fig. 11. The cells were recorded sim ul­
taneously  by  a single m icroelectrode in  th e  rab b it m id-brain. The u n its  were 
ac tiv a ted  by a  spot (Fig. 11, Sp) of light m oved across th e  receptive field

F ig . 11. A n exam ple  o f th ree  u n its , each  o f w hich ex h ib its  a 
m em o ry  n o t to  respond  to  a  p rev iously  i te ra te d  s tim u lus. 
T he u n its  w ere all reco rded  sim u ltan eo u sly  th ro u g h  a  single 
m icroelec trode  in  th e  superio r colliculus o f th e  ra b b it, and  
th e ir  responses sep a ra te ly  iden tified  an d  p lo tte d . R ep ea ted  
m o v em en t o f a  sp o t o f lig h t (Sp, le f t h a n d  inset) 1° in  d iam ­
e te r , across th e  recep tiv e  field a t  in te rv a ls  o f 4 sec evoked 
d ischarges w hich ra p id ly  a tte n u a te d . W h en  th e  figure (Sp +  
+  Sh, r ig h t h a n d  inset) w as s u b s titu te d  fo r th e  spo t, th e  u n it 
responded . I t  d id  n o t respond  w hen  th e  sp o t (Sp) w as su b s ti­

tu te d  fo r th is  figure (H orn  a n d  H ill, u npub lished  d a ta ).



a t  in terva ls of 4 sec. B y th e  tw en tie th  p resen tation  th e  m ovem ent evoked 
between 1 and  2 spikes. Following th e  tw en ty -n in th  presen tation  of th e  
spot a  complex figure (see righ t inset, Fig. 11) was presented, the  ra te  of 
stim ulation  being k ep t constant. The new stim ulus (Fig. 11, Sp +  Sh) 
evoked a  brisk discharge, and  continued to  do so for several presentations. 
W hen th e  original spo t was substitu ted , th e  cell rem ained unresponsive. 
I t  responded again when th e  com plex stim ulus was re -substitu ted  and  again 
failed to  respond when th e  spot alone was m oved across th e  receptive field 
(Fig. 11, presen tations 46-63).

3. MECHANISMS

A t first sight this seemingly elaborate p a tte rn  of ac tiv ity  m ight be expect­
ed to  require an elaborate neuronal netw ork. In  th e  sense th a t  the  neurones 
m ake com plex discrim inations th e  netw ork is indeed elaborate. However, 
in th e  sense th a t  the  response of a  cell to  a particu la r stim ulus wanes, th e  
neuronal m echanism s m ay be quite sim ple and  an elaborate netw ork m ay 
be uneccessary. Such failure would occur in  the  system  of neurones leading 
from th e  receptor surface to  th e  recorded cell gradually  ceased to  tran sm it 
a  response to  the  repeated  stim ulus: and  th e  failure would be specific if  
th e  system  of neurones ac tiva ted  by the  stim ulus were also specific. I f  some 
o ther stim ulus were presented which ac tiva ted  a different neuronal p athw ay  
to  the  recorded cell, anatom ically  independent o f th e  depressed pathw ay, 
th e  cell would be ac tiva ted  once again. These possibilities a re  illu stra ted  
in  the  simple diagram  in Fig. 12a. The recorded cell R  is ac tiv a ted  by stim ­
ulus A over a p athw ay  represented by A -R . L et transm ission breakdow n 
a t th e  junction  in th is  p athw ay  shown by th e  filled circles. W hen th is h a p ­
pens, stim ulus A will fail to  excite cell R . I f  stim ulus B is th en  applied, 
i t  will excite cell R  since th e  ac tiv ity  it  sets up  in the  netw ork  reaches R  
over a p athw ay  (B -R ) which is independent o f th a t  originally excited by 
stim ulus A.

I f  th e  pathw ays excited  by  stim ulus A overlap w ith  those excited b y  B, 
there will be some in teraction  of response decrem ent. Such a system  is 
illu stra ted  in Fig. 12b. The recorded cell R  is excited by 1000 Hz anil 950 Hz 
tones. The 1000 Hz tone excites cell 7 and  hence cell R ; th e  950 H z tone 
excites cell R  th rough cell 8. Assume th a t  cells 7 and  8 will be excited  only 
if  th ey  receive in p u t from  > 2  feeder cells (i.e. cells 1-6): assum e also th a t, 
if  the  1000 Hz tone is repeated ly  presented, transm ission breaks down a t 
th e  synapses containing th e  term inals of cells 1-4. W hen th is happens cells 
7 and  R  will cease to  respond. I f  th e  950 Hz tone is now presented, cells 3, 
4, 5 and  6 will fire. Transm ission across th e  synapses of cell 8 w ith  cells 3 
and  4 is depressed, however, because of previous exposure to  th e  higher tone. 
The condition th a t  cell 8 will fire if  i t  receives in p u t from  > 2  feeder cells is 
n o t satisfied: so th a t  cells 8 an d  R  do n o t respond to  the  950 H z tone.

Most o f th e  know n decrem ental properties of neurones described above 
can be understood in  term s of a self-generated depression of transm ission 
(SGD) in a system  of neurones connected to  th e  recorded cell and  ac tiv a ted
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F ig . 12. (a) A  sim ple n e tw o rk  show ing h ig h ly  specific response 
d ec rem en t in  a  reco rded  neu rone  R . S tim ulus A excites a  se t 
o f  neu ro n es th a t  excite  cell R  over a  p a th w a y  rep resen ted  
by  A - R . W h en  s tim u lu s  A is re p e a te d ly  app lied  th e  sy n a p ­
ses o f  cell A  w ith  th e  n e x t cell g rad u a lly  fa il to  tr a n sm it so 
t h a t  cell R  g rad u a lly  ceases to  respond  to  th is  s tim u lus. Cell 
R  re sp o n d s  how ever to  s tim u lu s B w hich excites cell R  o v er 
th e  n e tw o rk  rep re sen ted  by  B -R  an d  w hich is anatom ically- 
in d e p e n d e n t o f A -R . (b) A  ne tw o rk  ex h ib itin g  s tim u lu s  
g en e ra lisa tio n . F o r  fu r th e r  d iscussion see te x t  (a f te r  H orn ,

by a  particu la r stim ulus (Horn, 1967). The SGD m ay be brought abou t in 
a  num ber of ways b u t tw o possibilities s tan d  out quite clearly. On th e  one 
hand  th e  SGD m ay resu lt from  a build-up of inhibition. As each bu rst of 
spikes, evoked by  successive stim uli, traverses a chain of neurones, the  
ac tiv ity  of inh ib ito ry  neurones gradually  builds up, depresses and  finally 
blocks transm ission in  th e  chain. R ecovery of transm ission depends upon 
th e  dissipation of th e  inh ib ito ry  effects. There is some evidence for this 
view (Holmgren and  F renk, 1961; W ickelgren, 19676; Wall 1970), b u t as 
y e t it is no t strong. Thus i t  has been rem arked by m any observers (for 
exam ple, Bell e t al., 1964; H orn  and  Hill, 1966) th a t  the  spontaneous ac tiv ­
i ty  of th e  recorded cell rarely  changes even when the  response to  a  repeated  
stim ulus has fallen to  a low level: when th is happens the  cell m ay rem ain 
fully responsive to  o ther stim uli. Furtherm ore, Spencer e t al. (19666) 
found th a t  exc ita to ry  postsynap tic  po tentials (EPSPs) recorded from  m oto- 
neurones in th e  spinal cord gradually  w aned on repeated  stim ulation  of 
an  afferent nerve, and  th a t  the  m otoneuronal m em brane was no t hyper- 
polarised. Sim ilar observations were m ade by  Segundo et al. (1967) in  their 
studies of neurones in th e  bu lbar re ticu lar form ation. The above results 
suggest th a t  th e  recorded cells are n o t inhibited: th e  results do not, 
however, exclude th e  possibility th a t  response decrem ent is brought abou t 
th rough  th e  inh ibition  of a cell which is always “ upstream ” from  the

1907)
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recorded neurone, the  inh ib ited  cell for some reason (e.g. size) no t being 
detected  by  th e  microelectrode.

On th e  o ther hand  it  is possible th a t  transm ission breaks down a t certain  
synap tic  junctions w ithout the  involvem ent of in ternuncial cells, which are 
essential for the  inh ib itory  build-up theory . In  the  absence of these cells 
transm ission failure (synaptic depression) m ight be brought abou t by changes 
in  the capacity  of th e  synaptic  term inals to  liberate tran sm itte r  su b ­
stance (B runer an d T au c , 1966), or of the  postsynaptic  m em brane to  respond 
to  it. There are a num ber of pieces o f experim ental evidence which suggest 
th a t  such m echanisms m ay indeed be im plicated, a t  least a t  some junctions. 
Thus, when a drop of w ater falls on th e  head  of A plysia , an  E P S P  can be 
recorded from  the  g ian t cell of the  left pleural ganglion. I f  th e  stim ulus is 
repeated  a t  in tervals of 10 sec or even longer, th e  size of the  E P S P  gradually  
declines. This sequence of changes also occurs when th e  afferent fibre to  
th e  neurone is stim ulated  electrically, transm ission occurring across w hat 
is th ough t to  be a single synapse (B runer and  Tauc, 1966). The la tte r  experi­
m ent suggests th a t  the  changes do not involve in ternuncial neurones. This 
view is supported  by observations on the isolated stella te  ganglion of the  
squid. D ecrem ental transm issions across th is ganglion can be dem onstrated , 
b u t in ternuncia l cells have not been described (Young, 1939). The presynap-

10 • -  P*- - p -  - - yv  - -------- ------- --- ----*   -- ;  -----
Fig. 13. R esponse dec rem en t a t  th e  g ia n t synapse  o f th e  
squ id . Iso la ted  s te lla te  ganglion  p re p a ra tio n . T he m an tle  
connective (pre-nerve) w as s tim u la te d  b y  a  tr a in  o f 20 shocks. 
B ach  shock  w as 0-1 m sec d u ra tio n , an d  delivered  a t  a  r a te  
o f  40 p e r sec fo r 0-5 sec. T en  such  tra in s  w ere g iven. The 
in te rv a l be tw een  tra in s  w as 10 sec. T he response o f th e  
g ia n t ax o n  in  th e  la s t s te lla r  nerve  (post-nerve) w as reco rd ­
ed using  e x trace llu la r  p la tin u m  hook  electrodes. T he re ­
sponses to  each tr a in  o f shocks are  show n. A  p o stsy n ap tic  
sp ike  is elic ited  b y  each  o f  th e  20 shocks in  th e  firs t an d  
second tr a in s  (records 1 a n d  2). S u b seq u en t tra in s  
failed  to  e lic it 20 spikes. T he p a tte rn  o f response dec­
rem en t w as consisten t, th e  la te r  shock  o f th e  tr a in  failing  
p rogressively  to  evoke im pulses in  th e  post-nerve , a lth o u g h  a  
g rad ed  response (sy n ap tic  p o ten tia l) persisted . Scale 25 m sec 
a n d  3 m V  (dow nw ard deflection  is negative) (H orn  and  

W righ t, 1970).
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tic  fibres in  th e  pre-nerve are m onosynapticly connected to  a g ian t axon in 
th e  post-nerve. W hen th e  pre-nerve was excited by a tra in  o f 20 shocks in 
0-5 sec (Horn and  W right, 1970), a  response of th e  postsynaptic  g iant fibre 
to  each shock was recorded (Fig. 13, record 1). The tra in s were repeated ly  
applied every 10 sec, and  th e  response of the  postsynaptic g ian t axon 
gradually  waned (records 3 to  10). I f  th e  system  is allowed a period of rest, 
some recovery o f transm ission will occur, th e  degree of recovery depending 
on th e  duration  o f th e  rest period (Fig. 14).

The m ost likely cause of th is breakdow n in  transm ission (for discussion 
see H orn, 1970) is a progressive reduction in the  am ount of tran sm itte r 
substance liberated  by  the  repeated ly  ac tiva ted  synaptic term inal. This 
m echanism  would be extrem ely  economical of neurones, since in ternuncia l 
cells are no t required to  choke off a  response, and  would have the  great 
advan tage th a t  th e  changes are synapse-specific.

W hatever th e  mechanism  of th e  transm ission breakdown, there  are clear 
instances where it  appears to  be a tw o-stage process. I f  repeated  stim ulation 
results in  a  response falling to  a  level a t  which decrem ental and  restitu tive  
processes are in  balance, th en  a given period of rest should restore th e  
response to  a given level, however long the  period of repeated  stim ulation. 
This expectation is rarely  fulfilled (Horn and  Rowell, 1968; Rowell, 1970). 
The evidence suggests ra th e r th a t  a response which has dropped to  a  m ain­
ta ined  low level soon ceases to  be a s teady-sta te  response. I f  synaptic 
depression is brought abou t by a reduction in  th e  am ount of tran sm itte r 
released, m ain tained  repeated  stim ulation m ay ac t fu rth e r back on th is 
process, perhaps by decreasing the m obilisation or synthesis of tran sm itte r 
substances.

Fig. 14. R esponse d ecrem en t a n d  recovery  follow ing a  lapse 
o f tim e  a t  th e  g ia n t synapse  o f  squ id . T he ex perim en ta l 
de ta ils  a re  g iven  in  th e  legend to  F ig . 13. T he in te rv a l 
be tw een  groups o f s tim u li a re  g iven beside th e  arrow s. (N ote 
th e  s im ila rities w ith  th e  se ts o f  cu rves show n in  F igs 4 and  5) 

(H orn  and  W righ t, 1970).
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SH O R T - A N D  L O N G -T E R M  C H A N G E S A N D  T H E IR  R E L A T IO N
TO B E H A V IO U R

In  th e  in tac t organism  some synapses, when ac tiva ted  w ith in  the  physio­
logical range, have a high factor of safety and  continue to  tran sm it whenever 
th e  presynaptic fibre fires. Such synapses are found com m only in  th e  p ri­
m ary  sensory pathw ays and  elsewhere, for exam ple th e  synapse of the  
m onosynaptic s tre tch  reflex in  th e  spinal cord (Prosser and  H u n ter, 1936; 
Spencer et al., 19666) and  th e  neurom uscular junction. O ther synapses, 
such as those described above, have a low factor of safety, rap id ly  fail to  
tran sm it and  recover only slowly. There is thus a very  wide range of safety  
factors in  junctional transm ission and  also a wide range of recovery w ith 
an  upper lim it, for some cells (see Figs 6 and 7), th a t  has n o t been identified. 
I t  is no t difficult to  visualise possible mechanisms for these long-term  effects. 
Thus th e  synaptic term inals of a neurone m ay contain only a lim ited am ount 
of tran sm itte r substance and  be incapable o f m anufacturing more locally. 
I f  this takes place a t  th e  cell body, then  it m ay take  hours or days before 
sufficient o f th e  substance has passed to  th e  term inals to  re-establish full 
transm ission, depending on th e  substance involved, th e  ra te  of synthesis, 
th e  ra te  of tran sp o rt along th e  axon and  th e  length of th e  axon. A nother 
possibility is th a t some term inals have a fixed am ount of tran sm itte r and  
when th is is used ujj, transm ission across the  synapse involved ceases for 
good.

I t  is of some in terest to  consider the  possible uses to  which these changes 
in  transm ission m ay be p u t. I f  th e  response o f a cell to  a repeated ly  applied 
stim ulus rapidly  wanes, th e  cell m ay be a novelty  detecting un it. T h at is 
i t  will “ recognise” as fam iliar the  repeated  stim ulus, and  n o t respond to  it, 
though it will respond to  o ther stim uli. Certain behavioural responses have 
sim ilar characteristics. These m ay be observed in simple behavioural responses 
[e.g. the  flexion reflex of the  spinal m am m al (Prosser and  H unter, 1936; 
Spencer et al., 1966a), the  ten tacu la r contraction response (B runer and 
Tauc, 1966; B runer and  Kehoe, 1970) and  th e  gill w ithdraw al reflex of 
A plysia  (K andel e t al., 1970)] and  in  complex (e.g. the  orien ta tion  reaction 
of mam m als) behavioural responses. W ith  regard  to  the  form er th e  corre­
lation between th e  change in  behaviour and  the  change in neuronal ac tiv ity  
is good. Thus hab ituation  of the  flexor reflex is brought about by a  gradual 
w ithdraw al o f excitation from  m otoneurones (Spencer et al., 19666) due to  
hab ituation  a t  synapses w ithin the  polysynaptic reflex arc (W ickelgren, 
19676): hab ituation  of th e  gill w ithdraw al reflex appears to  be brough t 
abou t by a gradual depression of transm ission across an  identified synap tic  
junction  (K andel et al., 1970). I t  is som ew hat more difficult to  obtain  d irect 
experim ental evidence relating to  the  neural m echanism  of the  more com ­
plex units of behaviour, bu t there is a reasonably good fit between th e  p a ra ­
m etric features of hab ituation  of th e  orien ta tion  reaction and  of neuronal 
hab ituation  in the  brain-stem .

In  all these cases it  m ay be supposed th a t  th e  m em ory no t to  respond 
consists of a breakdown in transm ission across synaptic junctions. Such 
prolonged after-effects of activ ity , though specific, relate to  a som ew hat
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special form  of m em ory (that of hab ituation). Could sim ilar neural m echa­
nisms be involved in o ther forms of m em ory, such as th a t  im plicated  in 
associative learning? This is certainly a logical possibility, though it  m ay 
be no more th an  th a t. The essential requirem ent is to  use a  decrem ental 
process in a system  in such a  w ay th a t  th e  o u tp u t of the  system  increases. 
This is done in the  circuit illustra ted  in Fig. 15a. In  th is figure it  is assum ed 
th a t  cell 5 is excited by cell 3 and  inh ib ited  by cell 4. W hen cells 3 and  4 fire 
together there is no o u tp u t from  cell 5 since the  tw o inpu ts exactly  balance. 
Assume th a t  when cell 4 is repeatedly  excited  transm ission across the  junc­
tion betw een it  and  cell 5 is depressed, b u t th a t  such depression does no t 
occur between cells 3 and  5. I f  cells 3 and  4 are sim ultaneously and  repeatedly  
ac tiva ted , cell 5 will begin to  fire because th e  inhibiting  effect of cell 4 will 
gradually  disappear. U ltim ately  cell 5 will be driven by  cell 3 and  will 
continue to  be driven in th is way for as long as cell 4 is ineffective. Such a 
circuit could be used in  a netw ork th a t  exhibits some of the  properties of 
classical conditioning. One such netw ork, designed by m y colleague M. J . 
W right and myself, is illu stra ted  in Fig. 156. In  th is netw ork only single 
cells are shown; these could of course be regarded as representing large 
num bers of neurones. An unconditioned stim ulus evokes an  unconditioned 
response by exciting through cell 1 th e  tw o com m and neurones R , and  R 2. 
Cell 1 sim ultaneously drives exc ita to ry  cell 3 and  inh ib itory  cell 4 evoking 
in them  <Vi spikes per sec. The ac tiv ity  of these tw o cells sum m ates alge­
braically  on cell 5. Assume th a t  transm ission betwen cells 3 and  5 is always 
stable, and  th a t  betwen cells 4 and  5 is stable only if  th e  num ber of spikes 
traversing cell 4 is < >  per sec. Thus the  unconditioned stim ulus alone will 
no t excite a discharge in cell 5. The conditioned stim ulus is considered to 
excite cell 2. This also evokes A n  spikes per sec in cells 3 and  4 and  hence 
no o u tp u t from  cell 5. This conditioned stim ulus (more stric tly , a t this

Fig. 15. (a) A  m echan ism  b y  w hich th e  response o f  an  
o u tp u t neu rone  (cell 5) m a y  increase as a  consequence o f  a  
b reakdow n  in  tran sm ission  (a t th e  ju n c tio n  betw een  cells 4 
a n d  5). (b) A  n eu rona l ne tw o rk  w hich could m ed ia te  th e  
know n p ro p ertie s  o f classical cond ition ing . T he m em ory  in  
th e  sy s tem  consists o f a  b reakdow n  in  tran sm ission  o f th e  
ju n c tio n  betw een  cells 4 an d  5. F o r  fu r th e r  d iscussion see te x t.

al
b)

A  A
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stage, th e  neu tra l stim ulus) does n o t evoke a behavioural response since 
it  has no effective access to  th e  com m and neurones R j and  R 2 (see H orn,
1970). W hen the  conditioned and  unconditioned stim uli are paired, 
cells 1 and 2 are active and  we suppose th a t together th ey  excite >  n  
spikes per sec in cells 3 and  4. W hen this happens transm ission across 
th e  synapse between cells 4 and  5 will be depressed. As th is happens cell 5 
will begin to  discharge. In itia lly  it will be capable of evoking a weak discharge 
in com m and cell R x. As the  inh ib itory  effectiveness of cell 4 falls to  a low 
level, cell 5 will be driven by cell 3. I f  now the  unconditioned stim ulus is 
w ithdraw n and  the  conditioned stim ulus alone applied, it will evoke <jn 
spikes per sec in  cells 3 and  4. Cell 4 will have no effect on cell 5, so this 
will discharge spikes per sec. In  tu rn  cell 5 will drive com m and cell 
R x and  so evoke a conditioned response. W ith  the  arrangem ent shown, the  
conditioned response will be different from  th e  unconditioned response, 
b u t contained w ithin it, a featu re th a t is characteristic of the  relationship 
betw een the  tw o responses. The conditioned response will persist so long 
as transm ission across cells 4 and  5 is depressed. I f  transm ission recovers, 
th e  conditioned response will be “ forgo tten” .

I f  ac tiv ity  in cell 2 also led to  a weak hyperpolarisation of cell 4 te r ­
minals it  is possible to  see how a conditioned response would become ex­
tinguished by presenting the  conditioned stim ulus alone. W hen th e  synaptic 
term inals of cell 4 are depressed, b u t no t otherw ise, hyperpolarisation of 
its term inals due to  ac tiv ity  in ceil 2 m ight gradually  restore transm ission 
(see H orn, 1970) and  so lead to  th e  ex tinction of the  response. Type I I  
conditioning could be fitted  in to  a sim ilar scheme, the  rew ard system  con­
tro lling  synaptic depression by acting on the  term inals of cell 4.

C O N C L U S IO N S

The m em ory in th e  system  illu stra ted  by Fig. 15 is, essentially, th e  synap­
tic block and  as this is rem oved the  association between conditioned and 
unconditioned stim uli disappears. I  do n o t wish to  argue th a t  such 
synaptic  changes are involved in  associative learning; only th a t  th ey  could 
be, and  th a t  th ey  need no t en tail changes in the  synthesis of R N A  or pro - 
tein . The fact th a t  these som ewhat far-fetched argum ents can be m ade a t 
all shows, quite forcibly, th a t  the  need in the  im m ediate fu tu re  is for the 
descriptive analysis of neural changes in well controlled learning situations. 
This does n o t mean th a t we should have no theories: only th a t th ey  
should no t be regarded as substitu tes for hard  experim ental evidence.
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DISCUSSION

R. Ga la m bo s: I f  I  understand your idea of presynaptic “ablation” you 
are suggesting that some synaptic junctions are secure, capable of trans­
mitting at high frequency for long time periods, while others are not like
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this. The second class fail rapidly, even though required  to  ac t infrequently , 
an d  these are the  ones responsible for habituation .

G. H o r n : Yes, th a t  is correct.
F . R o se n b l a t t : (i ) I t  is very  a ttra c tiv e  to  consider models for memory 

which are based on selective blockage of synapses. I  have found it  som ewhat 
easier, from  a m olecular s tandpo in t, to  consider such m echanisms as occur­
ring through  postsynaptic  effects, however, (for example, by  th e  m asking 
o f a  receptor site by  a macromolecule). I  wonder if  you could elaborate 
on your reasons for preferring a presynaptic  to  a postsynaptic in terpretation  
o f your results, (ii) Do you th in k  your observations m ight be re la ted  to  
those of Wiesel and  H ubei on loss of response in  th e  visual system  of light- 
deprived k ittens, whose decrem ental perform ance seems to  occur in  the  
absence of p a tte rn ed  inputs, and  the  cells involved seem to  be “ taken  over” 
by active sources of stim ulation  a t  th e  expense of inactive sources ? Their 
observations suggest loss of perform ance due to  lack of stim ulation in  the  
presence of rival sources, ra th e r th an  due to  increased level of s tim u la­
tion.

G. H o r n : W ith  regard  to  the  first question, I  have reviewed the  reasons 
elsewhere (Horn, G.: Changes in  neuronal a c tiv ity  and  th e ir relationship 
to  behaviour. In : H orn, G. and  H inde, R. A. [E ds]: Short-Term Changes in  
Neural A ctivity and Behaviour. Cam bridge U niversity  Press, London, 1970). 
T he chief po int is th a t  i t  is possible in  th e  g ian t synapse of th e  squid a t  least, 
to  restore transm ission across a  synapse depressed by stim ulus repetition , 
b y  m anipulating th e  properties of the  presynaptic term inal, for example, 
by  hyperpolarising its  m em brane. Of course a t  o ther synapses different 
m echanisms m ay operate and  th e  postsynaptic  m em brane m ay be involved. 
W ith  regard  to  your second question, there  is no evidence one w ay or the  
other, b u t it  would surprise me if  th e  decrem ental change I  have described 
bear any  relationship to  th e  observations of Wiesel and  H ubei (Comparison 
of the  effects of un ilatera l and  b ilatera l eye closure on cortical u n it responses 
in k ittens. J . Neurophysiol. 28, 1029-1040, 1965). Their work was done on 
k ittens and  i t  is possible th a t  in  a developing nervous system  sensory s tim ­
ulation is necessary for th e  m aintenance of norm al grow th. In  th e  absence 
o f such stim ulation neurones m ight regress or fail to  develop th e ir full 
synap tic  arborizations. I f  th e  la tte r  happened, th e  cells m ight appear 
functionally  to  regress re la tive to  norm ally developing cells. I t  would cer­
ta in ly  be in teresting  to  know w hether th e  changes Wiesel and  H ubei describe 
are found in  th e  ad u lt cat, or w hether th ey  can only be dem onstrated  in 
k ittens. I  do no t know w hether such experim ents have been conducted.

J. Sz e n t á g o t h a i: You mentioned that it is lamina IV  of the dorsal horn 
in the neurones of which this effect can be observed. The dendrites of these 
neurones are synaptically engaged in the multineurone network of the sub­
stantia gelatinosa. Would it not be more reasonable to assume, therefore, 
tha t this effect of habituation—here at least—is caused by a build-up of 
inhibition in the substantia gelatinosa network and by the removal of 
facilitation that is excercised upon the lamina IV dendrites by the network ?

G. H orn  : This is certainly possible, but there is as yet no direct evidence 
to support this view.
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F. K l i n g b e r g : W hen we speak abou t an  an im al’s behaviour we have to  
consider th a t  behavioural acts are in tegrative, involving several different 
processes, s tructu res and  levels. The fundam ental process of behavioural 
hab ituation  m ay n o t be th e  cellular change which you have described. 
O ther cells involved in  h ab itua tion  m ay behave in  quite ano ther way. 
B u t I  agree w ith your conclusion th a t  hab ituation  is a k ind  of learning. L et 
me recall our experiences w ith freely moving ra ts  w ith chronic electrodes 
im plan ted  in  different brain structures. An absolutely novel stim ulus applied 
to  th e  waking bu t relaxed anim al causes an  evoked po ten tia l (EP) in the 
p rim ary  projection area of the  cortex w ith  an  am plitude, let us say of 
100 per cent. B u t i t  does n o t provoke any  behavioural reaction if  i t  has no 
com ponent which would ac t as an unconditioned stim ulus eliciting an 
unconditioned reaction. Only by  repetition  u nder different conditions, or 
sim ilarity  to  o ther stim uli which are know n by the  anim al, does the  stim ulus 
cause behavioural activation . At this tim e the  E P ’s have lower am plitudes. 
W e call th is the  d isturbance phase of learning. The E P ’s can even disappear 
in th e  electrical background activ ity , i.e. their am plitudes can fall fa r below 
50 per cent of th e ir in itia l level. F u rth e r repetition  of the  stim ulus causes 
an  increase of E P  am plitudes even up to  150 per cent and  more, while the  
anim al displays less m otor ac tiv ity  and  more a tten tion . We call th is the  
ad ap ta tio n  phase of learning. F u rth e r repetition  of the  stim ulus causes less 
and  less behavioural changes and  th e  E P ’s fall back to  the  100 per cent level, 
which is relatively  constan t when th e  anim al is again in a s ta te  of a relaxed 
wakefulness. We call th is th e  phase of w ell-adapted behaviour. The sam e 
sequence of events is observed during the  elaboration of conditioned respon­
ses, the  only difference being th a t  th e  end result , th e  w ell-adapted behaviour, 
was th e  behavioural response. The extinction process, too, shows th e  same 
phases. The phases are influenced by  th e  k ind  of reinforcem ent or reward, 
th a t  is by  th e  m otivational s ta te  o f th e  anim al. The existence of these 
phases of learning has been shown using m any different param eters. These 
are described in  our recently  published m onograph (Pickenhain and  Kling- 
berg, Hirnmechanism  und  Verhalten etc. Fischer, Jena , 1968).

G . H o r n : I  agree w ith  you th a t  in the  in tac t organism  m any processes 
m ay in teract. Indeed  it  could well be th a t  m any forms of behavioural 
hab ituation  involve bo th  increm ental and  decrem ental effects (H inde, R. A., 
B ehavioural hab ituation . In : H orn, G. and  H inde, R . A. [Eds]: Short-Term  
Changes in  N eural A ctivity and Behaviour. Cam bridge U niversity Press, 
London, 1970). A t th e  cellular level such in teractions m ay also occur, b u t 
the  basic decrem ental process m ay be cellular hab ituation  of the  k in d  I  have 
described: th is process m ay in te rac t w ith increm ental processes and  so, 
by acting on various com m and neurones, give expression to  m ore complex 
forms of behaviour th an  a “pu re ly” decrem ental one.
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ON NEU RO PH Y SIO LO GICA L MECHANISMS OE 
SHORT-TERM  MEMORY

b y

T. N . On ia x i

In s t i tu te  o f Physiology, G eorgian A cadem y  o f Sciences, 
Tbilisi, U.S.S.Ri.

The reverberation and  post-tetan ic  po ten tia tion  of the  im pulse transm ission 
in  th e  neural circuits of th e  bra in  are supposed to  have an im p o rtan t role 
in  the organization of recent m em ory (Hebb, 1949, 1961; Eccles, 1953; 
Konorski, 1961; Beritashvili, 1968). Keeping th is po int in mind, we have 
a ttem p ted  to  elucidate th e  role of the  limbic system  in the  regulation of 
delayed conditioned reactions, th e  duration  o f which seems to  be defined 
by recent m em ory (Konorski, 1961; K onorski and  Lowicka, 1959; B eri­
tashvili, 1968). The limbic system  is though t to  be, on the  one hand, a highly 
organized circle of certain  nervous structu res (Papez, 1937), and  an essential 
regulator of m otivational em otions, on the  o ther hand  (K aada, 1951; 
Gelhorn and  Loofbourrow, 1963, Magoun, 1958).

A sim ultaneous stu d y  of behaviour and  th e  E E G  have shown th a t  during 
conditioned and  non-conditioned m otivational emotions a sharp increase 
in the  hippocam pal th e ta  rh y th m  (Green and  A rduini, 1954; G rastyán  et ah, 
1966; E lazar and  Adey, 1967; Parm eggiani, 1967) and  th e  appearance of 
burst ac tiv ity  of sinusoidal waves w ith  a frequency of 35-40 per sec in 
some limbic structures (Gedevanishvili, 1948; Galeano et al., 1964; Oniani 
e t al., 1968) are observed.

M ETH O D S

D elayed reactions to  conditioned signals served as a behavioural te s t for 
short-term  memory. E xperim ents were carried out on cats in  a special 
experim ental cage having two cham bers (Fig. 1). The sm aller cham ber was 
a s ta rting  place, th e  larger one on the  righ t and  left sidewalls had  windows 
beyond which feeders were placed.

In  th e  first series o f experim ents alim entary  conditioned reflex was 
elaborated  only to  one feeder. A tone (500 Hz) served as a conditioned 
signal. 4-5 seconds a fte r the  signal the  door of th e  s ta rting  cham ber was 
opened and  the  cat was allowed to  en ter the larger cham ber and  to  tak e  w ith 
a  forepaw a piece of m eat from  the  feeder. I t  is n a tu ra l th a t  during such 
a m anipulation conditioned response was elaborated  to  complex stim ulation, 
i.e. to  a  tone plus the  opening of th e  door. I t  is clear th a t  th e  opening of 
the  door w ithout a tone also caused ac tiva tion  o f food-m otor reaction and, 
in these conditions, i t  was impossible to  m easure the  duration  of delayed
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resjjonses. F o r th is reason, condi­
tioned reaction  to  the  opening of 
th e  door has been fu rth e r on spe­
cially ex tin c ted  through non-rein­
forcem ent. A fter a solid differen­
tia tio n  of th e  tone from  the  open­
ing of th e  door, we tu rn ed  to  m ea­
suring th e  du ra tion  of delayed 
conditioned response. A condition­
ed tone was presented for 10-20 
seconds and, a t different in tervals 
a fte r its  cessation, th e  door was 
opened and  th e  ca t was allowed 
to  perform  foodm otor reaction.

The changes in th e  electrical 
ac tiv ity  of different neocortical 
areas and  the  limbic structu res 
were stud ied  th rough  the  chroni­
cally im plan ted  steel electrodes. 
Spectral analysis and in tegration  
of rhy thm s comprising the  back­
ground ac tiv ity  of different brain 
structu res were m ade w ith a two- 
channel analyser “ Sanei” . The 
princijile th e  analyser worked on 

was as follows: th e  background ac tiv ity  was divided in to  definite rhy thm s of 
2-4  Hz (delta), 4-8 Hz (theta), 8-13 Hz (alpha), 13-20 Hz (beta first) and 
20- 30 H z (beta second). The individual rhy thm s were then , for a definite 
span of tim e, sum m ated  by  an  in teg ra to r as th e  m ean values. In  our case 
the tim e of in tegration  was 10 sec. F igure 2 illustra tes an  exam ple of spectral 
analysis of th e  background ac tiv ity  in  th e  aud ito ry  cortex (trace 1) and  the 
dorsal hippocam pus (trace 2). The rest of th e  channels registered separate 
spectra  of th e  recordings and  finally in teg ra ted  values of th e  rhy thm s had  been 
registered for 10 seconds. The first five inflections show the  values of rhy thm s 
from  th e  aud ito ry  cortex and  the  o ther five from  th e  dorsal hippocam pus.

W hen the  cat sa t in th e  experim ental cage in a drowsy sta te , b o th  in the  
au d ito ry  cortex and  th e  hippocam pus slow waves of 2-4 Hz and  4-8 Hz 
prevailed. D uring electrical stim ulation of the  re ticu lar form ation th e  anim al 
aroused and  th is tim e, owing to  desynchronization, th e  slow waves o f 2 -4  Hz, 
4 -8  H z and  8-13 Hz were greatly  suppressed in  the  neocortex. As to  the  
hippocam pus, th e  2-4  H z waves underw ent suppression, while th e  4-8 Hz 
waves were m arkedly augm ented. Such a s ta te  was m ain tained  as an  a f te r­
effect for a  certain  tim e a fte r the  cessation of reticu lar stim ulation.

R E S U L T S

The d u ra tio n  of delay in  our cases was found to  depend upon th e  satiation  
o f th e  anim al, i.e. upon its  appetite . H ungry  cats appeared capable of 
food-m otor perform ance 1-2 m inutes a f te r  the cessation of th e  conditioned

Fig. 1. Schem atic  d raw ing  o f th e  experim en­
ta l cage. A,  f ro n t cham ber; B,  s ta r tin g  c h a m ­
ber; G, door o f th e  s ta r t in g  cham ber; D,  
feeder; E,  su spend ing  doors; F,  a  sm all 

w indow .
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20-30

4-8

20-30

Fig. 2. C hanges in  e lec trical a c tiv ity  o f th e  v isual co rtex  and  
th e  dorsal h ippocam pus caused by  e lec trica l s tim u la tio n  o f th e  
re tic u la r  fo rm ation . S pectra l analysis o f b o th  sum m át ed a c tiv ­
i ty  and  in te g ra te d  values o f sep a ra te  rh v th m s  an* show n 
(2 -4  H z, 4 -8  H z, 8 -13  H z, 13-20 Hz. 20-30  Hz). T im e o f in te ­
g ra tio n  is 10 sec. T he first 5 deflections show  in teg ra ted  rh y th m s.

Calib ra tion  200 //V; t im e  1 sec.

signal, whereas in half-satiated  anim als th e  delay did  no t exceed 10-30 
seconds. I t  was noticeable th a t  the  duration  of delay in these experim ents 
was correlated w ith th a t of the alertness of th e  anim als produced by  th e  
conditioned signal.

In  response to  a conditioned stim ulus and in the  course of delay regular 
changes were observed in th e  background electrical ac tiv ity . They m ani­
fested them selves in th e  increasing of am plitude and frequency o f th e ta  
rhy thm  in th e  hippocam pus, in the  arising of ‘‘b u rs t” ac tiv ity  o f sinusoidal 
waves w ith  th e  frequency of 35-40 per second in  th e  am ygdala, pyriform  
cortex, the  an terior hypothalam us and  the olfactory bulb. F igure 3 illus­
tra te s  changes in the  electrical ac tiv ity  of the neocortical aud ito ry  area (trace 
1), th e  pyriform  lobe (trace 2) and  th e  sym m etric points in th e  dorsal hippo­
cam pus (traces 3 and  4) during application of th e  conditioned signal and 
a fte r its cessation. During th e  wakefulness of th e  cat sitting  in  the  s ta rtin g  
cham ber (beginning of Fig. 3.4) the  background ac tiv ity  of th e  neocortex 
and  the  pyriform  lobe was desynchronized, while in the hippocam pus delta 
waves and  th e ta  rhy thm s predom inated.

In  response to  conditioned signals in the pyriform  cortex “ b u rs t” activ ity  
appeared, while in  th e  hippocam pus th e ta  rh y th m  sharply  increased and  
delta  rh y th m  was suppressed. The ensuing changes in the  electrical ac tiv ity  
persisted  for a certain  tim e (10-30 sec) a fte r th e  cessation of the  conditioned 
signal. This tim e th e  ca t was alert. As th e  anim al calm ed down the
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“ b u rs t” ac tiv ity  in th e  pyriform  cortex ceased (Fig. 3B).  In  the  hippo­
cam pus delta  waves were restored, while th e ta  rh y th m  decreased uj> to  
th e  background level. Against th is  background, th e  opening of the  door 
caused only a weak o rien ta tion  reaction expressed in the  suppression of 
slow ac tiv ity  in all the  structu res recorded, w ithout b u rst ac tiv ity  in th e  
pyriform  cortex. As to  th e  th e ta  rhy thm , it did not change or was slightly 
suppressed in  response to  th e  opening of th e  door (Fig. 3B).

The changes in  th e  E E G  which were produced during the  action of a con­
ditioned stim ulus, as well as during its  after-effect, are considered by  us 
an electrical expression of reverberation  of im pulses in th e  neural n e t­
w ork of th e  brain.

Thus, these experim ents showed th a t  duration  of delay in th e  conditions 
of one feeder m ust be dependent on reverberation of impulses in the  neural 
circuits of th e  brain. As a resu lt of such reverberation in  th e  neocortical 
s tructu res suppression of all th e  m ain slow waves is observed, whereas in 
th e  limbic structu res (amygdala, pyriform  cortex, an terio r hypothalam us 
and  olfactorv bulb) there  is a “b u rs t” activ ity  of sinusoidal waves w ith a 
frequency of 35-40 p er sec. A t th is  tim e, in the  hippocam pus a m arked 
augm entation  of the  am plitude and  regularity  of th e ta  rh y th m  with sup ­
pression of o ther waves are observed.

In  the second series of experim ents a conditioned food-m otor reaction 
was elaborated  using tw o feeders. In  response to  a tone (500 Hz) the  cat

F ig . 3. C hanges in  th e  b ack g ro u n d  elec trical a c tiv ity  of 
th e  n eoco rtex  (1), th e  p y rifo rm  lobe (2), th e  do rsa l h ip- 
pocam pus (3, 4) (A)  to  a  p re p a ra to ry  cond itioned  s t im u ­
lus an d  (B)  to  th e  opening  of th e  door, w ith  one feeder. 
5, M ark ing  of s tim u la tio n  and , 6, reco rd  of in teg ra ted  
values of se p a ra te  rh y th m s  o f th e  h ippocam pus. C ali­

b ra tio n  100 f iV; tim e  1 sec.
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approached th e  righ t feeder and  on th e  clicks, th e  left one. 4-5 sec a fte r 
th e  conditioned signal th e  door of the  s ta rtin g  cham ber was opened and  
the  anim al perform ed food-m otor behaviour. The conditioned signal ceased 
as soon as the  cat received a reinforcing portion  of food. The m easuring of 
delayed reaction was s ta rted  only a fte r a 90-100 per cent differentiation 
of conditioned sounds had  been achieved.

Thus, conditioned food-m otor reaction was elaborated  to  complex stim uli 
consisting of tw o com ponents. The first com ponent o f th e  complex was 
a tone or a click and  the  second one was th e  opening of the  door. In  each 
case these com ponents m ay be classified as a p rep ara to ry  and a  triggering 
stim ulus. Conditioned delayed reaction was m easured in th e  following way: 
a conditioned p rep ara to ry  signal (tone or click) was delivered for 10-20 
seconds. A fter its  cessation the  door of the sta rtin g  cham ber was opened 
a t  different in tervals of tim e and  the  m axim um  of delay m easured.

U nder these conditions, i t  is n a tu ra l to  suggest th a t  a correct decision 
o f th e  task  is determ ined by those traces th a t have been re ta ined  in the  bra in  
from  th e  p repara to ry  stim uli. The localization of traces of different p rep ara ­
to ry  stim uli differ from each other, and  one and  th e  same triggering stim ulus 
activates th a t  circuit in which th e  trace  is more recent.

In  response to  preparato ry  conditioned signals the  background electrical 
ac tiv ity  in the  neocortical s tructu res and  in th e  limbic system  changes in 
th e  same m anner as it has been shown in th e  first series of experim ents, 
where delayed reactions have been stud ied  w ith  one feeder.

F igure 4 dem onstrates changes in  the  background ac tiv ity  of the  aud ito ry  
cortex (trace 1), th e  pyriform  lobes (trace 2) and  the sym m etrical points 
in the  dorsal hippocam pus (traces 3, 4) produced by conditioned stim ulation 
and  during delay a fte r its cessation (Fig. 4A,  B).  I t is to  be seen th a t  the  
conditioned signal elicits “b u rs t” ac tiv ity  in th e  pyriform  cortex, and  aug­
m ents th e  hippocam pal th e ta  rhy thm . These changes persist for a certain  
tim e a f te r  the  conditioned stim ulus has been ceased, and  are well correlated 
w ith  th e  alertness of the  anim al. I f  a fte r th e  cessation of th e  conditioned 
signal the  anim al is released from th e  s ta rtin g  cham ber during  “b u rs t” 
ac tiv ity  and  the  augm ented th e ta  rhy thm , the decision of the  task  is correct.

However, as distinguished from  th e  first series of experim ents where 
conditioned alim entary  reaction has been elaborated  only to  one feeder 
and  where the  du ra tion  o f delayed reaction seemed to  be determ ined only 
by th a t  of reverberating  excitation  w ithin the  neural circuits of the  brain , 
in th is series the  cats appeared  to  be able to  decide th e  task  correctly  no t 
only during the  reverberation, b u t also a fte r its  cessation. We suggest th a t  
the  cessation of reverberation, particu larly  in th e  limbic system  is expressed 
in the disappearance of those changes which had been produced by the  con­
ditioned stim ulus. W ith the  disappearance of “ b u rs t” ac tiv ity  in th e  above 
nam ed limbic structu res and  the decrease of the  th e ta  rh y th m  to  the  back ­
ground level, the  alertness of the  anim al passes. The cat calms down and  
m ay fall in to  a drowsy s ta te  and  show in all the  structu res slow ac tiv ity  
characteristic of such a s ta te  (Fig. 4(7).

I f  some tim e a fte r th e  cessation of the  p rep ara to ry  stim ulus (3—10 min) 
th e  door is opened, th e  cat gives a correct reaction. At th is tim e, desynchro-
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1 A)

Fig. 4. D ynam ics o f th e  back g ro u n d  elec trical a c tiv ity  o f Hie 
neo co rtex  (1), th e  p y rifo rm  lobe (2), th e  do rsa l h ippocam pus 
(3, 4) to  a  p re p a ra to ry  cond itioned  stim u lus (A,  B)  an d  to  a  
tr iggering  s tim u lu s (0, an  arrow ). 5, S ignal line; 6, record  o f 
in te g ra te d  values o f sep a ra te  rh y th m s (2-4  Hz, 4 -8  H z, 8-13, 
H z, 13-20 H z, 20-30 H z), th e  firs t 5 deflections o f th e  left 
an d  o th e r  5 deflections o f th e  r ig h t h ippocam pus. T he tim e 

o f in teg ra tio n  is 10 sec. C a lib ra tio n  100 /(V; tim e  1 sec.

nization in the  neocortex and  “b u rs t” ac tiv ity  w ith augm entation  ot th e ta  
rh y th m  (Fig. 4C) in the  limbic structu res are obtained, i.e. th e  reverberation 
of impulses s ta rts  in  the  neural netw ork.

Thus, if  in  the  case of one feeder the  duration  o f delay can be suitably  
explained by  th e  reverberation of impulses, then  from  th e  second series 
of experim ents it  has become clear th a t  reverberation  alone cannot account 
for th e  m axim al duration  of delayed conditioned reaction. A fter th e  cessa­
tion  of reverberation, produced by  the  p rep ara to ry  stim ulus, there  ap p a r­
en tly  rem ain o ther k inds of traces on the  basis o f which th e  triggering 
stim ulus can produce not only the  realization of conditioned food-m otor 
behaviour, b u t also sound discrim ination. On the  basis of up-to -da te  electro- 
physiological knowledge of synapses of the central nervous system , the  post- 
te tan ic  po ten tia tion  seems to  be the reason for sucli a trace (Eccles, 1964).

As poin ted  out above, m axim al duration  of delay in our experim ents was 
th e  tim e a f te r  the lapse of which th e  c a t’s decision of the task  was correct 
and  did not exceed 10-15 per cent errors (though the  p repara to ry  condi -
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tioned stim ulus had ceased). The 
m axim um  of delay appeared, 
depending upon the individual 
capability  of the  anim al, to  
fluctuate from  3 to  10 minutes; 
a t g reater delays the  cat left the 
s ta rting  cham ber and  in response 
to  a triggering stim ulus made not 
for th e  signalled feeder, b u t for 
th e  o ther one, i.e. com m itted an 
error. However, in erroneous 
cases a t  superm axim al delays the  
same change in  th e  background 
electrical ac tiv ity  of th e  limbic 
structu res was observed as in the  
correct ones w ithin the range of 
delay (Fig. 5).

Very often  in th e  sa tia ted  an i­
m al a conditioned stim ulus caused a certain  increase in th e  am plitude of 
th e  hippocam pal th e ta  activ ity , bu t conditioned reflex ac tiv ity  was not yet- 
realized, the  anim al would no t leave the  s ta rtin g  cham ber upon opening 
th e  door. However, if  against th is background the  la tera l hypothalam us 
were electrically stim ulated , it would induce a lim entary  behaviour in the 
sa tia ted  anim als, th e  cat would rise and perform  conditioned food-m otor 
reaction. I t  should be po in ted  out th a t  in such tests cats usually  reacted  
correctly.

Changes in the  electrical ac tiv ity  of different b ra in  structu res in an exper­
im ent of th is  kind is illu stra ted  in Fig. 6. A conditioned signal (a tone of 
500 Hz) produced a negligible increase in th e  hippocam pal th e ta  rhy thm , 
while d e lta  waves were considerably suppressed; 5 sec a fte r the 
beginning of the  conditioned signal th e  door was opened, b u t the ca t did

Fig. 5. D ynam ics o f th e  h ip p o cam p a l th e ta  
rh y th m s  d u rin g  co rrec t (open circle) and  
inco rrec t (b lack  circle) de layed  reactions. 
O rd in a te : am p litu d e  abscissa; tim e. 1, T he 
c a t is s ittin g  in  th e  s ta r t in g  ch am b e r; 2, d u r ­
ing th e  p re sen ta tio n  o f p re p a ra to ry  s tim u lus; 
3, 4, d u rin g  de lay  a f te r  th e  cessa tion  of 
cond itioned  stim u lus; 5, d u rin g  th e  p re sen ­

ta t io n  o f tr iggering  s tim u lu s.

Fig. 6. C hanges in  th e  e lec trica l a c tiv ity  o f th e  n eoco rtex  (1), th e  py rifo rm  lobe (2), 
th e  dorsal h ip pocam pus (3, 4) in  response to  a  cond itioned  signal, e lec trica l s tim u la ­
tio n  of th e  la te ra l h y p o th a lam u s  (arrow ) an d  d u rin g  perfo rm ance o f cond itioned  
food-m oto r behav iour. 5, S ignal line; 6, reco rd  of in te g ra te d  values of sep a ra te  rh y th m  
(2 -4  H z, 4 -8  H z, 8-13 H z, 13-20 H z and  20-30  H z), th e  first 5 deflections of th e  v isual 

neocortex  an d  th e  re s t o f th e  do rsa l h ippocam pus.
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n o t give any  reaction and  rem ained in the s ta rting  cham ber; 10 sec a fte r 
th e  application of th e  conditioned signal the  la teral hypothalam us was 
electrically  stim ulated  causing an in tensive increase of the  hippocam pal 
th e ta  rh y th m  and  th e  appearance of “b u rs t” ac tiv ity  in  the  pyriform  cortex. 
In  response to  electrical stim ulation  the  cat w ent directly  to  th a t feeder 
to  which conditioned reaction to  a tone h ad  been elaborated.

Traces of the  conditioned stim ulus causing no food-m otor perform ance in 
th e  sa tia ted  anim al m ust have persisted for a certain  tim e a f te r  its  cessation. 
I f  in  the  sa tia ted  anim al the  la tera l hypothalam us were stim ulated  not 
du ring  th e  conditioned signal (Fig. 7A),  which had  failed to  cause activation  
o f food-m otor perform ance, b u t 40-60 sec a fte r its cessation (Fig. IB) ,  
th e  an im al would preferentially  go to  the  feeder to  which food-m otor p e r­
form ance had  been elaborated  in  response to  the  given signal.

The results which had  been obtained  by  studying the effect of electrical 
stim u lation  of the  hypothalam ic centres regulating the  alim entary  behaviour 
on delayed reactions of hungry  anim als are w orth  m entioning. I t  was found 
th a t  if  electrical stim ulation  of the  la tera l hypothalam us, usually  causing 
ac tiva tion  o f a lim entary  behaviour in  th e  sa tia ted  anim als and  augm en­
ta tio n  of th e  h ippocam pal th e ta  rh y th m  (Fig. 7B),  is delivered in th e  in terval 
betw een the  p rep ara to ry  and  triggering conditioned stim uli, th en  th e  m axi­
m al delay will be considerably increased (by 50-70 per cent). This apparen tly

A)
. * »»v

Fig. 7. C hanges in  th e  backg round  elec trical a c tiv ity  o f th e  
senso rim o to r co rtex  (i) , th e  do rsa l (2) and  th e  v e n tra l (3) 
h ippocam pus. I n  th e  sa tia te d  ca ts  a  cond itioned  stim u lu s
(A)  and  e lec trica l S tim u la tion  o f th e  la te ra l h y p o th a lam u s
(B)  e lic ited  th e  cond itioned  a lim e n ta ry  reflex. 4, M ark ing  
of s tim u la tio n ; 5, reco rd  o f in te g ra te d  values o f d ifferen t 
rh y th m s  o f th e  n eoco rtex  (the  first 5 deflections) an d  th e

dorsa l h ip p o cam p u s (th e  o th e r  5 deflections).
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Fig. 8. C hanges in th e  e lec trica l a c tiv ity  o f th e  neoco rtex  
(1) an d  do rsa l h ip p o cam p u s (2, 3) in  response to  e lec trical 
s tim u la tio n  o f th e  v en tro m ed ia l h y p o th a lam u s  (A)  an d  
a f te r  th e  cessa tion  o f s tim u la tio n  (J?). 4, M arking o f s t im u ­
la tio n ; 5, reco rd  o f in teg ra ted  values o f  se p a ra te  rh y tm s  o f 
th e  neoco rtex  (the  first 5 deflections) a n d  th e  dorsal h ip p o ­
cam pus (the  o th e r  5 deflections). C a lib ra tion  100 //V; tim e

1 sec.

can be accounted for by  the  reverberation caused by a p repara to ry  condi­
tioned signal being increased and  prolonged owing to  stim ulation  of the 
centres of “hunger” . Accordingly also th e  duration  of post-tetan ic  p o ten ­
tia tio n  in th e  reverberating  netw ork would increase, which is likely to  
underlie th e  lengthening o f the  delay m axim um .

Electrical stim ulation of the  ventro-m edial hypothalam ic nuclei, which 
are considered the  centre of “sa tia tio n ” (Anand, 1961), has an  opposite 
effect on th e  du ra tion  o f delayed reaction. In  our experim ents, very  often, 
electrical stim ulation of these nuclei w ith  a m oderate streng th  delivered 
shortly  a fte r th e  cessation of conditioned signal led to  the  inhibition of ali­
m entary  behaviour and  shortening of th e  delay in case th e  anim al was 
hungry. On such occasions, in the  dorsal and  ven tra l hippocam pus a consider­
able increase in th e  d e lta  waves was observed (Fig. 8A,  B).  As to  the  th e ta  
rhy thm , it  either did  no t change or its  am plitude slightly decreased.

A negative effect of electrical stim ulation  of the  ventro-m edial h y p o th a­
lam us upon th e  duration  of delayed food-m otor reactions m ay be explained 
b y  the cessation of reverberation  of im pulses arising in response to  a pre­
p ara to ry  conditioned signal, due to  a weakening o f a lim entary  m otivation. 
Changes in th e  background electrical ac tiv ity  of such an im p o rtan t s tructu re  
of the  limbic system  as the  hippocam pus also points to  this. I t  seems th a t 
th is  change is quite th e  con trary  to  th a t observed during alim entary  behav­
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iour in response to  electrical stim ulation of the  centre of “hunger” , i.e. tlie 
la te ra l hypothalam us, like the  response to  a  conditioned alim entary  signal.

The en tity  of the  limbic circle is a determ ining factor for th e  optim al 
reverberation  of impulses. This is evident from  th e  effect of lesions in some 
lim bic structu res on delayed conditioned reaction. In  our experim ents in 
collaboration w ith  K oridze (Koridze and  Oniani, in  press) a b ila tera l ab la ­
tion  of the  gyrus cinguli evoked a sharp  shortening of th e  duration  of 
delayed reaction to  conditioned stim uli. F igure 9 shows th e  percentage of 
correct and  incorrect responses during  different delays between th e  p re ­
p ara to ry  and  triggering stim uli. As is seen, in the  first days, a f te r  a 100 per 
cent d iscrim ination of th e  p rep ara to ry  conditioned stim uli has been reached 
in in tac t anim als, th e  percentage of correct reactions is significant only 
w ith  a 10 sec delay (Fig. 9A).  In  the  subsecprent days the  percentage of the  
correct responses gradually  increases and  a fte r 8-10 days the  m axim um  is 
established. This tim e th e  an im al’s decision of th e  task  w ith a 10 sec delay 
is 100 per cent, bu t w ith  delays of 1 and 5 m in the  correct responses 
approach  95 and  90 per cent, respectively (Fig. 9B).

A fte r b ilatera l ab lation of th e  gyrus cinguli the  discrim ination of the  
conditioned stim uli is no t d istu rbed  if  the  triggering stim ulus is given 
du ring  th e  p resen tation  of the  p repara to ry  one. However, if  th e  triggering 
stim ulus is given a fte r th e  cessation of th e  p repara to ry  one, the  anim als 
give an  erroneous response. F igure 9(7 shows th e  percentage of correct and 
incorrect reactions w ith 10 sec, 1 min and  5 min delays th ree m onths a fte r 
th e  operation. As is seen, th e  delayed reactions are com pletely d isturbed  
an d  a f te r  a long exercise th e  preoperative delayed reactions are restored 
only  w ithin 10-60 sec (Fig. 9/1).

The above-described facts can be understood if  we suppose th a t one of 
th e  m ain determ ining factors in the  organization of neurophysiological basis

Fig. 9. Percentage of correct and incorrect responses 
during different delays of foodmotor reactions. The first 
column shows the percentage of the total num ber of ses­
sions, the rest of the columns indicate the ratio of correct 
(+  ) and incorrect (—) responses with 10 sec (2), 1 min (3) 
and 5 min (4) delays. A  and B  before, and G  and D  after 

ablation of the gyrus cinguli.
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of recent m em ory is the  reverberation and  post-tetan ic  po ten tiation  in th e  
functional nervous circuits of th e  brain . In  particu lar, reverberation  of 
im pulses and  facilitation o f the  conduction in th e  neural netw ork of the 
limbic system  seem to  have an im portan t role in the regulation of delayed 
a lim entary  conditioned reactions.
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DISCUSSION

F. K l in g b e r g : H ave you any idea w hat is reflected by th e  “ b u rs t” 
ac tiv ity  in the  prepyriform  cortex ? We had  sim ilar results recorded from 
the olfactory bulbs in ra ts . There is evidence th a t  th is has som ething to  do 
w ith th e  sense of smell and  re la ted  em otional processes.

T. N . On ta n i: I t  is well known th a t one can observe bu rst ac tiv ity  in the 
limbic structu res of cats during the developm ent of em otional reactions, 
e.e. fear or avoidance. However, the  origin of this burst ac tiv ity  still rem ains 
unknow n. I t  was supposed th a t there  m ust be a  triggering s tru c tu re  either 
in  th e  olfactory bulb (Adrian and  others) or in th e  am ygdala (MacLenon 
and others). The relationship betw een th is burst ac tiv ity  and  th e  function of 
smell receptors is also a problem  to  be discussed. Now the  m ost im p o rtan t 
fact for us is th e  coincidence of th is burst ac tiv ity  w ith th e  conditional 
signal p robably  eliciting it.

G. H o r n : I t  is a  b ig  s te p  to  a rg u e  from  changes in  e lec troencephalic  
a c tiv ity  to  th e  u n d erly in g  ce llu lar m echanism s. H a v e  you  a n y  m ore d irec t 
ev idence for re v e rb e ra tin g  c ircu its?

T. N. On  ja n i : The conditional signals elicit a burst ac tiv ity  in the  limbic 
system  and  the  th e ta  rh y th m  becomes more expressed in  the  hippocam pus. 
These changes last a few m inutes a fte r the  cessation of the  signal. 1 th ink 
th a t such a long lasting after-effect can be explained only by reverberation 
of impulses. This is, of course, a hypothesis which m ust be proved.

G. H o r n : W hat structu res are involved in th is p u ta tiv e  reverberation? 
Do you, forinstance, im plicate th e  so-calledPapez-circuit ? I f  so, does cutting  
i t  a t  some point in terfere w ith  your E E G  changes?

T . N . On ia n i : The Papez-circuit comprises the main structu res of the  limbic 
system . I  suppose th a t there  m ust be various sub-system s or netw orks in 
th is com plicated structu re . E vidently , the  lesion of the limbic circuit as 
a whole or of some sub-system  m ust have an expressed effect on sh o rt­
term  memory.

G. H o r n : W hat are your reasons for im plicating post-tetan ic  p o ten tia ­
tion? H as it  been dem onstrated  in the  structu res you studied?

T. N . On ia n i : The phenom enon of post-tetan ic po ten tiation  has been proved 
to  occur also in brain  synapses. Sir Jo h n  Eccles in his m onograph on the  
physiology of synapses gives a clear evidence of th is problem .

J .  Sz é k e l y : H ungarian  workers, e.g. G rastyán and  his colleagues, have 
m ade sim ilar observations on th e  role of hippocam pal and  neocortical 
ac tiv ity  in the  elaboration of conditional reactions. I  am  also very  glad to  
hear abou t your in te rp re ta tion  o f reverberating circuits. In  our experim ents 
w ith  Professor A dám  we have found sim ilar phenom ena proving indirectly  
the  role of self-reinforcing reverberating events.
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HYPERSYNCHRONY AND LEARNING
by

F. K l in g b er g

Department of Clinical Neurophysiology, Karl Marx University 
Leipzig, G.D.R.

T he analysis of the  inform ation content of th e  so-called electrical “back­
ground a c tiv ity ” is one of the  m ost difficult technical problem s. Since the  
1958 Moscow Colloquium there was only little  progress in the  in te rp re ta tion  
o f rhy thm s, synchrony and  desynchrony. The electrophysiological approach 
to  the  very  complex in tegrative processes of the  brain  by analysis of evoked 
poten tials an d  by m icrotechnics was more effective. Our experiences on 
correlations between electrophysiological phenom ena and  the  behaviour in 
freely moving anim als were sum m arized in  a m onograph published recently  
{Pickenhain and  Klingberg, 1969). The presen t stu d y  is restric ted  to  some 
results on certain  rhy thm ical electrocortical processes which m ore th an  
twofold exceed the background ac tiv ity  and  m ay be called “hypersynchron- 
ized rh y th m s” .

F igure 1 shows th ree types of such rhy thm s. The first is confined to  the 
visual projection areas and  is triggered by visual stim uli. The phenom enon 
is known from  m any species and  is called photically  evoked afterdischarge 
(PhAD). The second ty p e  is localized in th e  an terio r p a r ts  of th e  cortex,

sc ,

M

S

Fig. 1. Electrocorticogram of the visual cortex (VC) and sensorimotor 
cortex (SC) from the left and right hemisphere in a ra t 25 days after im­
plantation of a eobaltagar pellet into the right sensorimotor cortex. 
Compare PhAD, Sp and Co-Sp. 31 — Movement registration, S — stim ­
ulus marks (light flashes). Calibration: l sec, 200 f i V  (after Klingberg et

al., 1969).



has higher frequency and  am plitude th an  the  PhA D  and can be triggered 
by  electrical stim uli in  the  thalam us, caudate, septum  and o ther nuclei 
(Kohler and  K lingberg, 1969). In  some ra ts  it appears spontaneously and  
is known from  other species under the  nam e “spontaneous spindle ac tiv ity ” 
(Sp) (Klingberg and  P ickenhain, 1968). Both types have common properties: 
th ey  are generated  by  recurren t inh ib ito ry  circuits in  thalam ic nuclei, the  
PhA D  the la tera l geniculate body, the  Sp in  unspecific nuclei as, for instance, 
in the  nucleus ventralis thalam i. The th ird  ty p e  is produced by in ju ry  a fte r 
im p lan ta tion  of cobalt-agar pellets (containing m axim um  2-5 mg cobalt 
powder) in cortical areas (Klingberg et al., 1969). To avoid the  term  “epi­
leptogenic” or “epilepsy” we called it “ cobalt-induced spindle ac tiv ity ” 
(Co-Sp). Our knowledge abou t its  generating mechanism  is still scanty. 
All th ree types have analogous spike-wave-like po ten tia l forms and  are 
im m ediately suppressed or in te rru p ted  by  strong ac tiva ting  stim uli as by 
the  electrical reinforcem ent in avoidance conditioning (disturbance phase 
of learning, see P ickenhain and  K lingberg, 1969). The du ra tion  of the  
suppression is shortest on the  Co-Sp and  longest on the

Figure 2 dem onstrates in teresting  correlations between avoidance con­
ditioning and  appearance of PhA D . The elaboration of th e  conditioned 
avoidance response (CAR) in th is experim ent included some difficulties for 
the anim al: a ten  sec delay of the reinforcem ent a fte r onset of the 1 per sec 
light flash series; th e  CS was never in te rru p ted  before the  ten th  flash, it had 
only weak ac tiva ting  effect on the behaviour even before hab ituation  b u t 
could enhance th e  synchronization of the ECoG; the  40 V, 10 per sec 
electrical stim ulus was relatively weak. The anim als had no pretrain ing  
of US and did n o t know the  place for escape before onset of conditioning. 
U nder these conditions only 50 per cent of the  anim als showed 70 per cent 
CAR perform ance (escape to  a hanging rod). Their values were averaged 
as group I, those of the o ther anim als as group I I . The reaction tim e o f CAR 
was significantly longer in  group I I  (p << 0-001). The num ber of PhAD 
was counted and  related  (intraindividually) to  the  values before condition­
ing, i.e. a fte r a short hab ituation  to  the  flash series (relaxed wakefulness, 
100 per cent). D uring th e  first session there  was scarcely any  difference 
between the  tw o groups, b u t fu rth e r on th e  ra ts  of group I I  showed more 
signs of behavioural inhibition, less m otor ac tiv ity  and  more arrest reactions. 
Before and  a fte r th e  CAR and  especially during non-perform ance (negative 
reactions) th e  num ber of PhA D  was significantly higher in group I I  and 
reached the  level of before conditioning. At the  onset of extinction, group I I  
had  a large and  im m ediate increase of PhAD.

As published earlier, th e  appearance o f PhA D  represents a s ta te  of re laxa­
tion  or behavioural inhibition  (Pickenhain and K lingberg, 1969). Their 
greater renewed increase in  group I I  in the  avoidance experim ent fits well 
to  th e  more intense behavioural inhibition, lower perform ance and  longer 
reaction tim es of CAR in th is group. Since th e  second ty p e  of hypersynchron- 
ized rhy thm s, th e  Sp, is easily and  for a long tim e suppressed by m otivating 
stim uli, only a sm all num ber of ra ts  produced Sp during avoidance condi­
tioning. These anim als did n o t exceed 20 per cent of CAR perform ance. 
In traperitonea l application of 100 mg per kg 2,3-dioxoindoline (Isatin),
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F ig . 2. C o rre la tion  betw een  th e  e lab o ra tio n  o f a  cond itioned  
avo idance  reflex (escape) an d  th e  ap p ea ran ce  o f p h o tica lly  
evoked a fte rd isch arg es (PhA D ) d u rin g  a  ten  sec lig h t flash 
series (1/see) used  as th e  cond itioned  stim u lus. M ean values 
an d  s ta n d a rd  erro rs. L e ft u p p e r d iag ram : CR as a  percen tag e  
o f tr ia ls  d u rin g  te n  su b seq u en t days (d, ton  tr ia ls  a  d ay  p e r  
an im al); I (w hite  circles): g roup  o f an im als  reach ing  th e  70 p e r 
c en t CR perfo rm ance ; I I  (b lack  circles): g roup  of an im als n o t 
reach in g  70 p e r  c en t (6 ra ts  in  each group). R ig h t u p p e r d ia ­
g ram : A verage reac tio n  tim es o f fo u r ty  consecutive O S ’s  in  
g ro u p  I  (w h ite  colum ns) and  g ro u p  I I  (shaded  colum ns). 
L ow er d iag ram : A pp earan ce  o f P h A I) d u ring  d ifferen t ex p eri­
m e n ta l s itu a tio n s  re la te d  to  th e  values (in tra in d iv id u a l) a f te r  
h a b itu a tio n  fo r a sh o rt tim e  (relaxed w akefulness, 100 p e r  
cen t) . G roup 1 show s a sign ifican tly  g re a te r  decrease o f P h A I) 
d u rin g  th e  e lab o ra tio n  o f CA R  th a n  g roup  I I  (shaded  col­

um ns), b u t sm aller increase d u ring  ex tinc tion .

which induces the  spontaneous appearance of bo th  types of hypersynchronv 
(Klingberg and  Müller, 1968), reduced CAR perform ance, decreased m otor 
reac tiv ity  and  prolonged the  CAR reaction tim es (Hirschfeld et ah, 1969). 
The lower dosis (40 mg per kg), which did not induce Sp, had  no effect on 
CAR.

Our nex t step  was to  investigate the  influence of th e  m ost stab le  ty p e  of 
hypersynchronized rhy thm s, the  Co-Sp, on acquisition and  re ten tion  of CAR 
(Kunz and  K lingberg, 1969). In  these experim ents we used a 1-5 kc per sec 
tone as CS and  reinforced it by  50-70 V a lternating  current a fte r 1 -5 sec. 
B oth  stim uli were sw itched off, when th e  ra t  escaped. F igure 3 shows 
CAR perform ance beginning 10 days a fte r cobalt im plan ta tion  in to  the
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rig h t areas 7-18 o f the  neocortex in com parison w ith  a control group an d  
a th ird  group w ith  electrocoagulation of the  same areas. The cobalt-group 
d id  not learn a t all in spite of th e  fact th a t  the morphological lesion (2 mm 
diam .) was h a lf as large as in the  electrocoagulated group. N ot even th e  
unconditioned escape could be observed in the  first th ree sessions. The con­
tro l goup, when th ey  had  learned th e  CAR, was used for a re ten tion  tes t 
8 weeks a fte r cobalt im plan ta tion . The perform ance and re-learning now 
was zero for 8 sessions.

F igure 4 shows th e  sam e result o f a re ten tion  tes t w ith  ano ther group o f 
ra ts  before and  ten  days a f te r  cobalt im plan ta tion . F our and  nine m onths 
a f te r  the  im plan ta tion  o f the  cobalt-agar pellet in th e  righ t hem isphere 
w ith different localization, avoidance conditioning in 8 sessions resu lted  in 
a  m axim um  of 25 per cent perform ance. Only one ra t, which displaced 
electrophysiological changes a fte r the  in ju ry  b u t never Co-Sp, reached 
th e  criterion of 70 per cent when tested  4 m onths a fte r im plan ta tion . All 
th e  o ther ra ts  showed Co-Sp in th e  p rim ary  or secondary focus, and  an 
increased PhA D  in the  o ther hem isphere in a larger area. F igure 5 dem on­
stra tes the  triggering of Co-Sp by th e  CS (!) m onths a fte r cobalt im plan­
ta tio n ) and  well expressed photically  evoked recruiting  and  continued 
arrest behaviour during CS. F igure 6 is an exam ple o f increased hvper- 
synchrony m ainly on the  focus side and  muscle trem or during hanging on 
th e  rod (a) and  ano ther exam ple of slowed and  prolonged PhA D  
in th e  left area 17 ju st a fte r perfor­
mance of a CAR (b).

The results proved to  be indepen­
dent of the localization of th e  cobalt 
focus in the cerebral cortex. On the  
o ther hand, th e  im plan ta tion  of cobalt- 
agar pellets in to  the cerebellar cortex 
did no t influence CAR (Langer and
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Fig. 3. C om parison  o f CAR perfo rm ance  
as a  p e rcen tag e  o f tria ls , beg inn ing  10 
d ay s a f te r  cobalt im p lan ta tio n , 10 days 
a f te r  e lec trocoagu la tion  in  th e  sam e a rea  
(EC) and  in  a  con tro l g roup  (C) (a f te r  

K u n z  and  K linberg , 1909).

Fig. 4. CAR p erfo rm ance  before (C, 
th ree  co lum ns on th e  le ft) and  10 
days a f te r  co b a lt im p la n ta tio n  (Co, 
colum ns on  th e  righ t) (re ten tio n  
te s t) (a f te r  K u n z  and  K lingberg ,

1969).
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Fig. 5. T riggering  o f C o-Sp  b y  th e  CS (tone): no m o to r  response (M) 
d u rin g  CS. C obalt focus in  th e  r ig h t Sensorim otor co rtex  (9 m o n th s  
a f te r  im p lan ta tio n ), p ro p ag a ted  in to  th e  le ft senso rim oto r co rtex  
an d  th e  dorsal h ippocam pus (D H ). P h o tica l evoked rec ru itin g  ju s t  
before e lec trica l re in fo rcem en t. C alib ra tion : 1 sec, 200 //V (a f te r  K unz 

an d  K lingberg , 1959).

K lingberg, 1969) and  was never accom panied by increased synchrony in 
th e  cerebral cortex. No such influence resulted  from  cobalt im plan ta tion  
in to  th e  olfactory bulb.

Im pairm ent of learning and  re ten tion  by  neocortical epileptogenic foci 
in  m onkeys was reported  by Stam m  et al. (1961a, b, 1963). Sim ilar results 
have been published in connection w ith  o ther forms of hvpersynchrony, 
e.g. “audiogenic epilepsy” (Nováková et al., 1957, 1958, 1962; Essm an and  
H am burg, 1962), generalized hippocam pal self-sustained a f te r  discharges 
(Kreindler, 1960; Delgado and  Sevillano, 1961; F lynn et al., 1963) or clinical 
forms of epilepsy. Some analogies between Co-Sp and  petit mal (bilateral 
synchrony) are of considerable in terest. The la tte r  is accom panied not only 
by  hypersynchrony in the  thalam ocortical s tructures, bu t also by  d is tu r­
bance of m em ory (Jus, 1963; Ju s  and  Jus, 1963; M irsky and  Van B uren, 
1965), of the  tim e sense (H olubáf and  M achek, 1962) and  prolonged reaction 
tim es (M egrabvan e t al., 1962; T izard  and  Margerison, 1963). E thosuxim ide, 
which is an  effective drug in petit mal therapy , suppressed PhA D , Sp 
(K ästner e t al., 1969), bu t also th e  Co-Sji and im proved th e  CAR perfor­
mance a fte r cobalt im p lan ta tion  (K ästner, Müller, H irschfeld, personal 
com m unications). Cobalt focus gives rise to  long-lasting changes in th e  fer­
m ent ac tiv ity  of its  surroundings, principally  to  a lower ac tiv ity  o f various 
oxydases (Luppa, personal com m unication). This m ay in itia te  and  m ain tain  
for a long tim e changes in neurone excitability , from  which increased firing 
will result. The m ost im p o rtan t consequence of th e  ex isten t focus is func­
tional, i.e. th e  compulsive influence on o ther p arts  of the  brain , and  if  th is 
reaches thalam ocortical or cortical chains, i t  m ay be transform ed in to  
hvpersyn chrony .

In  view o f our experim ental resu lts and  those in the  literatu re , it m ay be 
concluded th a t the  more or less ex tended  hypersynchrony in thalam ocortical
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Fig. 6. (a) T he  sam e rat as in Fig. 5. h an g in g  on tile  
rod  d isp lay ing  m uscle  tre m o r (M) an d  C o-Sp. (b) P ro ­
longed an d  slow  P hA D  in th e  v isual co rtex  co n tra la te ra l 
to  th e  cobalt focus, in th is  case ju s t a f te r  a  conditioned  
escape to  th e  rod. R , re sp ira tio n  record . C a lib ra tion : 1 sec, 

200 fiV  (a f te r  K u n z  and  K lingberg , 1969).

neurone chains has a general inhibitory  effect on m otivated  nonautom atized 
m otor behaviour as th is is controlled by higher levels. H erein is included 
the  inhib itory  effect of stim ulation in the caudate, thalam us, and  especially 
in th e  recruiting  system s, b u t also th e  different kinds of sleep induction, 
because sleep spindles and  delta  waves m ay be regarded as a form of h yper­
synchrony.

In  to ta lly  synchronized neurone pools the  analysis o f incom ing inform a­
tion  is im possible and  processes of short-term  m em ory when localized in 
sucli a neurone pool are im m ediately  in terrup ted . B u t certain  synchrony 
would be necessary in the  brain  to  restric t th e  inform ation flow and  analysis 
to  th e  biologically optim um  dimensions. Therefore th e  highly  com plicated 
changes in the  degree of synchronization of the different groups of neurones 
represent an im portan t factor of learning and  memory.
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DISCUSSION

0 .  W o l t h u is : The changes you report on are very in teresting and  are 
obvious to  all of us. But I  suppose it  would be m ore convincing to  have 
your control im plan ted  w ith control agar pellets, because th e  operation  itself 
m ight lead to  an  epileptogenic focus.

F . K l in g b e r g : We did  such controls and  there  were only very  little  
changes in the electrical ac tiv ity  d irectly  on the focus, bu t hypersynchrony 
was never induced. The im pairm ent of learning was insignificant.

0 . F e h é r : D o you th in k  th a t  recruiting  poten tials are always in correla­
tion  w ith inhibition ? In  anaesthetized cats evoked po ten tials fall som etim es 
in to  the  period of a spindle and  th ey  seem to be depressed. But th is is 
no t always so. Do you th ink  th a t recruiting  potentials m ay contain  also 
ac tiva ting  im pulses ? One can differentiate between spindle waves and  seiz­
u re poten tials by  application of GABA locally on th e  cortex. R ecruiting  
po ten tials are enhanced by GABA, whereas seizure po ten tials are reversed 
a n d  depressed.

F . K l in g b e r g : The recruiting  response is a general phenom enon. We now 
know th a t m ost o f th e  thalam ic nuclei have a mechanism  w ith recurren t 
inhibition . B u t in  different cases of stim ulus localization different structures 
and  projections to  th e  cortex are involved, which causes the  differences in 
param eters and  functions of th e  recruiting  process. T h at m ay be reflected 
by  different term in i as “ augm enting” and  “ recru iting” . B ut th e  processes 
in  general are determ ined by  the recurren t inhibition. I f  the evoked hvper- 
synchrony reaches for instance the  m otor and sensory m otor cortex or th e  
re la ted  associative area one can observe m otor inhibition  as described in 
experim ents by G rastyán, Sakhiulina, W einberger and others. The conten t 
o f  ac tiva tion  processes in  th e  recruiting  phenom ena firstly  m ain tains 
or p ropagates th e  process o f hypersynchrony itself. On th e  o ther hand, 
in  some cases processes in  brain  structu res n o t involved m ay be released, 
when the  hypersynchronized structu res have had a strong influence on them  
before. T he seizures you speak abou t have quite ano ther mechanism. D rug 
effects as abolishm ent of PhA D  and  S were also effective in abolishing 
Co-Sp, bu t th e  du ra tion  of th e  effect in the  last case was shorter and  w eaker 
on th e  p rim ary  focus activ ity . This m eans th a t functional analogues exist 
betw een th e  th ree  types o f hypersynchronization I  have reported  here.

1. M a d a r á sz : I  understand  th a t your cobalt focuses were of a sm all 
d iam eter and  th ey  invariab ly  im paired CAR, irrespective of th e ir position 
in  th e  cortex. D id you m ake any  a ttem p t a t the  surgical rem oval of these foci ?

F . K l in g b e r g : Such experim ents were known from  Morrell and  others, 
and  were done 10-15 years ago. We did no t w ant to  repeat them . Concerning 
th e  question th a t  surgical processes could be responsible for th e  appearance 
of hypersynchrony, I  can say th a t  in several hundreds of ra ts , neither su r­
gical in ju ry  nor electro-coagulation caused such ty p e  of hypersynchrony. 
B u t such injuries can be responsible for changes in th e  thresholds of evoking 
or inducing hypersynchrony.

I. M é sz á r o s : W hat is your opinion abou t th e  trem or induced by  th e  
cobalt ? Is i t  an  ex tended  m otor influence, possibly ?



F. K l in g b e r g : W e have no concrete facts to  explain i t  in detail. F irstly , 
th e  m otor control by  the  higher levels is changed or abolished during 
hypersynchrony. Secondly, one can expect th a t  secondary centrifugal 
influences reached th e  thalam us, caudate and  also pallidal and  nigral 
structu res. The different frequencies o f trem or and  hvpersynchrony allow 
to  deny a d irect influence. Investigations on the  biochem ical changes, 
such as th e  enzym e activ ity , are still in progress.

S. F r e e d : I s co b a lt specific fo r th e  ep ilep tifo rm  h y p e rsy n ch ro n ic ity  an d  
does i t  d ep en d  on th e  s ta te  o f  subd iversion  ?

F. K l in g b e r g : I t  is n o t en tirely  specific. O ther m etals are also active. 
This was investigated  by  Kopeloff and  co-workers beginning in  1940. Cobalt 
was found to  be the  best inducer of the  process in rodents. E ven a solid 
piece is active. The sm aller th e  grains of the  m etal-pow der, the  m ore effec­
tive it  is.

S. Narikashvili : W hy do you speak in th is case of “ spindle” and  why 
n o t o f “seizure discharge” ?

F. K l in g b e r g : I  th in k  th e  difference in term inology is no t so essential 
a t  the  m om ent, bu t we have to  avoid clear clinical term inology when we 
have not the  clinical sym ptom s fitting  th e  term inology. As far as I  know, 
th e  3 per sec spike-wave in hum ans is no t called seizure discharge either.
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QUANTITATIVE ASPECTS OF D ELA YED  CONDITIONAL 
EV O K ED  PO TEN TIALS

by

J. I. S z é k e l y  an d  G. Á d á m  

D e p a rtm e n t o f Physio logy, U n iv e rs ity  M edical School and  
D e p a rtm e n t o f C om para tive  Physiology, E ö tv ö s  L o rán d  U n ivers ity , 

B u dapest, H u n g a ry

I t  m ust be noticed th a t  in  some of our several series of experim ents 
on delayed conditional evoked potentials, conditional waves could no t 
be detected  visually. F rom  th e  very  beginning we supposed th a t  in our 
so-called “unsuccessful” experim ents th e  conditional po ten tials had  really 
existed, b u t were too sm all for th e  visual signal/noise detection, being cov­
ered by  th e  background activ ity .

The aim  of the  present experim ents has been th e  control o f the  existence 
of these electrical learned phenom ena in a  q u an tita tiv e  form. The s ta tis ­
tical analysis enabled us to  draw  some conclusions abou t th e  optim um  p aram ­
eters of th is  type of conditioning and  abou t the  possible m echanism  of 
th is peculiar k ind  of m em ory storage.

Our acu te experim ents were perform ed on cats using chloralose anaesthe­
sia. The experim ental approach was identical w ith  th a t  used in our previous 
series: th e  electrical stim ulation  o f the  splanchnic and  sciatic nerves were 
associated. The in ten sity  o f th e  conditional splanchnic stim ulus was 1 V, 
and  th a t  of th e  following unconditional sciatic stim ulus 10 V. The delay 
betw een the  CS and  US was 200, 300 or 4000 msec. The in te rtria l in terva l 
was 2, 3, 4 or 5 sec. The p rim ary  evoked poten tials were recorded on the 
gyrus ectosylvius an terio r or lateralis. The pream plified waves were averaged 
by  m eans o f a 256 channel com puter.

The program m e o f th e  experim ents has been th e  following: first we gave 
20 sciatic stim uli and  determ ined  th a t  critical portion on th e  screen where 
th e  p rim ary  answer could be seen. This 50 msec wide area contained, besides 
th e  p rim ary  response, some fu rth e r com ponents of the  evoked poten tial. 
Then 20 control splanchnic stim uli followed. A fter these controls we began 
th e  tra in ing  procedure which consisted of 40 pairings and  20 applications 
of the  CS w ithout sciatic reinforcem ent each. T he obtained  20 conditional 
responses were averaged by m eans o f th e  256 channel com puter. D uring 
one experim ental session 400 pairings and  200 isolated applications of th e  
CS were perform ed altogether. This tra in ing  procedure was followed by  
ex tinction : th e  CS was applied 400 tim es by  itself, w ithout sciatic 
reinforcem ent.

In order to characterize, in a quantitative manner, all the events of our 
conditioning procedure and to screen out the background noise from the 
conditional response, we proceeded in the following manner: by using the 
method of integral approach we determined the magnitude of all the poten-
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tials in th e  so-called “ critical po rtion” . This area was expressed as the  per­
centage of the  po tentials detected  in  the  50 msec segm ents preceding and  
following th e  critical portion. This value ob tained  before th e  associations 
was regarded as th e  control of th e  given experim ent. In  th e  course of the  
conditioning procedure th e  value of th is quotien t was determ ined afte r 
40, 80, 120 . . . 400 associations and  extinctions, respectively. I f  a delayed 
conditional evoked po ten tia l really  existed, this learned response would 
appear ju st in  th e  critical po rtion : i.e. th is ind icato r should increase. More 
exactly : in th is  case the  approxim ative in tegral in the  critical portion would 
increase as com pared w ith  th e  background ac tiv ity  in  th e  neighbouring 
portion. Obviously, th e  condition of th e  increm ent of this ind icato r was 
no t only th e  appearance o f conditional evoked potentials, b u t th e ir exact 
tim ing  and  delay. I t  m ust be m entioned th a t  all d a ta  ob tained  b y  th e  
com puter in num erical form  have been processed by means of IC T-type 
com puters.

F igure 1 shows the  m agnitude of the  conditional responses as a function 
of associations and  extinctions, respectively. The above-m entioned ind i­
ca to r is p lo tted  on th e  ord inate  and  th e  num ber of associations and  ex tinc­
tions on th e  abscissa. The broken line indicates th e  control value before 
pairings and  th e  average value of th e  d a ta  m easured in th e  course of the 
tra in ing  procedure. As it  can be seen, in itia lly  the  curve rises sharply, then  
i t  becomes ra th e r flat. The augm enta tion  of th e  ind icato r is no t m arked, 
b u t statis tica lly  significant. Of course th e  curve declines in th e  course of 
extinction. This learning curve seems to  prove the  existence of conditional 
delayed poten tials in a  q u an tita tiv e  form.

F igure 2 shows the  ra te  of conditioning as a function of some param eters 
o f th e  tra in ing  procedure. In  this series the  whole experim ental group was 
subdivided according to  the  param eters of th e  associations. The height of 
each column shows th e  average per cent increase of th e  ind icator expressed. 
On th e  bo ttom  th e  delay between CS and  US and  th e  in te rtria l in terval 
o f each group is indicated . T he observed changes were significant only in 
groups 4 and  5, in which the  delay between CS and  US and  th e  in te rtria l 
in te rv a l had been th e  shortest. The optim um  effect of th e  shortest inter- 
tria l in te rv a l and  delay m ay indicate th e  PT P-like m echanism  of th is ty p e  
o f conditioning, b u t some o ther form of facilita tory  event cannot be excluded 
either. T he last column represents th e  results o f th e  “pseudo-conditioning” 
experim ents. These have been practically  unsuccessful. Pseudo-conditioning 
m eans th a t  unconditional sciatic stim uli are paired  w ith each other. The

Fig. 1. T he lea rn ing  an d  ex tin c tio n  cu rv e  o f cond i­
tio n a l de layed  evoked p o ten tia l (cf. te x t) .
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Fig. 2. M ean in ten s ity  o f co n d itiona l evoked 
responses o f severa l an im a l g roups w hich 
h av e  been  cond itioned  w ith  d ifferen t t r a in ­

ing p a ra m e te rs  (cf. tex t) .

failure indicates th a t  th e  prelim inary condition ot learned po ten tials is 
the  association of tw o different kinds of stim uli acting on d istinct popu la­
tions o f cen tral neurones. Obviously, this is the  case in classical condition­
ing, too. The failure of pseudo-conditioning m ay be explained also by occlu-

Fig. 3. C orre la tion  betw een  th e  am p litu d e  o f th e  first 
p o ten tia l evoked d irec tly  by  sp lanchn ic  s tim u la tio n  
an d  th e  second p o te n tia l regarded  as th e  cond itional 
response, elic ited  by  th e  sam e CS. O rd in a te : m ean  a rea  
o f th e  p o te n tia l expressed as a  percen tag e  o f  th e  a v e r­
age con tro l. A bscissa: th e  in teg ra l a rea  o f th e  first 
p o ten tia ls  evoked d irec tly  b y  th e  CS, expressed as a 
percen tage  o f th e  unco n d itio n a l evoked response 
evoked b y  th e  sc ia tic  U S. E ach  p o in t rep resen ts  a 

single experim en t.
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sión. In  Fig. 3 th e  m agnitude of the  first unconditional po ten tial evoked 
by splanchnic stim ulus was expressed as a percentage of the  sciatic response. 
The correlation is negative and, tak ing  in to  account all th e  experim ents, 
i t  is statistica lly  significant. This m eans th a t if  th e  p rim ary  potential 
evoked by the  splanchnic stim ulus was relatively great as com pared with 
th e  sciatic stim ulus, in th e  given experim ent, the  ra te  of conditioning was 
n o t considerable. This points to  the  possible negative role o f occlusion in 
th is learned phenom enon. Obviously, in case of the  association of hom o­
geneous stim uli, a more intensive occlusion can be an tic ipated  th a n  in the 
case of a real conditioning.

The statis tica l analysis of our d a ta  seems to  show th a t  reverberating 
circuits m ay have a role in  th is type o f learning. In  a special series of exper­
im ents on 12 cats we applied a train ing  procedure sim ilar to  our o ther 
studies w ithout, however, eliciting a conditional response by  applying th e  
CS a f te r  th e  pairings. In  o ther words, the  spontaneous ac tiv ity  was 
m easured before and  a f te r  the  associations. The power spec tra  of these 
sam ples have been determ ined by means of Fourier-analysis of their 
autocorrelation function. By th is we could detect the  periodical com ponents 
o f tins spontaneous electrocorticogram . Figure 4 shows the  average spec­
tru m  of the  12 experim ents. The reciprocal value of different frequencies, 
in o ther words the  w ave-length in  logarithm ic scale have been expressed 
on th e  abscissa and  th e ir partic ipation  in th e  com position of the  spectrum  
on th e  ordinate. The w hite columns represent th e  in itia l values, th e  black 
ones those a f te r  the  pairings and  the  th ird  values obtained  a f te r  th e  ex tinc­
tion. I t  can be seen th a t  th e  partic ipa tion  o f the  200 msec com ponent has 
been nearly  doubled a fte r the  associations and  it decreased following ex tinc­
tion. In  other, words a peculiar kind of driving can be observed: th e  spon­
taneous brain  ac tiv ity  assim ilated the  rh y th m  o f th e  associations. The 
p artic ip a tio n  of th e  subharm onic com ponent dim inished a t th e  sam e tim e. 
The changes proved to  he statistica lly  significant. The assim ilation of the

Fig. 4. Pow er sp ec tru m  d e te rm ined  by  m ean s o f F ou rie r-ana ly sis  o f th e  a u to co rre la ­
tio n  fu n c tio n  o f 12 experim en ts  (cf. tex t).
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rhythm observed by many workers ever since Livanov’s pioneer experi­
ments indicates the possible role of reverberating events also in this type 
of conditioning.

Summing up our data: a PTP- or facilitation-like mechanism seems to 
play some role in the delayed conditional evoked responses. Occlusion, 
on the contrary, is a pessimum condition in our training situation. The role 
of reverberating neuronal events cannot be excluded.

R E F E R E N C  ES

A d á m , G. (1907): Interoception and Behaviour. A kadém ia i K iadó , B u d ap est.
Á d á m , G .: C ond itional evoked  p o te n tia l: a n  elec tric  sign o f  lea rn ing  an d  m em ory . 

In :  L is s á k , K . (E d .): Recent D evelopments of Neurobiology in  H ungary. A k ad é­
m iai K iad ó , B u d ap est, Vol. I l l  (in p ress). K . L is s á k ,

Á d á m , G., A d e y , W . R . and  P o r t e r , R . W . (1966): In te ro cep tiv e  cond itional r e ­
sponse in  co rtica l neurones. N ature, 209, 920-921.

Á d á m , G. and  K u k o r e l l i , T. (1964): C ondition ing  o f evoked p o ten tia ls : a n  ex p eri­
m e n ta l m odel o f  learn ing . A cta  physio l. Acad. Se i. hung. Suppl. 24, 17-20.

Á d á m , G. an d  K u k o r e l l i , T. (1965): O n th e  de lay  phenom enon  o f in te rocep tive  
cond itioned  evoked p o ten tia ls . 6th I n t .  Congr. Electroenceph. d in . N europhysio l., 
V ienna, p p . 483-484.

S z é k e l y , J .  I . and  Á d á m , G. (1968): S ta tis tic a l ana ly s is  o f cond itional delayed  evoked 
p o ten tia ls . B ra in  R es. 10, 444-447.

S z é k e l y , J .  I .  and  Á d á m , G. (1970): P a ra m e te rs  o f  successful evoked p o te n tia l 
cond ition ing . B ra in  R es. 17, 161-164.

313





C O N D ITIO N ED  EV O K ED  PO TEN TIA L—A TRACE OF 
LEA R N IN G  IN  MAN

by

I .  M é s z á r o s

D e p a rtm e n t o f C o m para tive  Physio logy , E ö tv ö s  L o rán d  U n iv e rs ity . 
B u d ap est, H u n g a ry

T he m ethods by  which conditioned evoked poten tials can be studied in 
laboratory  anim als in the  course o f learning have been desribed by Prof. 
Ádám  (p.321 in  th is volume). I  would like to  present the  results o f our obser­
vations undertaken  in  men. In  these experim ents it  was possible to  analyse 
those com ponents of th e  learning process which are inaccessible in  anim al 
studies. Thus, for exam ple, we were able to  determ ine the  effects on the  
establishing of conditioned reflexes of the  concentration or diversion of 
a tten tio n ; also, i t  was possible by  hypnotic suggestion to  effect the  various 
factors involved in establishing th e  conditional response, and  to  analyse 
th e  firmness o f the  conditioned connections.

The conditioned (first) stim ulus consisted of a b rief click, which was re in ­
forced by  a stroboscopic flash 200 or 400 msec a f te r  the  first stim ulus. The 
difficulty encountered in th is stu d y  was th a t  th e  evoked deflection 
usually does not, or only slightly, exceed the  am plitude of the  spontaneous 
electrical ac tiv ity ; consequently, i t  could be revealed only by  th e  technique 
o f averaging. I t  is im portan t, however, th a t  tem porary  connections are 
usually  extinguished if  repeated  in a sufficiently high num ber for averaging. 
The aim  of our prelim inary experim ents had  been to  establish th e  op tim al 
num ber o f repetitions in th e  case when the conditional response is no t yet 
extinguished and  th e  evoked deflection can already be clearly distinguished 
from  th e  background ac tiv ity . In  the m ajo rity  of the  experim ents 40 tra c ­
ings were averaged, b u t occasionally th is num ber was increased to  
100 .

In  each experim ental subject the  deflections evoked by single aud ito ry  
stim uli and  by  th e  photic stim uli were recorded. Then th e  two stim uli 
were associated in groups of 40 or 100, w ith a delay of 200 or 400 msec. 
The stim uli were presented a t  a fixed, rhy thm ic ra te  of 0 5  c.p.s. T hereafter, 
an  a ttem p t was m ade to  elicit the  conditioned response. To avoid th e  tim e 
response to  become established, the  reflex was elicited always arrhy thm i- 
cally. W henever necessary, reinforcem ent was repeated. The results were 
analysed by  sta tis tica l m ethods, determ ining th e  frequency a t which 
th e  various com ponents of th e  conditional response appeared in  the 
traces.

Below it  will be shown how in a single experim ent a conditioned evoked 
po ten tia l can be established, and  th e  changes occurring in th e  uncondition-
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ed evoked deflection during th e  process 
of reinforcem ent will be discussed.

The delay between the  aud ito ry  and  
photic  stim uli was 400 msec (Figure 1). 
Occipital and left tem poral activities 
were recorded. The num ber of traces 
averaged 100. The first vertical line in d i­
cates th e  acoustic stim ulus, th e  second 
one th e  stroboscopic stim ulus. W here the  
line becomes broken, no stim ulus was 
presented. There is a response in th e  occip­
ita l lead too, p rior to  the reinforcem ent 
procedure, which has a  p ro trac ted  delay; 
th e  second p a r t of th e  trace  is quiet in 
bo th  regions. The photic stim ulus elicited 
practically  no response tem porally . In  the  
course of reinforcem ent, however, there 
appeared a  successively more and  m ore 
m arked light-elicited deflection in  the  
tem poral lead, which was regarded as a 
sign of the  conditioned connection being 
established; finally, th e  acoustic stim ulus, 
even when presented alone, b rough t abou t 
th e  evoked response in  bo th  leads, ex ­
actly  w ith the sam e delay as the  tim e 

lag betw een th e  tw o stim uli in th e  course of reinforcem ent.
A negative deflection was frequently observed in the occipital region, 

prior to the presentation of the photic stimulus. This deflection was termed 
x-wave. As this deflection was frequently recorded in our tracings, we have 
assumed tha t it is a phenomenon similar to Grey Walter’s contingent 
negative variation. The experimental conditions are similar, and the deflec­
tion was invariably negative in our observations. I t  was, however, recorded 
by the usual EEG electrodes with a short time constant. Our subjects did 
not have to press a button at the time of the photic stimulation. These 
factors, in addition to the circumstance tha t the electrode in the present 
experiments was not placed on the vertex but on the occipital region, 
might provide a satisfactory explanation to the modification of the response.

F u rth e r a ttem p ts  were m ade to  find out w hether it  is possible under 
the  above experim ental conditions to  record th e  CNV ? Therefore, in 28 
experim ents th e  responses were recorded also w ith a long tim e constan t, 
using th e  leads recom m ended by  Grey W alter.

The subjects did not have to press a button in the moment of stimulation, 
but they were instructed to blink at the time of the photic stimulation. 
This motor response was recorded, too. This was important because the 
appearance of the motor response indicated the firmness of the conditioned 
reflex.

Figure 2 shows th e  conditioned evoked poten tials recorded in 2 subjects 
in the  occipital, vertical and  tem poral leads, and  th e  accom panying m otor

Fig. 1. E s tab lish m en t o f th e  c o n ­
d itioned  evoked p o te n tia l on sub  - 

jec t Sz. K . (first ex p e rim e n t).



response. In  bo th  cases th e  CNV is apparen t, an d  various m anifestations 
o f th e  conditional evoked po ten tials are well dem onstrated  in  all cortical 
leads. In  these experim ents, 40 responses were averaged.

F igure 3 shows the  average of 100 responses, recorded in  the  sam e leads 
w ith  a delay of 200 msec, however, w ith an  X -Y  recorder. The top  trace 
shows th e  average of th e  spontaneous ac tiv ity . In  the  middle, the  evoked 
po ten tials recorded in  the  course of reinforcem ent are represented. The 
m otor response appeared  w ith a delay o f 50 msec. A t the  bo ttom  the  
conditioned responses are shown. The conditional po ten tia l appeared  in 
all th ree leads. In  th is case, however, the  peak of the  m otor response ap ­
peared only about 10 to  15 msec a f te r  th e  expected stroboscopic flash.

The question now arises w hether th is conditioned response is sufficiently 
firm, and  how long does it  persist w ithout reinforcem ent.

A fter a sufficiently high num ber of reinforcem ents am ounting to  several 
thousands, the  response persists w ithout fu rth e r reinforcem ent for periods 
as long as 3 to  4 m onths (Fig. 4).

In  a fu rth e r series of experim ent an 
a ttem p t was m ade to  establish the  effect 
of hypnotic suggestion on th e  conditioned 
evoked poten tial. To approach th is p ro b ­
lem, p a r t of th e  investigations was u nder­
tak en  during a  hypnotic s ta te , by  giving 
various com m ands to  th e  subjects (Fig. 5).
The subject was in struc ted  to  look ou t for 
th e  flash when tracings 1, 3 and  5 were
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Fig. 2. C ond itioned  evoked  p o ten tia ls  on  d ifferen t 
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recorded. I t  should be em phasized th a t  in 
these experim ents only th e  acoustic stim ulus 
was presented. W hile recording th e  second 
trace, th e  subject was inform ed th a t  “ there 
will be no flash” . The am plitude o f th e  evoked 
deflection decreased, nevertheless, occasionally 
we observed an increase of the  deflection. On 
trace  4, th e  com m and was: “ You have lost 
your sense o f tim e” . In  th is trace, th e  condi­
tional response is p ractically  absent indicating 
th a t  we were able to  elim inate th e  tim e factor, 
thereby  abolishing th e  conditioned reflex.

CO N C LU SIO N S

u

5
v Y ‘

V '  I
V s-

Fig. 5. E ffects o f d ifferen t 
h y p n o tic  suggestions on th e  
cond itioned  evoked p o ten tia l.

(1) The results p resen ted  here indicate th a t  a  
conditioned evoked po ten tia l can be established 
also in  hum an subjects. I t  can be extinguished, 
b u t a f te r  a sufflciently high num ber o f re in ­
forcem ents i t  tends to  persist over considerable 
lengths o f tim e.

(2) In  th e  course o f th e  establishing of the  
response th e  evoked deflection recorded in 
various cortical regions undergoes characteristic 
changes. E voked  p o ten tia l in response to  th e  
photic stim ulus appears first of all in th e  tem ­
poral area.

(3) The fact th a t  concurrently  w ith th e  above 
process a response appears also in th e  associa-
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five areas has been repeated ly  dem onstrated  by  others. This is the  reason 
w hy th e  establishm ent of the  conditioned evoked po ten tia l is associated 
w ith  th e  appearance of CNV.

(4) So far we have n o t been able to  clarify th e  origin of th e  x-wave p re ­
ceding the  conditional deflection. The circum stance th a t i t  was frequently  
recorded also when th e  delay was increased to  400 msec renders i t  highly 
im probable th a t i t  would be a la te  phase of the  sound induced deflection. 
I ts  connection w ith th e  CNV cannot be excluded. I t  is likely th a t  it  is 
due to  some h itherto  undefined com ponent of th e  delay or a ttend ing  
m echanism .

(5) The conditioned evoked po ten tia l is associated alm ost invariably  
w ith  a m otor response, a blink, which appears w ith th e  delay used during 
reinforcem ent. This la tte r  is usually confirmed earlier th an  the  conditioned 
evoked response.

(6) On the  basis of th e  experim ents carried ou t in hypnotic suggestion it  
appears th a t  th e  m ost sensitive com ponent of th e  tem porary  connection 
is the  tim ing  of the  delay. Any disturbance of th e  la tte r, nam ely, has been 
shown to  considerably affect th e  appearance of th e  already firmly e s tab ­
lished conditioned reflex.
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TH E  ROLE OF TEM PORAL PA TTERN S IN  
LEA R N IN G  AND R ETEN TIO N

by

G. Á d á m , T. K u k o r e l l i and É va Ma r k el

D e p a rtm e n t o f  C o m para tive  Physiology, E ö tv ö s L o rán d  U n iv e rs ity , 
B u d ap est, H u n g a ry

In  th e  following some results of our investigations carried ou t in recent 
years will be sum m ed up. Some of the  d a ta  have already been published 
(Adám, 1967; Adám, Adev and  P orter, 1966; Adám  and  Kukorelli, 
1964; Ádám  and  K ukorelli, 1965; Székely and  Adám, 1968; Székely 
and  Adám , 1970), o ther results are relatively new. D etails o f some of 
our experim ents are contained in o ther papers of this volum e (Mészáros, 
Székely and  Adám).

The main question of our experimental programme has been the temporal 
sequence of events during learning. In other words how does the brain 
process the information received in form of exactly timed stimuli, i.e. in 
form of temporal patterns.

W e have s ta rted  ou t from  d a ta  o f classical conditioning, nam ely from 
two ra th e r neglected phenom ena: th e  so-called “tim e reflex” described 
by  Pavlov  in the  early  tw enties an d  the  “delayed inh ib ition” analysed 
som ewhat la te r (Pavlov, 1951). As an  experim ental model in the  stu d y  of 
tem poral p a tte rn s  we have applied a ra th e r simple conditioning technique, 
which seemed to  be adequate  for th e  exploration of some basic, elem entary 
problems.

The m ain po in t of our technique is the delayed conditioning of prim ary 
evoked potentials recorded from different brain areas. The m ethod is actually  
a tracer technique. A conditional stim ulus is applied, which evokes a  p ri­
m ary  po ten tia l in th e  cerebral projection areas. This stim ulus is followed 
a fte r a certain  delay by a second stim ulus, th e  reinforcem ent, which is 
ac tua lly  a tracer stim ulus in th is case. A fter the  repeated  association of 
these tw o stim uli th e  CS evokes by  itse lf a labelled response which can be 
distinguished from  th e  background noise. This is, properly  speaking, a 
delayed conditional potential. As a criterium  of the  learned response the  
fulfilm ent of the  following two postulates was required: (i) The CS had 
to  evoke by itself, i.e. w ithout UCS, tw o poten tials: in addition to  its  own 
response a second one corresponding to  th e  previous UCS; (ii) This second 
poten tial, regarded as a learned response had  to  appear w ith  th e  same 
delay as did  the  po ten tia l evoked previously by th e  tracer stim ulus, the  
reinforcem ent. Thus th e  param eters of the  delayed conditional evoked 
po ten tia l serve as th e  exclusive indices of learning and  re ten tion  (Fig. 1). 
In  all o f our experim ents single, b rief stim uli served as th e  CS and  the  
UCS; th e  evoked responses were stored  and  averaged by  m eans of a 256
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channel com puter. Most experim ents 
were carried out on anaesthetized 
cats using splanchnic and  sciatic 
associations.

The most rem arkable featu re of 
th is ty p e  of conditional po ten tia l 
has been the  exact tim ing of its 
appearance (Fig. 2). The learned 
po ten tia l showed the  same delay as 
the  tracer stim ulus on th e  basis of 
which it  had been elaborated. The 
latency histogram  in Fig. 3 clearly 
indicates the  exactly  tim ed delay 
when com pared w ith  th e  histogram  
of the  associations. The phenom enon 
seems to  be sim ilar to  the  Pavlovian 
“ tim e reflex” , which occurs as fol­
lows: a dog fed every 15 or 30 m inu­
tes shows a surprisingly periodical 
salivation curve when feeding is 
stopped. This “ tim e reflex” has been 
in terp re ted  by m ost of th e  workers 
in  th is field by  th e  “delayed inhibi­
tio n ” , which in classical conditioning 
studies develops very  slowly, w ith 
a rem arkable inertia . Our results 
suggest, however, th a t  th e  delay 
is an  am azingly mobile process: the  
tim ing  of th e  conditional po ten tia l 
is, from its  very  beginning, identical 

w ith the  delay of th e  reinforcing stim ulus, a t  least in the  range between 80 
and  500 msec investigated  by  us so far.

The so-called pseudo-conditioning, i.e. the  association of homogeneous 
stim uli does n o t lead to  the  appearance of a conditional response (Fig. 4). 
I t  seems th a t  a precondition of th is ty p e  of learning, sim ilarly to  classical 
conditioning, is th e  association of heterogeneous stim uli, acting on two 
d istinct afferent system s of th e  brain . Some q u an tita tiv e  aspects of this 
question are discussed in  th e  paper of Székely and  Á dám  in th is volume 
(p. 309).

The delayed conditional potential proved to be distributed over a rather 
wide area of the brain. In the cortex it appeared bilaterally on both pro­
jections of the afferent systems, e.g. auditory and somatosensory, the 
stimulation of which had been combined. I t  could be detected in the sepcific 
nuclei of the thalamus (Fig. 5) and even in the midbrain. A special series 
of experiment has been carried out to study the possibility of elaborating 
the conditional delayed potentials in the mesencephalon. The conditional 
evoked potential elaborated in the intact animal persists after decerebration 
(Fig. 6). I t  was even possible to obtain conditional delayed evoked poten-

Fig. 1. Schem e o f th e  cond ition ing  p ro ce­
du re . C urve 1, evoked p o te n tia l to  th e  
cond itional s tim u lu s  (CS); cu rve 2, evoked 
responses to  th e  cond itional s tim u lu s  an d  
to  th e  unco n d itio n a l s tim u lu s (UCS) re ­
g ard ed  as tra c e r  stim u lus; cu rve  :i, th e  
ap p lica tion  o f th e  CS b y  itse lf  evokes, in  
ad d itio n  to  its  ow n p o ten tia l, a  second 
response  regarded  as th e  co n d itiona l re a c ­
tio n  (CR). T his second p o te n tia l ap p ea rs  
w ith  th e  sam e de lay  as th e  p o ten tia l 
evoked p rev iously  b y  th e  tra c e r  stim u lus.
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SPL ♦ SCI CorlfK

F ig . 2. D elayed  cond itiona l evoked p o ten tia l, (a) A verage o f 40 p o ten tia ls  to  le ft 
sp lanchn ic  s tim u la tio n ; (b) association  o f sp lanchn ic  and  sc ia tic  s tim u la tio n  w ith  
de lay  o f 500 m sec; (c) average  o f 40 sp lanchn ic  evoked p o ten tia ls  follow ing 160 re in ­
fo rcem ents. T he cond itional evoked p o te n tia l ap p ea rin g  w ith  th e  sam e delay  as th e  
p rev ious sc ia tic  re in fo rcem en t is clearly  visible. R ecord ing  from  th e  r ig h t sensory  
m o to r  co rtica l a rea  No. I I  o f th e  ca t. N TA  256 com pu ter, X -Y -reco rd e r applied .

F ig . 3. L a ten cy  h is tog ram  o f th e  con d itio n a l evoked p o ten tia l, (a) A verage cu rve  o f  
de layed  cond itional evoked p o te n tia l to  sp lanchn ic  s tim u la tio n  w ith  p rev ious sciatic  
re in fo rcem en t; (b) la ten cy  h is to g ram  o f th e  sam e learned  response; (c) la ten cy  h is ­
to g ram  o f a  series o f s tim u lu s  associations (sp lanchnic  +  sciatic; stim uli). T he ex ac tly  
tim ed  de lay  o f  curve b is c lea rly  detectable; if com pared  w ith  th e  de lay  o f th e  second 
h is to g ram  on  curve c. D o tte d  vertica l line;: sp lanchn ic  stim u lus, h eav y  vertica l line: 
tim e  o f  ap p lica tion  o f  th e  rein forcing  sc ia tic  stim u lus. D elay, 200 m sec. T he NTA 
256 co m p u te r a d ju s ted  to  th e  10 fiV  level o f th e  n eg a tiv e  p o la r ity  w hen  record ing  th e

la ten cy  h is tog ram s.
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Fig. 4. T he p seudo-cond ition ing  experim en t. 
T he e lab o ra tio n  of a  cond itional d e layed  evoked 
p o ten tia l w ith  a  de lay  o f 150 m sec (curve b) is 
follow ed b y  th e  association  o f  hom ogeneous 
sc ia tic  s tim u li w ith  a  de lay  of 300 m sec (curve 
d). T his pseudo-cond ition ing  p rocedu re  is ch a r­
ac te rized  b y  th e  absence of a  learned  evoked 
response (curve e). T he rep ea ted  association  
o f heterogeneous s tim u li (sp lanchnic  -f sciatic , 
cu rve /) leads in  th e  sam e exp erim en t to  th e  
app ea ran ce  o f a  cond itiona l p o te n tia l (curve g) 
w ith  a  de lay  o f 300 m sec correspond ing  to  
th e  prev ious re in fo rcem en t.

150msec 300msec

tials in  th e  m idbrain  cat, i.e. when th e  conditioning was begun a fte r th e  
transection  o f th e  brain  stem  (Fig. 7). In  the  figure th e  extinction can be 
seen as well.

H aving  observed a  re la tively  easy ex tinction o f th is  learned response, 
its  s tab ility  becam e questionable. Considering th a t  an  elaborated  condi-

AUD + SCI VPL

Fig. 5. D elayed  cond itional 
evoked  p o te n tia l reco rded  from  
th e  th a lam ic  V P L  nucleus. D e ­
lay , 200 m sec. L egends th e  
sam e as in  F ig . 2, excep t th a t  
a u d ito ry  s tim u li (clicks used 
as CS) h av e  been  associated  to  
sc ia tic  s tim u li (UCS).

324



Fig. 6. C onditional delayed  evoked response 
in  th e  m id b ra in . F ir s t arrow , m o m en t o f 
ad m in is tra tio n  o f th e  CS. Second arrow , 
tim e  o f app lica tio n  o f th e  delayed  UCS. a, 
S p lanchnic  shock  (CS); 6, association  of 
sp lanchn ic  (CS) and  sc ia tic  (UCS) shocks, 
delay , 400 m sec; c, th e  sp lanchn ic  shock 
(CS) evokes b y  itse lf tw o  p o ten tia ls , th e  
second one is th e  cond itiona l delayed  re ­
sponse; d, cond itional response a f te r  decere­
b ra tio n . E ach  cu rve rep resen ts  th e  average 
o f 50 evoked p o ten tia ls . V ertica l ca lib ra tion  
o f  one q u a d ra te , 5 //V.

tional po ten tia l can be extinguished in  abou t th ir ty  m inutes, i t  seemed to  
be a labile, short-term  phenom enon. A special series has been undertaken  
to  investigate  the  s tab ility  and  th e  consolidation of the  conditional po ten tia l 
in  chronic anim als. Single clicks were associated w ith  th e  adm in istra­
tion  of electric shock to  the  hind leg. W hen applying a system atic reinforce­
m ent day  a fte r day, th e  delayed learned po ten tia l proved to  be a relatively 
long-lasting event. Thus, th is electrical sign of learning seems to  be a labile 
process only in  its in itia l phase; when, however, th e  associations are con­
tinued  (80 pairings each day), th e  conditional delayed po ten tia l tu rn ed  
in to  a consolidated phenom enon (Fig. 8).

Our d a ta  ind icate  th a t  our approach differs essentially from  o ther “sen­
sory-sensory” techniques: th e  only and  exclusive criterium  of the  existence 
of the  conditional response is th e  detection of the  delayed labelled p o ten ­
tials. The “assim ilation o f th e  rh y th m ” first described by  L ivanov and  
Poliakov in  1945 m ight have a  sim ilar neuronal background. The sam e 
can be supposed for Grey W alte r’s (1964) contingent negative variation. 
The tim e sequence o f stim uli has been in th e  centre of our atten tion . The

Fig. 7. C ond itional delayed  evoked p o te n tia l 
in  th e  d ecereb ra ted  ca t. D elay , 500 m sec. 
L egends th e  sam e as in  F ig . 6. d, E x tin c ­
tion  of th e  cond itional response a f te r  100 
iso la ted  sp lanchn ic  s tim u la tions.
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200 m sec .

Fig. 8. S om atic  an d  e lec trical signs o f  
cond itiona l d e layed  evoked  responses. 
V ertica l h eav y  an d  d o tted  lines m a rk  
th e  tim e  o f ap p lica tio n  o f  th e  CS and  
U CS. U n like  con tro l (above) an d  cond i­
tio n a l response (below), th e  associa­
tions (m iddle) a re  n o t rep resen ted  by  
corticogram s. F a c h  cu rve  rep resen ts  
th e  average  o f 40 p o ten tia ls .

m echanism  of delay of th is exactly  triggered process can hide d ifferen t—yet 
unknow n m echanisms. In  its  in itial phase i t  could be a reverberating n eu ­
ronal phenom enon (cf. paper by Székely and  Adám  in th e  presen t volume, 
p. 309). A special triggering centre, i.e. th e  existence of a population of
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peculiar “pacem aker” neurones responsible for this tim ing, cannot be exclud­
ed either. E ven  a holographic resonance m echanism  (cf. paper by  Ladik 
and  Greguss in th e  present volume, p. 343). m ight be though t of. On the  
basis of our d a ta  it  can be s ta ted  th a t  the  tim e sequence of events during 
learning is one of the  basic principles of this elem entary  plastic phenom enon.
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DISCUSSION*
R . G a l a m b o s : Have you excluded the possibility that the electrical 

response recorded to click alone after pairing click and flash might be due 
to eyeball rotation? You have created, I would guess, a conditioned eye- 
blink, and I would expect that the eye movement associated with the 
blink would appear at your recording electrodes.

I. M é s z á r o s : I know very well Professor Galambos’s work on the corre­
lation between eye-movements and auditory evoked potentials. In the 
knowledge of these possible artifacts we made special efforts to separate 
the muscle potentials from the evoked brain responses.

G . U n g a r : Have you thought of trying to transfer chemically your 
conditioned evoked potentials ? They seem to be almost ideally suited for 
such experiments because they are so easy to quantitate. Its usefulness 
would, of course, depend on the possibility of training the animals so that 
they retain the electrical response for prolonged periods.

G . Á d á m : No, we did not plan to apply the conditional evoked potentials 
in our so-called transfer experiments. This test seems to be too specific 
at this moment for the demonstration of this controversial phenomenon.

O. F e h é r : In your opinion where is the site of the connection of these 
conditioned potentials ? Can they be recorded from the cortex, the dien­
cephalon and mesencephalon ?

* A su m m ary  discussion o f  p ap e rs  ap p ea rin g  on pp . 309 to  327.
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G. Á d á m : In  our opinion every level of the  m am m als’ cen tral nervous 
system  can be an  appropria te  s tru c tu re  for such associative processes. 
F rom  th e  spinal cord up  to  the  cerebral cortex, the  possibility of elaborating 
elem entary  learned reactions cannot be excluded.

0 . F e h é r : I  would suggest to  try  artificial hyperpolarization to  enhance 
synaptic  efficacy. R ussinov in  the  Soviet U nion and  Morrell in  th e  U nited  
S tates have dem onstrated  th a t  hyperpolarization of th e  respective cortical 
areas im proved th e  conditioned responses.

G. Á d á m : T hank you for your suggestion.
F . Kx in g b e r g : Dr. Mészáros, did you evaluate the  la te r cyclic changes 

a fte r your photically  evoked poten tials?  I t  would be of g reat in terest to  
com pare your hum an d a ta  w ith  some results obtained on ra ts.

1. M észá r o s : N o , unfo rtunate ly  we did  no t evaluate sta tistica lly  the  
la te  responses.

I. Ma d a r á sz : I  shou ld  like to  be in fo rm ed  w h e th e r th e  s tu d e n ts  in  th e  
course o f  h y p n o tic  suggestions w ere aw are  o f  th e  w hole ex p e rim en ta l 
schedule, a n d  o f  y o u r p re lim in a ry  su p p o sitio n  concern ing  th e  im p o r ta n t 
role o f  te m p o ra l sequences in  th is  so rt o f  lea rn ing?

I. M észá r o s : T he  s tu d e n ts  w ere aw are  o f  th e  genera l p lan  o f  o u r ex p e ri­
m en ts, b u t  th e y  d id  n o t know  an y th in g  a b o u t our p resu m p tio n s o r hypo theses.

I. T o m k a : Could you get, Dr. Mészáros, in  all th e  cases conditioned 
reactions in  hum ans ? W hat about th e  variab ility  of these learned evoked 
reactions in m an ?

I. M észá r o s : Yes, we could elaborate in all our subjects a m ore or less 
pronounced conditioned evoked reaction. In  some of them , however, the  
learned electrical signs could be detected  only by special s tatistica l methods, 
b u t n o t visually.

K . L is s á k : W e all know th a t  hum ans are very  difficult subjects for such 
experim ents. H ave you m ade any  controls w ith com pletely naive subjects 
in stead  of studen ts  who presum ably were aware of w hat th ey  can expect ?

I. M észá r o s : Y es, o f  course, we m ade som e co n tro l ex p erim en ts: th e  
re su lts  h av e  been  th e  sam e.

F. R o se n b l a t t : Since the  question of using these techniques as a basis 
for transfer experim ents has been raised, I  would like to  m ention th a t  we 
have done a series of abou t 5 transfer experim ents using conditioned eye- 
blink reponses in  th e  ra t, w ith  a tone as CS. The results were disappointing. 
W e obtained  a consistent suppression of norm al eyeblink ra tes in the  
recipients, ra th e r th an  an  enhancem ent. Since norm al eyeblink ra tes in  
response to  a tone were very  low, we obtained little  d a ta , and  this was 
abandoned as an  unsatisfactory  technique. We have also been in terested  
in  finding a suitable electrical response which m ight be used as a sign of 
transfer, and  we have chosen to  use a  conditioned interhem ispheric delayed 
response (ID R ), described by  R atledge and  D oty. This response is highly 
stab le  and  closely localized a t  th e  con tra latera l hom otopic po in t from  
th e  applied  stim ulus.

G. Á d á m : T hank you for your com m ent, D r. R osenblatt. I  th in k  your 
findings accen tuate  m y opinion on the  inadequateness of th e  conditional 
electrical signs for transfer experim ents.
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G. H o r n : This is a very in teresting series of experim ents, b u t i t  is no t 
clear to  me how far they  advance the  analy tic  s tudy  of learning mechanisms, 
com pared, say, w ith recording from a muscle. Y our explanation for the  
electrical changes observed involve, once again today , reverberating cir­
cuits and  post-tetan ic  po ten tiation , b u t have these phenom ena ever been 
dem onstrated  to  be involved in learning?

G. A d á m : The advantage of our m ethod has been the  elim ination of the  
inert efferent system , th u s we could quan tita tively  evaluate the  learning 
process by  recording direct b ra in  events. Our electrophysiological m ethod 
is a ty p e  of the  so-called sensory-sensory conditioning technique, which 
seemed to  be very  suitable for studying  elem entary plastic processes. As 
far as the  m echanisms of reverberating circuits and  post-tetan ic  p o ten tia ­
tion are concerned, o f course, we have no direct evidence on these processes. 
I  th in k  these elem entary  phenom ena have never been dem onstrated  to  
be involved in  learning. I t  is only a  very  plausible presum ption, direct 
evidence depending on fu tu re  technical developm ent in planning and  p ro ­
gram m ing behavioural experim ents.
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THE EVOKED POTENTIALS OF DIFFERENTIAL 
INHIBITORY ST I MULUS

by

Á . S a RKADI, an d  I .  TOMKA 

D ep a rtm en t o f  Physio logy , In s t i tu te  o f N eurosurgery , 
B u d ap est, H u n g ary

In  the  p ast decade a great num ber o f frequently  contrad ictory  d a ta  has 
been published and  several conclusions have been draw n abou t the  correla­
tions betw een evoked potentials and  conditioned reflex behavioural p a t­
terns. In te rest has been turned , p a r tly  due to  technical progress, to  the 
com ponents of evoked po ten tia l an d  th e ir relationship to  the  variations 
o f th e  background ac tiv ity  of a given structu re . This tim e we should like 
to  report on one of the  in itia l results of our experim ents launched in  this 
direction.

Freely moving cats w ith  chronically im plan ted  electrodes were used. 
T he epidural electrodes were spaced 2 mm ap a rt a t the  most on s tan d ard  
points of th e  prim ary  som atosensory, acoustic and  optic and associative cortex 
b y  th e  stereotaxis m ethod and  w ith b ipolar outlets. The te s t series were 
s ta rted  a f te r  the  perfect recovery of the  anim als, in a sound-proof cham ber. 
The electrocorticogram  was recorded by a polygraph type E lem a-Schönan- 
der, the  oscilloscope o u tp u t of its  four channels being coupled to  the  inputs 
o f an  am plitude-analyser ty p e  K F K I NTA-512. The system  was ca lib ra t­
ed  w ith  the  aid  of an  oscilloscope and  the  polarity  of the evoked potentials 
were checked th rough  a reference electrode. The conditioning stim uli 
consisted o f well audible clicks lasting 20 seconds of a plionostim ulator 
{designed by our electronic laboratory) controlled by 2 per sec square- 
waves of a Disa M ultistim . In  order to  ob tain  a differential (non-reinforced) 
stim ulus only the  frequency of the  p lionostim ulator was varied, which 
m eans th a t  th e  click differed only in  quality  for differentiation. We could 
average 40 evoked potentials ob tained  sim ultaneously from  four cortical 
areas during th e  stim ulus period, which were photographed and  p rin ted  
o u t in  the  decim al system . The an im al’s behaviour was first h ab itu a ted  
to  a t  least five kinds of clicks differing in quality . Then we proceeded to  
establish an a lim entary  conditioned reflex w ith  10 sec delay from  the 
beginning of the  stim ulus. So we used th e  so-called overlapping condition­
ing process and  were able to  com pute the  average of 20 evoked responses 
from  each cortical area, in the  course of the  delay period and  of the  p o st­
reinforcem ent feeding tim e, respectively. In  each daily conditioning session 
12 to  18 tria ls were given a t  irregular intervals.

The evaluation o f th e  individual phases of the  developm ent of tem porary  
connections was based upon generally known and  accepted criteria applying 
to  behaviour and  electrocorticography. The experim ents were carried out



on five adu lt cats. To illu stra te  our re ­
sults we shall describe the  perform ance 
o f one anim al.

In  the pre-conditioning period (Pc in  
Fig. 1) th e  m ost uniform  and  stab lest 
response was given by  th e  acoustic 
cortex. The evoked po ten tia l of th e  
associative cortex o f considerably sm al­
ler am plitude was more variable, while 
the  response of th e  rem aining two 
areas were still ra th e r meaningless, 
and  practically  unassessable as electri­
cal reactions. In  th e  relatively  short 
and  unstab le ( + Z )  orienting phase of 
tem porary  connection there  is com ­
plete  a tten u a tio n . I t  is a ch arac te r­
istic feature of th e  stab le  ( +  St) 
reflex, th a t  th e  response is lim ited to  
th e  acoustic cortex; i t  is m oderately 
variable and  its early  positive com po­
nent is bigger and  the  ensuing negative 
one sm aller an d  more variable th an  
those of the  preconditioning response. 
The response received to  th e  first 
differential stim ulus (- /)  is th e  same 
as given to  th e  positive stim ulus, b u t 
is more a tten u a ted . W hen the  anim al 
fails to  get up  upon being presented 
the  feeder ( L) for th e  first tim e, an 
irrad ia ted  high-am plitude, m onom or­
phous response is obtained. A fter 
a d istinct s ta rtle  reaction the  anim al 
m akes a few steps, stops suddenly, 
looks a t  th e  feeder w ith ’a fixed, tonic 

a tten tion , then  relaxes when the  stim ulus is over and  re tu rns to  its  p re­
vious activ ity . In  th e  stabilization phase ( — St) all th is shows a tendency 
tow ards a tten u a tio n . This irrad ia ted  high-am plitude response does not 
appear if  th e  anim al continues its m otor activities (e.g. washing himself, 
walking) s ta rted  prior to  th e  stim ulus, a fte r a very short a tten tiv e  
reaction.

The electrocorticogram  during the  positive, stab le  conditioned reflex 
(Fig. 2) consists of irregular low voltage fast ac tiv ity  over all th e  areas. 
This did  no t change in th e  in tersignal periods, in th e  unstab le phase. In  
the  stable stage, in th e  course o f th e  last daily tria ls we frequently  noticed 
a diffuse intersignal ac tiv ity  o f very  high voltage w ith  a regular 10 to  
12 c.p.s. from  th e  som atosensory area. A t the  beginning of conditioning 
there  is a gross evoked po ten tia l corresponding to  the  s ta rtle  reaction, 
which undergoes th e  know n varia tions in th e  course of the  experim ent.

1113 S, Ass Au, 0,

Fig. 1. C hanges o f sim u ltan eo u sly  
averaged  evoked p o te n tia ls  (N  =  40) 
o f p r im a ry  som atosenso ry  (8 j) a u d i­
to ry  (Auf) ,  op tic  (0\ )  an d  “ asso c ia tiv e” 
(d ss) co rtica l a reas  in  ch ron ic  expe­
rim e n t (see te x t) . T he leng th  o f a  q u a r 
te r  o f co m p u te r’s m em o ry  is 102-4 
m sec. In  th is and  all su b seq u en t figu­
res: b ip o la r record ings; tim e  o f s t im u ­
lus is a t  th e  beg inn ing  th e  o f traces; 
p o s itiv ity  is u p w ard s; c a lib ra tio n  (on 
th e  b o tto m  line in  th e  th ird  q u a rte r , 
re touched ) is a t  20 m sec fro m  th e  b e ­
g inn ing  o f  th e  reco rd  100 /.iY fo r A  iq 

a n d  50 /(V fo r th e  o th ers .
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T’ig. 2. E lec tro eo rtico g ram  d u rin g  th e  s tab le  phase  of 
de layed  a lim e n ta ry  cond itioned  reflex. C alib ra tion  (iY  
an d  1 sec. T he ca lib ra tio n  sign in d ica tes  th e  beginning 

o f th e  cond ition ing  stim ulus.

Figure 3a shows the  electroeorticogram  of the  unstable stage of differ- 
en ta tion  representing intensive, fixed, a tten tion , accom panied by a m inim al 
m otion. The final phase of the  stim ulus brings forth , from  the  som atosensory 
area, an  ac tiv ity  of higher, and m ore regular frequency (16 to  20 c.p.s.). 
This phase is getting  longer in  the  course of subsequent tests  (Fig. 36). This 
phenom enon is not seen in  the  case of m otor, non-goal-directed activities. 
The evoked po ten tia l appears first from  the  acoustic cortex, th en  irrad ia tes 
to  th e  association and  finally to  the  optic cortex; th e  faster som atosensory 
ac tiv ity  appears now or later, or increases meanwhile, w ithout altering 
th e  average am plitude or shape of th e  evoked responses.

I n  th e  s ta b le  phase , w hen th e  an im al is ind ifferen t to  th e  s tim u lu s or 
rem ains qu ie t, th e  v e ry  sh o rt d esy n ch ro n iza tio n  from  th e  som atosenso ry  
co rtex  is first follow ed by  a  sh o rt, m ore reg u la r a n d  slig h tly  increasing  
b o u t o f  fa s te r  a c tiv ity , w hich is th e n  rep laced  b y  a slow er, diffuse rh y th m , 
u n in te r ru p te d  up  to  th e  in te rs ig n a l period . T his resem bles th e  s ta te  o f 
drow siness. T he evoked  p o te n tia ls  a re  s ligh tly  m ore a t te n u a te d  irre sp ec tiv e  
o f  th e  tim e-, re g u la rity - a n d  am p litu d e-co n d itio n s o f  th is  a c tiv ity .

Sum m ing up the  aforesaid we find, joining o ther authors, th a t  any  kind 
of m otor m anifestation results in  th e  abolishm ent or, a t least, th e  a tte n u a ­
tion of th e  evoked potentials, a t an  alm ost equal ra te  regarding its  com po­
nents, w hatever the  circum stances. In  the  phase preceding th e  reinforce­
m ent m ainly the  early  com ponents appear, distored by  th e  q u an tity  
and  quality  of m otor m anifestations, while th ey  are d istinctly  m arked 
during the  whole stim ulus tim e only up to  a negative com ponent o f 30 
msec. In  the  differentation period, during th e  establishm ent of an active 
inhibition of th e  m otor response, th ey  tak e  a gradually  more d istinct form 
and, as soon as th e  inhibition  is com plete, also the  la te r com ponents appear
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Fig. 3. Two d iffe ren t e lec trocorticogram s charac te riz ing  
th e  u n stab le  phase  of th e  developm ent o f d ifferen tia l 

inh ib ition .

w ith  full in ten sity  (Fig. 4). A dding to  th is th e  results ob tained  by  o ther 
au thors on distraction, as well as the  d a ta  supplied recently  in  a conditioned 
reflex background, we wish to  confirm the  theo ry  th a t th e  evoked potentials 
generally increase in  conditions of inhibition  of th e  som atic sphere, and 
decrease under th e  effect of organized, active, m otor reactions. We m ay 
add, a t the  sam e tim e, th a t , in our opoinion, th e  decisive factor is the  level 
of evoked a tten tiv ity  in  th e  alert in terna l inhibitory  processes in  th e  various 
stages of in ten sity  and  irradiation.

As regards th e  varia tions of background ac tiv ity  in the  sam e regions 
and  under sim ilar conditions, our observations correspond to  those of o ther 
authors. Accordingly, th e  inhibition  of the  conditioned response brings
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1113fo rth  th e  appearance of slow waves 
which, however, are not sufficient to 
explain such inhibition, and  while 
its  variations involving different 
forms of inhibitions are well discern­
ible, th e ir m utual relations are 
difficult to  be in te rp re ted  by  the  
physiological approach.

Nevertheless, from th e  pertain ing 
experim ents the  conclusions can be 
draw n th a t  apparen tly  there is a 
certain  parallelism  between th e  in ­
tensification of in ternal inhibition, 
the  late and  slow com ponents of 
cortical evoked potentials and  the 
varia tions of th e  electrocorticogram . 
W e would, therefore, follow the  
course of Jasp er (1963), according to  
whom an appropriate  application of 
th e  inform ation theory  and  sim ilar 
m athem atical form ulations m ay 
open more ra tional ways to  the  
understanding  o f th e  cerebral 
m echanism  of sensory perception 
influenced by  th e  level of w ake­
fulness and selective atten tion .

a A

1 r y t - " / v ^  

ii__________ i
Fig. 4. T he average  o f 20 evoked p o ten tia ls  
from  acoustic  co rtex  in  th e  de lay  period  
(I) an d  th e  post-re in fo rcem en t feeding 
tim e  (II). The to ta l len g th  o f each a v e r­
aged response is 256 m sec. The m o v e­
m e n t response a tte n u a te s  th e  click-elicited 
p o te n tia l (+ £< ). T here  is no  change in 
t he responses for th e  second d ifferen tia l 
in h ib ito ry  s tim u lu s (—I I ) .  T he la te s t  p o si­
tiv e  w ave is followed b y  a  la rge  nega tive  
deflexion in  th e  u n stab le  phase  ( - L )  o f 

d ifferen tia l inh ib ition .

F ig . 5. T he evoked p o ten tia ls  o f d ifferen tia l in h ib ito ry  
s tim u lus w ith  tim e-re la tions in m sec. T he earlie r com ­
p o n en ts  a re  re la tiv e ly  sm all, th e  la te r  w ave a t  60 m sec 
is th e  h ighest, and  th is  and  th e  slow neg a tiv e  deflexion 

a t  85 m sec ir rad ia ted  m o s t consequently .
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DISCUSSION

R . G a l a m b o s : D o you have any theoretical explanation for the remark­
able similarity in the wave shapes of the evoked response at the auditory, 
association and visual cortex electrodes in your trained animals ? What 
brain events are so similar in the three places ?

I. Sa r k a d i : The sim ilarity  of th e  wave shapes is the  m ost in teresting 
fact, indeed. The association responses were recorded from  the  an terio r 
m iddle suprasylvian area and  on th e  basis of their behaviour during posi­
tive conditioning we can no t suppose th e ir origin from  th e  so-called an terio r 
suprasylvian  aud ito ry  field (cf. Shaw, J . A. and  Thom pson, R . F ., D epen­
dence of evoked cortical association responses on behavioral variables. 
Psychon. Sei. 1, 153-154, 1964; Shaw, J . A. and  Thom pson, R . F ., Inverse 
relation between evoked cortical association responses and  behavioural 
orienting to  repeated  aud ito ry  stim uli. Psychon Sei. 1, 399-400, 1964; 
Thom pson, R . F . and  Shaw, J .  A., B ehavioral correlates of evoked ac tiv ity  
recorded from  association areas of th e  cerebral cortex. J . comp. Pyshiol. 
Psychol. 60, 329-339, 1965). Really, th e  sim ilarity  exists only a t  the  appear­
ance of differentiation, re la ted  w ith th e  inh ib ited  s ta te  of th e  conditioned 
reaction, and  only in th e  late  com ponents. Taking in to  consideration th e  
appearance of these large late  responses in several areas in a tim e-lagged 
m anner, th e  phenom enon m ight be explained by a tonic cortical inhib itory  
sta te , spreading relatively  slowly from  the  p rim ary  receiving area of the  
differential inh ib itory  stim ulus. I t  is evident th a t  our results m ust be 
confirmed w ith  changes of po ten tials of subcortical structu res in th e  same 
circum stances and in th e  o ther inh ib itory  sta te , too.
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CONCLUDING R KM AR KS

by th e  C hairm an

R . Galambos

Let me put before your thoughts two of mine. You recall tha t Professor 
Szentágothai told us that every neurone in the central nervous system is 
potentially connected with every other one. I think he gave us a maximum 
of five units required to connect anything with anything else. In a general 
way, I suppose what we were trying to do this morning was to decide as 
far as possible which of these unrealized but potential connections are 
created during the course of conditioning and learning. Is that not really 
the essence of the question today? We heard about efforts to resolve this 
problem in two different classical ways. First, the ablation attempts m 
which one destroys the possibility of making these connections and examines 
the question as to what can be realized thereafter. I t seems to me that 
the seizure discharge approach, this kind of chemical effort of a special 
sort carried out by Dr. Klingberg, is not the most appropriate approach 
to resolve the fundamental question of neural connections during learning.

Now a few words about the second sort of effort, the electrophysiological 
types of approach, which ran through so many of the studies today, our 
efforts to discover what one means when he says reverberating circuit, 
or how it can be that connections realized between the nerve cells could 
be examined through this electrical method. Now, I  do not know what your 
feeling is at the end of the day. These were very beautiful experiments 
that we heard about. But I am not sure that the electrophysiological ap­
proach by itself can answer our fundamental question. Most probably it 
must be combined with other methods.

My second point would be the following: I  missed this morning, and 
I think tha t I  missed in this whole Symposium, what to me sounds like the 
really essential question tha t we face when we study memory and learning. 
And that is: how it can be that these two major actions of the nervous 
system, one is the creation of this fantastic electric activity, ranging from 
spontaneous rhythms, evoked potentials, etc., and the other, namely, 
the intracellular chemical changes, are interrelated? In fact we have evi­
dence about an electrical apparatus on the one hand, and a chemical factory 
on the other. It has been pointed out be several colleagues at this Symposium 
that there must he some kind of relation between these two fantastic 
activities in the brain cells. Somehow the electric activity, that we heard 
so much about today, as it shifts and changes during the course of acquisi­
tion and performance of behavioural responses, must be linked to the 
chemical ones tha t are going on in the neurones.
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PO SSIB LE MOLECULAR MECHANISMS OF 
INFORM ATION STORAGE IN  T H E  LONG-TERM

MEMORY
by

J .  L a d ik *
P hysics D ep a rtm en t, T he C ity  College o f T h e  C ity U n iv ers ity  o f N ew  Y ork , U.ÍS.A.

and
P . G e e g u s s **

D ep a rtm en t o f O ph thalm ology , N ew  Y ork  M edical College, N ew  Y ork, U.S.A.

IN T R O D U C T IO N

W here and how does the  brain  store its mem ories? This is a great m ystery, 
which can only be solved by research in  m ore th an  one discipline. Com m uni­
cation across trad itional boundaries, however, is re tarded  no t only by  differ­
ences in  vocabulary, in research techniques and in  the  way a problem  is 
sub tly  influenced by the subjects and  m aterials em ployed by scientists in 
different disciplines b u t also by  the  fact th a t  in the  endeavour to  elim inate 
side effects im portan t relations are orverseen. This is partia lly  the  case 
in the  in te rp re ta tio n  of biological inform ation processes, where the  psycho­
logists are preoccupied prim arily  w ith questions of process, whereas neuro­
physiologists and neurochem ists w ith  the  question of how the  brain  achieves 
short-term  and  long-term  storage; b o th  are neglecting th a t  inform ation is 
always com bined to  a sort of energy. Energy, however, p ropagates m ainly 
in wave form, i.e. the  carriers of inform ation are waves. This then  means 
th a t inform ation is always com bined w ith  one of the  a ttrib u tes  of the  infor­
m ation bearing wave: either w ith  its  frequency or w ith its  am plitude or with 
phase, i.e. the  biological in p u t could be described exhaustively in term s 
of am plitude, frequency and  phase. However, all known macroscopic energy 
(i.e. wave) receptors- organic and  anorganic ones are insensitive to  the  
phase of th e  inform ation bearing wave. Y et, phase is processed in the  central 
nervous system  since, e.g. there is a 3 D percept ion which is always linked 
to  phase inform ation.

E xperim ental evidence suggests th a t  point-to-point peripheral to  central 
sensory represen ta tion  does not occur. The central nervous system  appears 
to  work w ith  complex p a tte rn s  of events which occur in large populations 
of cells. M ountcastle (1961) s ta ted  th a t such a mechanism  m ay be located 
in a sensory receiving area of th e  cerebral cortex which is responsive to  
the  spatial and  tem poral p a tte rn s  of inform ation concerning the  peripheral 
event provoking it. The nerve im pulses from  each sensory receptor or 
group of receptors are a t the  same tim e apparen tly  no t kep t isolated from 
other sensory nerve impulses. However, there  is no doub t th a t  the  spatial 
and tem poral p a tte rn s  o f nerve impulses provide nevertheless the  basis of

* P e rm a n e n t address: C en tra l R esearch  In s titu te  fo r C hem istry  o f  th e  H u n g arian  
A cadem y o f Sciences, B u dapest, H u n g ary .
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sensory perception. F or the  degrees of freedom  of encoded electrical in for­
m ation to  rem ain inv arian t, transform ations on bo th  the  am plitude and 
phase o f the  electrical inform ation m ust be tran sm itted  and  processed. 
I t  is for th is reason th a t  th e  question of encoding o f phase in th e  brain 
m ust be raised. U nfo rtunate ly  the  transm ission of phase has n o t up to 
now been studied directly  in th e  brain — except in one case (Greguss, 1967. 
1968a, b; A rvapatians and  K onstan tinov , 1967).

H IO H O L O G R A I’H y

R ecen tly  one of us has shown th a t  th e  striking abilities of p a tte rn  recog­
nition of anim als using ultrasonic echolocation for hun ting  and  orientation 
suggest strangely  th a t  these anim als perceive not only the am plitude bu t 
also th e  phase of th e  u ltrasonic wave; nevertheless, their receptors are 
also insensitive to  the  phase of the inform ation bearing ultrasonic waves 
(Greguss, 1967, 1968a, b). Tins controversy can only be understood  if  these 
anim als are using, in  th e ir inform ation technique, th e  process called wave- 
fron t reconstruction of tw o-step im aging process discovered in 1947 by 
G ábor for electrom agnetic and  electron waves.

The basic idea of th is process is th a t  by using a so-called coherent refer­
ence background, the inform ation com bined to  the  phase of the  signal 
bearing waves is transform ed, in a reversible form, in to  am plitude inform ation 
so th a t th e  sensory system  which is only sensitive to  th e  am plitude of the 
inform ation bearing wave can record it. This tw o-step im aging process 
involves the  recording of th e  Fresnel diffraction p a tte rn  o f the  inform ation 
p a tte rn  (i.e. encoding) and  then  using th is recorded p a tte rn  called holo­
gram - to  reconstruct decode the original inform ation p a tte rn .

W hat makes th e  hologram  unique as a recording and  storage model is 
th a t  every elem ent of the in p u t inform ation is d istribu ted  over the  entire 
recording media. The hypothesis th a t  biological in form ation processing 
and  so m em ory, too, is based on the  principle of holography is, am ong others, 
a ttra c tiv e  because rem em bering or recollecting literally  im plies a reconstruc­
tive process the  assem bly of dism em bered mnemic events.

The first histological evidence for a coherent background has been found 
by  A yrapetyan ts  and  K onstan tinov  (1967), who did  no t, however, realize 
th a t  th is  was th e  key for capabilities of these anim als. They found, nam ely, 
th a t  when th e  b a t em its a signal bearing ultrasonic wave, th e  p a r t  of his 
b ra in  which ordered to  em it the  wave sends a stim ulus -a n  inform ation on 
th is to  th a t  p a r t  o f th e  bra in  where the  reflected signal bearing wave -  the  
inform ation to  be processed- will be received. The stim ulus sent by the 
first p a r t of the  bra in  to  th e  second represents the  coherent reference back ­
ground (Fig. 1).

There is reason to  believe th a t the bioholographic concept is no t re s tr ic t­
ed to  cases where th e  signal bearing wave is produced by the  living being 
itself. From  th e  work of Sokolov (1960) i t  has become app aren t th a t  som e­
where the  sensory in p u t is m atched against a  com parator before being 
processed fu rth e r in the  cen tral nervous system . This does no t mean, how­
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ever, th a t  the  cen tral nervous 
system  needs to  store an  in ­
finite num ber o f sensory “ m o­
dels” for recognition to  take  
place. On the  contrary , it is 
enough if a finite num ber of 
sensory “ model elem ents” ex­
ists if  these are stored in  a 
holographic form. In the  fol­
lowing, therefore, we shall first 
present evidence for the as­
sum ption th a t mnemic events 
are  d istribu ted  in  the brain, 
because the  stim uli arriv ing a t 
the m em brane of nerve cells 
include the inform ation p a t­
te rn  in holographic form, and  
then  we describe how th is can 
happen.

We would like, however, to  
em phasize th a t  a f te r  our first 

bioholographic model o ther holographic models (Longuet-Higgins, 1968; 
Gábor, 1968a, b) of tem poral recall have been presented b u t -a s  B arrett 
(1969) has proved these fail to  adequately  explain storage in  the  central 
nervous system : the  notion of a signal, in teracting  w ith the  delayed portion 
of the  same signal and  thus stored, m ay explain associative recall, bu t it 
does not explain the  recognition of the  signal itself.

Fig. 1. T he in fo rm atio n  processing  m echan ism
in h a ts

(ilíNKKAL MODUL

The following description of our model contains only those function 
groups which are necessary for describing the  generation o f a  stim ulus whose 
in tensity  represents, in a reversible form, no t only the  am plitude bound-, 
bu t also th e  phase-bound inform ation to  be stored or recalled. A lthough 
th is model does n o t claim morphological equivalents, its m echanism  could 
be of help to  neurophysiological or experim ental psychological studies.

The model s ta rts  from  the  recognition th a t a good deal of im pressions — 
inform ation o f the  ex ternal world m ust be elim inated during inform ation 
processing, otherw ise our m em ory would be unable to  store the  entire 
flow of sensory inform ation. So, as can be seen from  Fig. 2, a function growp 
A  acts as a gate  a t th e  beginning o f the  inform ation processing and  lets 
th rough  only a stim ulus p a tte rn -  depending on the  in form ation p a tte rn  
which can be described by  th e  function f(x, y) (x  and  y  are the  characteris­
tic coordinates o f an inform ation pa tte rn ). At the  sam e tim e, th is inform ation 
p a tte rn  induces an a rb itra ry  stim ulus p a tte rn  R  from  the  all-neural ac tiv ity  
and  th is serves as a reference background. According to  the  holographic 
principle, under the effect of these reference stim uli, a series of inform ation
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Fig. 2. The general m odel o f th e  b ioholographic  in fo r­
m ation  processing hypo thes is  (for legends see tex t).

elem ents is recontsructed from a finite num ber of “ model elem ents” stored 
in the  holographic forms T r In  the  m eantim e th e  Fourier transform  F  
of the inform ation p a tte rn  /  (x, y), which passed through the  function group 
A,  is form ed in  a  group of neurones and  th is can convolute w ith  th e  infor­
m ation elem ents T,  induced by R.  As a resu lt of th is convolution a series 
of stim uli of the  sam e frequency and  phase, b u t of different am plitudes 
arises, which by  fu rther interference gives b irth  to  a “code stim ulus” K 
representing the  original inform ation p a tte rn  f(x, y). (In o ther words the 
am plitudes of the  different waves just add  together.) This code stim ulus 
th en  generates a specific reference stim ulus R K from  the all-neural ac tiv ity  
to  which all engram s (EH)  — m em ory traces i.e. inform ation patterns, 
stored in holographic form, belong.

At this stage of inform ation processing two possibilities arise: either 
there is an engram  which was form ed w ith the  specific reference background 
identical w ith the  specific reference stim ulus R K or not. In  t lie first case, 
according to  the  holographic principle, the  original inform ation pa tte rn  is 
reconstructed  in  th e  brain , i.e. the  recall is perform ed. In  th e  second case, 
however, th e  specific reference stim ulus R K in te rac ts  w ith  th e  original 
inform ation p a tte rn  /(x, y) recording it  in a holographic form (MH),  which 
then  will be a p a r t o f th e  all-neural ac tiv ity  o f th e  brain. This stage of 
inform ation processing is identical w ith th e  form ation of th e  “sho rt-te rm ” 
memory. A fter several repetition  circles it changes to  “ long-term ” memory.



IN F O R M A T IO N  STÖ R  AG K

EXPERIMENT A I. FINDINGS

The next question which arises is how the inform ation carried  by  th e  
stim uli arriving to  the  neurones is stored in  the  brain , or in o ther w ords 
what is the m aterial realization of the hologram s m entioned in the  previous 
section.

In  th is connection it should be m entioned th a t  in recent years it was 
reported  th a t the base com position of R N A  has changed in the brain  of 
ra ts  as a consequence of learning (e.g. H ydén, 19621. F u rth e r investigations 
have shown th a t by transp lan ting  th e  R N A  prepared  from  the  brain cells 
of tra ined  anim als to  th e  brain  of o ther naive ones of the  sam e race, these 
anim als learned m uch more quickly th a n  the  control anim als which were 
not subjected  to  th is R N A  tran sp lan ta tio n  (e.g. Q uarton, 1967). T here­
fore i t  seemed plausible to  assum e th a t in the process of learning the  s tru c­
tu re  of RN A  (its base composition, and  presum ably  also its  sequence, a l­
though the la tte r  was not shown directly) changes and in th is way it m ay 
serve as a com ponent of memory.

I t  is well known, however, th a t  messenger or sRNA molecules in a cell 
(also in a brain cell) have no t a long life and, therefore, th ey  cannot serve 
as the basis of a really long-term  m em ory. Therefore we are forced to  look 
a fte r some m em ory mechanism  which is based on stru c tu ra l changes in 
DNA during the  learning process. Since DNA carries the  genetic inform ation 
in the form  of its base sequence, the  most simple assum ption is th a t  a change 
occurs in th e  sequence of the  DNA molecules. I f  th is really takes place, 
the base composition and  sequence of the R N A  molecules coded by it will 
also change, and so the  previously m entioned experim ental results (Hydén, 
1962; Q uarton, 1967) can be explained in this way.

A change in the  base sequence of DNA usually  can occur, however, only 
during its  duplication, m ost probably  w ith the  aid of the  m echanism  proposed 
for po int m utations by  W atson and  Crick (1953) and placed on a physical 
basis by Lowdin (1965). On th e  o ther hand th e  division of nerve cells in 
m am m als stops a t  a ra th e r early age (in men a t the age of 1-5 years) and 
from  this tim e on the  to ta l am ount of their DNA rem ains unchanged. 
Some recent investigations have shown, however, th a t  there is DNA sy n ­
thesis and  decomposition in the brain  cells. F o r instance, M orita et al.(1964) 
have found the  incorporation of 32P  in to  the  DNA of adu lt ra t  bra in  cells. 
More recently  Sung (1968) has reported  deoxyribonuclease ac tiv ity  in 
the bra in  cells of ra ts  which was higher th an  the usual ac tiv ity  of this 
enzym e in o ther kinds of cells.

HYPOTHESIS FOR INFORMATION STORAGE

Between the  two sides of a m em brane o f an  unexcited nerve cell there is 
a po ten tial difference as it is well known of ~ 1 0 0  mV. Since the  thickness 
o f th is m em brane is 50-100 Á, th is corresponds to  a field streng th  of 
-  ̂10r> V/cm. Since m any nerve cells have th e  shape o f an  ellipsoid, the
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resu ltan t o f these field streng ths in the  neighbourhood o f the  nucleus (if we 
take  it  to  be approxim ately  in the  middle of th e  cell) will be approxim ately  
zero. On th e  o ther hand, a stim ulus arriving a t a given region of the m em brane 
surface will depolarize it, and  so the  po ten tia l difference between the  two 
sides o f the  m em brane will decrease to  zero. Therefore also the  field strength , 
due to  th is  po ten tia l difference will vanish a t the  region where th e  stim ulus 
has arrived  and, therefore, a non-zero re su ltan t field s treng th  will occur at 
the  place of th e  cell nucleus (Fig. 3).

In th is connection it should be m entioned th a t if  the  cytoplasm  between 
th e  cell m em brane and  nucleus were just an  aquaeous solution of high 
ionic concentration, the  space charge which would set up near th e  mem 
brane would entirely  elim inate th e  electronic field a t  d istances beyond 
approxim ately  100 A from  the  m em brane and, therefore, th e  effect of 
changes in the m em brane po ten tia l would not be felt a t the  site of the  nucleus. 
We should no t forget, however, th a t  the  cytoplasm  is not ju st a strong 
electrolyte w ith  high concentration of anorganic ions which possess a large 
m obility. On the  contrary , since in the  cytoplasm  we have a high concentra­
tion of dissolved proteins and  of m any o ther organic substances, th is solu­
tion m ust have a fairly ordered stru c tu re  which prevents the  free motion 
of ions considerably. I t  is, therefore, more correct to  th in k  of th e  cytoplasm  
as a “ liquid crysta l” . Thus, while in a  solid conductor or sem iconductor 
we have high electronic (hole) m obility and  low ionic m obility and in a 
strong electrolyte, high ionic and  very low (practically zero) elet i onic 
m obility, in a liquid crystalline sytsem , like the cytoplasm , we can expect 
an  in term ediate  situation . H ere th e  ionic m obility is m uch lower th an  in a 
strong electrolyte, b u t still higher th an  in a solid, and  a t th e  sam e tim e 
there is an increase in electronic m obility as com pared to  strong electrolytes.

Fig. 3. (a) I n  th e  u n ir r ita te d  nerv e  cell th e  field s tre n g th  due to  th e  
p o te n tia l differences betw een  th e  tw o sides o f th e  m em b ran e  gives 
a  zero re s u lta n t a t  th e  cell nucleus. (6) In  consequence o f th e  s t im ­
u lus th e  field s tre n g th  decreases to  zero a t  th e  g iven  synapsis 
an d , therefo re , th e re  w ill be a  non-zero  re su lta n t field a t  th e  

nucleus. B o th  p a r ts  o f th e  figure a re  s tro n g ly  schem atic .

:us



B earing in  m ind this in term ediate  position of cytoplasm  between a solid 
and a strong electrolyte, we can expect th a t  changes in the  m em brane po ten ­
tial do have an  effect on th e  electric field also a t  the  cell nucleus.

This assum ption is supported  also by  the  experim ents of Loewenstein 
and  K anno (1963) who have found by  m easurem ents w ith a microelectrode 
th a t th e  depolarization of th e  cell m em brane of Drosophila flavoroplota 
by  m echanical dam age causes also the  com plete depolarization of the 
undam aged m em brane of the  nucleus. Therefore, we cannot exclude the  
possibility e ither th a t the  depolarization of a given region of th e  nerve cell 
m em brane will result in th e  depolarization of a region of th e  nuclear m em ­
brane and  thus will cause a change of electric field of the order 105 V/crn at 
a DNA molecule of th e  nucleus.

I f  th ere  is a DNA duplication in th e  nucleus of the  cell in which the 
depolarization of the  m em brane takes place, the  ensuing change of electric 
field at th e  DNA molecule m ay increase the  probability  of po in t m utations 
during the  DNA duplicatoin. Nam ely, according to  Lowdin’s (1965) theory , 
the probability  of such a tau tom eric  rearrangem ent of the  nucleotide bases 
in a  base p a ir of DNA which can lead to  a po int m utation  depends on the 
shape of the  po ten tial function acting on the  protons in th e  hydrogen 
bonds of the  base pairs. I f  th is function is strongly asym m etric in the  ground 
s ta te  o f the  base pair,* th e  probab ility  o f th is “ m utagenic” tau tom eric  
rearrangem ent via pro ton  tunnelling is small. On th e  o ther hand, if  the 
po ten tial function becomes sym m etric due to  excitation o f a tc electron 
o f a base pair, or due to  ionization, the  p robab ilty  of the tau tom eric  re a r­
rangem ent via double pro ton  tunnelling increases to  a very  great ex ten t 
(Lowdin, 1965; Ladik, 1964), because the  first level of the pro ton  will already 
be a tunnelling level.

Lowdin (1965) has po in ted  out also the probability  th a t strong local 
electric fields can strongly influence th e  shape of the  po ten tia l surface 
acting on the  protons in th e  base pair. According to  the  detailed calculations 
perform ed in different approxim ations for the  shape of these po tential 
functions (Ladik, 1964; Rein and  H arris, 1964; R ai and Ladik, 1968) 
and  po ten tial surface (Rein and  H arris, 1965, 1966; Lunnel and  Sperber, 
1967), the  differences between the  m inim a corresponding to  the  norm al 
and  “ m utagenic” tau tom eric  forms of th e  base pairs are of the  order of 
~ 1  eV. Since the distance between the  m inim a is <~i A, this m eans th a t 
an electric field streng th  in th e  order 108 V/cm is needed to  d istort the  orig­
inally asym m etric po ten tia l functions (surfaces) to  sym m etric ones (Fig. 4).

Such enorm ous field streng th  of course cannot be produced technically 
and  for energetic reasons it is very unprobable th a t  i t  would exist even in 
a  region of 10 A, the  size of a base pair. On th e  o ther hand, it can well 
happen th a t  due to  th e  change of the electric field streng th  a t a DNA 
molecule, a positive (for instance K + ) ion comes w ith a d istance of 1-2 A

* O r m ore  co rrectly , as i t  is discussed in  d e ta il b y  L ow din (19(15), th e  p o ten tia l 
su rface  o f b o th  p ro to n s  involved  in  th e  ta u to m e ric  rea rran g em en t h as a m u ch  deeper 
m in im um  in  th e  no rm al tau to m eric  fo rm  of a  base pair, th a n  in th e  unusual, “ m u ta ­
gen ic” form .



Fig. 4. (a) Schem atic  form  o f th e  double-w ell p o te n tia l fu n c tio n  
o f th e  h y d rogen  bond  o f a  nuc leo tide  base p a ir  in th e  g round  
s ta te  o f  th e  base  p a ir  in th e  absence o f e lec tric  field. (6) T he 
sam e p o ten tia l fu n c tio n  in  th e  p resence o f an  electric field 

s tre n g th  of ~  10s V /cin.

front a hydrogen bond o f a base pair. Since an elem entary charge produces, 
a t  a d istance o f 2 A  from the charge, a field streng th  of 3-6 X 108 V/cm, 
th is ex tra  positive ion can d isto rt th e  asym m etric po ten tia l to  a sym m etric 
one. There is also the possibility th a t  in  consequence of the  field a positive 
ion binds to  a  nucleotide base. I f  th is ion takes aw ay an electron from 
th e  elctronic system  of th e  base pair, the  base pair thus positively ionized 
will again have, according to  the  calculations of Rein and H arris (1965, 
1966) and  L unnell and  Sperber (1967), a sym m etric potential. Therefore, 
we can conclude th a t if  all th is happens a t the  point of DNA duplication, 
the  p robab ility  o f changes in th e  original base sequence of the DNA molecule 
will increase considerably.

F u rth e r a  hom ogenous field streng th  of the  order of 108 V/cm can induce 
the breaking off of the  nucleotide base pairs and  thereby  trigger th e  dup li­
cation of DNA molecule (Sejrrodi et al., 1969). In  reality , however, i t  is 
very unprobable th a t  such a high field can exist in the region of a whole 
base pair. However, the  possibility m ight again be tho u g h t of th a t  changes 
in the  electric field of the  order of 105 V/cm a t the  DNA molecules of the 
nucleus can influence the  d istribu tion  of ions in such a way th a t  a t a given 
base pair the  strong inhomogeneous field produced by th e  vicin ity  o f an 
ion (ions) can induce the separation of the bases. (At the  sam e tim e i t  seems 
ra th e r probable th a t  there exist such ionic configurations which can cause 
the  breaking off of a base pair w ith an  inhomogeneous field streng th  a t 
the  hydrogen bonds sm aller th an  ~  108 V/cm.) This means th a t if there 
is a change in the  electric field of the  order of HI3 V/cm a t a DNA molecule 
of th e  nucleus o f a  nerve cell, it can have a twofold effect. I t  can induce 
the  duplication o f DNA and  a t the sam e tim e it m ay greatly  increase the 
probability  of point m utations via the  proton tunnelling m echanism  in 
th e  DNA molecule. The probability  of po int m utations will be enhanced
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of course also when a DNA molecule is already duplicating in the presence 
of the  electric field.

We have seen previously th a t  in consequence of the excitation of a nerve 
cell, the  field streng th  decreases from ^ 1 0 5 V/cm to zero a t the  region 
of the cell m em brane where the stim ulus arrives. We have tried  to  show 
also th a t  this m ay cause a change in the  resu ltan t electric field a t th e  cell 
nucleus. We have em phasized th a t in the assum ed transfer o f the  electric fields 
from the  cell m em brane to  the  nucleus the s tru c tu re  of the  cytoplasm  plays 
a key role. In  th is connection it should be m entioned th a t, according to  
some assum ptions (Mishra, 1965), the stim ulus arriv ing a t  a nerve cell 
first produces a change in the  d istribu tion  of ions in the cytoplasm , which, 
in tu rn , causes changes in the cybotactic (liquid crystalline) s tru c tu re  of 
th is aqueous solution. It is fu rth e r assum ed (Mishra, 1965) th a t  these 
changes are responsible for short-term  m em ory and th a t through these 
changes in  th e  stru c tu re  of the cytoplasm  fu rth e r changes in  the cell are 
induced, constitu ting the basis of long-term  memory. As we can see our 
train  of though t is in accordance w ith  this theory.

On the basis of the  above considerations i t  seems probable th a t  in conse­
quence of the  excitation of the nerve cells, the ra te  of DNA synthesis in 
their nuclei and a t the  sam e tim e th e  probability  of the occurrence of point 
m utations in the newly svn thetized  DNA molecules will be increased. 
Our s ta tem en t is indirectly  supported  by experim ental results according 
to which th e  ra te  of R N A  synthesis in th e  brain  cells of m am m als is increas­
ed upon excitation o f these cells (Pevzner, 1966). P relim inary  experim ents 
which have shown th a t th e  num ber of divisions o f chicken em bryo heart 
cells has increased significantly (Bozóky et ah, 1963) under the  effect of 
electric fields are also in accordance with th e  assum ption th a t an  electric 
field m ay induce DNA synthesis in the  cell nucleus.

The conclusion seems to  be a t hand  th a t the electric field a t the  DNA 
molecules of the  cell nucleus, arising in consequence of th e  excitation 
of a nerve cell, m ay cause changes in the  original base sequence of these 
molecules. The changes caused by the  original inform ation in these DNA 
molecules will remain there for a long tim e and  therefore th ey  can serve 
as inform ation storage in long-term  memory.

Of course, in th is case th e  long-term  m em ory can function only s ta tis ti­
cally. This m eans: in the  process of perception the  stim ulus p a tte rn  which 
contains, in a holographic form, the  original inform ation p a tte rn  acts on 
a large num ber of brain cells. Most of these stim uli will n o t cause any 
change in  the  base sequence of the  DNA molecules, bu t in a fraction of 
the cells there  will be changes in the  inform ation stored in their DNA mole­
cules. Since, however, in holograms regarded as a recording m edium, every 
elem ent of the  inpu t inform ation p a tte rn  is evenly d istribu ted , the  s ta tis ­
tical character of this recording process does no t m ake any  difference. N ot even 
if  we assum e th a t m ost p robably  th e  m ajority  o f these changes will occur in 
such regions of th e  DNA molecules from  which the inform ation cannot 
be recalled by  the  specific background stim ulus p a tte rn  R K. Some changes 
o f the  base sequence in some specific regions of some DNA molecules in a 
certain  group of bra in  cells ensue, and  these are specific in the  sense th a t



th ey  correspond to  the  process of storage of the  inform ation p a tte rn . This 
model is all th e  more a ttra c tiv e  because it is consonant w ith  endeavours 
looking upon th e  brain  as a s ta tistica lly  organized system  which displays 
certain  classes o f lawful behaviour.

ALTERNATIVE HYPOTHESES

Finally , the  a lternative  hypotheses of Fong (1969) and  of B radley (1968) 
should be m entioned. Fong assum es th a t the  electric field caused by the 
nerve impulses in teracts w ith the  perm anen t dipoles of the  stacked bases 
of RNA. Owing to  th is in teraction, a base m ay ro ta te  in the field. The energy 
gained in th is way is enough for unstacking a base and  the unstacked bases 
in an  R N A  chain stabilized by  a  protein bound to  it  form the physical basis 
of long term  memory. F u rth er, he assum es th a t  th e  recall of the  inform ation 
recorded in th is way occurs by  the  linear m otion of the  R N A  chain in some 
(yet unspecified) “p ick-up” . The unstacked bases produce an electric 
field different from the  stacked ones and  also impulses w ith a field strength  
and  tim e duration  sim ilar to  those of the  nerve im pulses. F ong’s hypothesis 
has thus the  advan tage of giving a m echanism  also for th e  recall. I ts  physical 
basis, however, does no t seem clear to  us.

B radley (1968) assum es th a t  the  electric field caused by  a nervous im pulse 
m ay change th e  ion concentration in the vicinity  of an enzym e capable of 
R N A  synthesis. The enzym e ac tiva ted  in this way will svn thetize RNA. 
Since R N A  is more suitable for binding ions th an  are the  m ononucleotides, 
the  newly synthetized  polym er m ight ac t as a reservoir for ions. I f  a second 
im pulse arrives, the  reactivated  enzyme m ay catalyze R N A  synthesis, or 
its degradation depending on the  concentration ra tio  of polynucleotides/ 
m ononucleotides. I f  degradation occurs, th e  release o f th e  bound ions could 
reinforce the  electric effects o f the  signal, which could lead “ to  a greater 
synthesis of the  polym er in post-synaptic nerve cells and  thereby  increase 
the probability  th a t an  im pulse s ta rtin g  a t  the beginning of a pathw ay  
will trave l th rough  and ac tiva te  th e  pathw ays in the  neural n e t” . As we 
can see B radley’s hypothesis has the  advan tage to  connect mechanisms 
on the  molecular level w ith mechanisms on th e  cell level. On th e  o ther 
hand, due to  its  com plexity a great deal of work is needed until its validity 
can be proved or disproved.

R E C A L L  O F  S T O R E D  IN FO R M A T IO N

I t  is easy to  see th a t  in case any  one of the  above-m entioned hypotheses 
for inform ation storage in long-term  m em ory proved valid, t lie proposed 
mechanisms m ust provide also for the  recall of th e  stored inform ation.

I f  th e  inform ation is stored in DNA, repetition  of th e  same stim ulus can 
trigger th e  unw inding o f DNA a t the  region where sequence changes have 
occurred in consequence o f th e  first stim ulus. This can give rise, through 
the  synthesis of specifically changed RN A  and protein molecules, to  ion 
distribu tion  changes in the  cell. These, in tu rn , m ay produce such electric 
field changes a t  the  cell m em brane th a t are very sim ilar to  those produced 
by the  original stim ulus.
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The two o ther a lte rna tive  hypotheses include also possible m echanisms 
for the recall of th e  stored inform ation (see p. 352).

We are o f the opinion th a t  the  different mechanisms proposed for the  
explanation  of m em ory are only th e  first very  crude steps in  our un d erstan d ­
ing of brain functions on the  molecular ievel. We hope, however, th a t  
they  will stim ulate fu rth e r more detailed experim ental and  theoretical 
investigations which m ay lead to  a m uch b e tte r founded molecular m echa­
nism o f memory.
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W e should  like to  express o u r g ra titu d e  to  P rofessor P .-O . L öw din fo r th e  s t im u la t­
ing d iscussions a b o u t his m u ta tio n  th eo ry . W e are  fu r th e r  in d eb ted  to  P ro fesso r 
K. K . M ishra an d  P ro fesso r G. A dam  fo r m an y  s tim u la tin g  and  fru itfu l discussions 
and  to  D rs A. U d v a rd y  an d  G. P iezó fo r calling o u r a tte n tio n  to  im p o rta n t d a ta  in 
the  li te ra tu re  an d  fo r th e  very  useful discussions.
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DISCUSSION

G. H o r n : H ow d id  you  o b ta in  a  read in g  from  y o u r  sy stem ?
P . G r e g its s : I  th in k  th e  read in g  ou t can  be clearly  seen from  th e  second 

figure o f  o u r p ap er.
O. F e h é r : I  should like to  raise tw o questions. F irstly , w hat does your 

model tell abou t sublim inal electrical ac tiv ity  of the nervous tissue, about 
exc ita to ry  and  inh ib itory  postsvnaptic poten tials ? Their am plitude is 
som etimes very  low: 1-2 mV on cerebral cortex neurones. Can they  modify 
cell m etabolism ? This po in t is very  im portan t, because nervous function 
includes no t only tran sm itted  spikes, bu t P S P ’s too, which are essential 
factors in  in tegra tive function. Secondly, if  impulses im pinging upon the 
cell m em brane are able to  modify th e  nucleotide sequence of DNA, what 
is th e  guarantee th a t  they  do no t modify th e  basic genetical code of the  
nerve cell thus altering its  specific m etabolism , d istrub ing  its  overall 
functions ?

P. Gr e g u s s : I t  is difficult to  answer D r. F ehér’s questions since i t  is 
a fu rth e r step  in th e  elaboration of our theory  to  tak e  in to  consideration 
th e  sublim inal electrical changes on the  one hand, and  the  relationship 
between the  basic genetical code and  th e  individually stored m em ory, on 
the  other.

G. U n g a r : I  suppose th a t  according to  vour proposal when new inform a­
tion  gets into th e  brain, th is will change the stru c tu re  of DNA in a large 
num ber of neurones and this is your holographic representation.

P . Gr e g u s s : Yes. The nerve im pulse which is active stores the  inform a­
tion  in a holographic form.

G. U n g a r : H ow do you explain th a t all m em ory traces are not perm anent ? 
Once you have produced a new DNA sequence, this m ust be there for ever, 
so you cannot forget anything. The second question is th e  following: We 
have to  speculate in term s of concrete neural pathw ays. This is substan tially  
the  sam e question th a t Dr. H orn  asked, nam ely, how do these new sequences 
of DNA modify th e  neural connections? There m ust be some in term ediate 
mechanism  as, a f te r  all, DNA is ju st a store. I t  has to  produce different R N A ’s 
and  corresponding proteins. How do you explain th is sequence of events? 
Dr. H vdén said th a t a protein m ust be th e  executive molecule and  in th is 
case how does th is executive molecule create the new connection necessary 
for th e  expression of learned behaviour and the  retrieval of w hat you learn. 
Do you have any  clear ideas about th a t  ?

P . Gregttss: I  have some ideas, b u t it is a b it too early to  speak about 
them , because th ey  have to  be proved experim entally.

H. H y d é n  : I t  would be a good idea to  have the  inform ation stored  phase 
angle, as i t  was proposed. The inform ation content could be ra th e r high 
and  the  ra th e r high frequencies could trigger any  specific enzyme reactions, 
and  th ey  could in itia te  synthetic processes. In  o ther words, this model 
could be a nice link between electrical phenom ena and  synthesis of mole­
cules of some kind. But it sounded as if  you had in m ind th a t  there  would 
be storing molecules acting like a tape. Of course, th is assum ption would 
be too naive and  would have to  be discarded already from the  beginning.



Such a hypothesis is t-oo crude and  cannot be conceived as a m a tte r of 
fact. As far as DNA is concerned, recently  an article has been published 
in Nature  by  J . Griffith and  H . M ahler abou t the  so-called ticketing model 
of m em ory. The hypothesis of these workers is in some respect sim ilar 
to  your assum ption. As m any tim es as th e  nerve cell is firing, the  m ethyla- 
tion of the  DNA molecule represents a ticket, and th e  num ber of tickets 
would give inform ation abou t th e  num ber of tim es the  nerve cell could 
have fired.

G. U ngar  : I  am  ju st wondering about th e  so-called cen tral dogm a of 
the  genetic code. DNA is a substance which is in  th e  cell for life, in which 
all th e  genetic characters are encoded and  if  we go on playing around w ith 
DNA, i t  could be a fru itfu l beginning. I  do n o t th in k  th a t  th is  dogm a should 
never be touched, b u t I  th ink  th a t  we do no t have enough inform ation a t 
th is stage to  touch any th ing  as sacred as th a t. And ju st one more point: 
in m y understanding  you spoke abou t some sort of random  changes in 
th e  DNA molecule. I  have difficulties in  understanding  how these random  
changes produced in a thousand  different cells can produce any sort of 
order.

P . Gregttss: You pointed to  th e  m ain question of the  holographic principle. 
I f  you tak e  a  holographic p late  and  cut it in to  different pieces o f different 
shape, you obtain  the  inform ation, the  original inform ation on each frag ­
m ent .

G. U n g a r : B u t th is is n o t ran d o m .
P . Gr e g u s s : I t  is quite random . This is ju st th e  principle of holography. 

U nfortunate ly , I  have no t enough tim e to  discuss in detail th e  basis of 
th is m ost fascinating theory . I  agree w ith m y discussants th a t  our h y po the­
sis m ust be proved and  proved again no t to  vulgarize th e  whole principle 
o f m em ory study.
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A N EW  N EU RO N A L MODEL W ITH 
D IST R I BUTE D MEMO RY
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F . Se b e s t y é n
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INTRODUCTION

As early as in 1958 th e  opinion was expressed th a t the organization of the 
brain and  th a t  of th e  com puter m ust be basically different, first o f all 
because th e  logical dep th  of th e  brain is m uch less th an  th a t of th e  com puter 
(von N eum ann, 1956, 1958). F or th is reason th e  com puter of von N eum ann’s 
type, as a model, seems to  offer few if  any  help in real-brain research.

More recently, for a g reater resem blance, dem ands for a com puter w ith 
d istribu ted  m em ory have arisen (Stark and  Dickson, 1966), based on findings 
sim ilar to  those of Lashley.

The model (Sebestyén, 1968), to  be described in  this paper, is an  a ttem p t 
to  cope w ith  th e  problem s and dem ands m entioned above and  to  help re ­
search on m em ory in general. F irs t a particu lar case will be expounded to  
fam iliarize the  ra th e r unusual ideas. Then th e  m odel itse lf will be dea lt 
w ith, and  last some problem s of m em ory will be discussed in connection 
w ith the  application of th e  model.

T H E  O RG A N

The organ is shown schem atically in  Fig. 1. I t  consists of the  pipe un its 
labelled w ith the  letters a, b, c, . . . , z, ?/, and the  common a ir m edium  in 
which th e  un its are situated . The role of the  air is n o t only to  serve as th e  
medium  of the  air waves generated by the organ itself, b u t to  be a genuine 
com ponent of the  la tte r  by which th e  in terrelations between th e  pipe 
units, shown by  the  lines in  Fig. 1, are realized.

THE STRUCTURE OF THE PIPE UNITS

The pipe un its, 24 in num ber, have identical structures. The key to  th e  
capital le tte r symbols which appear in the  magnified version of pipe un it i, 
is as follows (Fig. 1):

Mj =  M icrophone
Rj =  R esonator, which consists of selective circuits tu n ed  to  the  p itches 

of the  pipes P , (i =  a, b, c, . . .). I t  has one in p u t form ed by th e  
parallel connection of th e  selective circuits, and  a set of ou tputs, 
one from every selective circuit. They have tw o states “ 1” or “ 0” , 
depending on th e  sounding of its proper p itch



C, Com parator, w ith tw o sets of inputs, one from  the  resonator R ,
and  one from  th e  m em ory M  /i,

M E i  =  Memory w ith a set o f ou tpu ts  which can be in one of the  two 
states: “ 1” or “ 0”

M S j  =  Switch o f m em ory which changes the  s ta te  of the  m em ory M E f 
V, Valve
Bj  Bellows
Pi  P ipe

The cause-and-effect relations between the blocks labelled w ith the  capital 
le tters are indicated  by th e  directed lines in Fig. 1.

Fig. I.
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THE FUNCTIONING OF THE PIPE UNITS

I f  the  organ is m ade to  function, i.e. the  pipes of the  un its give sounds 
as required by  th e  piece of music to  be played, the  m icrophone M t is im pinged 
by sound waves, by  an  air signal which is transform ed first in to  an  electrical 
signal, th en  in to  sim ultaneous “ f ’s and  “0”s, in to  the complex o u tpu t 
of th e  resonator P (.

The in p u t signal o f th e  com parator C, coming from  th e  resonator B,  is 
changing whenever any  one of th e  pipe un its s ta rts  or stops to  give sound, 
while th e  one coming from  th e  m em ory M E changes only a f te r  the  sounding 
of its  own pipe P , and  is waiting in  th e  m eantim e.

If, and  only if, th e  signal from  7«', becomes equal to  th e  signal from  ME,,  
t he valve F,- is opened by th e  com parator C,, a f te r a certain  delay to  be 
explained later. Consequently a  sound is generated  by  P ,. This, as a com ­
ponent of th e  air signal, impinges upon the  microphones of all pipe units, 
am ong them  upon th e  microphone of its  own un it i too, and, as an electrical 
signal, changes the  o u tp u t of th e  respective resonant circuit in to  s ta te  
“ 1” ; th e  position of M E { is also changed in to  th e  nex t one by  the 
m em ory switch M S, .  U n til th e  nex t event of “becoming equa l” , th e  pipe 
u n it i rem ains silent; th is is how all the  pipe un its which are th e  only kinds 
of constituen ts of th e  organ, function.

The event o f “ becoming equal” is th e  m ost im p o rtan t po in t in  th e  function­
ing of th e  organ. F or th is reason it is practical to  call it briefly coincidence.

THE DISTRIBUTED SETTING-UP OF THE ORGAN

W hile in  the  case of th e  organ, too, the  functions of storing and  reading 
ou t inform ation, of tim ing, of controlling and  supplying energy can be 
distinguished, there  are no such m aterial p a rts  which would do these jobs 
in them selves.

I f  the  organ is required  to  p lay  some piece of music autom atically , the 
proper inform ation has to  be stored in it  beforehand. B u t as there  is no 
such u n it as a  store, inform ation has to  be stored  in a d istribu ted  form, if 
a t  all, in th e  to ta lity  of th e  memories M E ( (i =  a, b, c, . . . , z, y )  of th e  pipe 
un its. To express th a t  th e  p arts  stored belong together, th e  te rm “’ set of 
m em ory” , M E S  will be used for them .

Again for th e  sam e reason, th e  reading-out of inform ation has to  be 
executed in th e  sam e d istribu ted  m anner. This is the sum  of the  coinci­
dences ensuing in th e  organ a t different places and  tim es. The po in t is th a t  
th e  action of the  pipe un its is determ ined by  the  pipe un its themselves!

THE SET OF MEMORY (M E S )

The elem ents of M E S  are th e  memories M E r as m any in num ber as the 
kinds o f th e  notes in th e  piece of music to  be played. Again each M E ,  has 
as m any sta tes as th e  num ber of notes characterizing th e  p itch  of its  P ,. 
As the  coincidences result in sounds, in the  sim plest case of M E S ,  every



s ta te  has to  be proper to  the  sounding p icture ju st preceding the  sound due 
to  occur. B y a s ta te  of M E t a perm uta tion  of “ l ”s and  “ 0”s is m eant (see 
the definition of M E  ■).

F o r illustra tion , th e  first five bars of th eP re lu d iu m  and  Fugue in C-m ajor 
by  J .  S. B ach will be considered. I ts  conventional score is shown in Fig. 2. 
F o r th e  sake o f convenience the  technical version, which is sim ilar to  a 
punched paper tap e  (Fig. 3), will be used in  th e  procedure resulting in the 
M E S  of th e  piece of music. Time is shown along th e  horizontal lines from 
left to  right, and  th e  different p itches along the  vertical lines. The small 
letters labelling the  lines are explained in Fig. 2. The black bars on the  
horizontal lines represent th e  notes; th e  longer a bar, th e  longer the  tim e 
during which th e  respective pipe has to  sound. On th e  horizontal axis the  
u n it of tim e is equal to  th e  tim e value of the no te 1/16.

F rom  Fig. 3, th e  num ber of th e  memories can be found out easily by 
counting down th e  horizontal lines: 24. The num ber of th e  sta tes of e.g. 
th e  m em ory M E e can be found ou t by  counting th e  bars on horizontal 
line e: 11. A nd again, a s ta te  of M E e belonging to , e.g. the  10th action of 
the  u n it e can be established by going back on the  tap e  in tim e looking for 
any  bars preceding th e  given b a r on any  of th e  lines lf  — o — w ’.

Timing, too, is a d istribu ted  function, so th e  re levant inform ation should 
be stored in  a d istribu ted  form in the  memories ME,.  The exact beginning 
and  th e  du ra tion  o f action should be determ ined; i t  m eans th a t two tim e 
values belong to  every s ta te  of memory. They can be found ou t from  the 
tape, too. The duration  is th e  length of th e  bars, which is two units of tim e 
a t  th e  10th action of pipe u n it e. The other inform ation is th e  delay from 
the  m om ent of coincidence to  the  beginning of action. On the  tap e  the  delay 
appears as th e  d istance between the  s ta rting  po in t of bar no. 10 and th a t 
of th e  preceding bar or bars. In  th is case it is one u n it of time.

PRAEIUDIUM et FUGA
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Fig. 2.
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I f  this is done for all th e  bars, the  procedure discussed can be considered 
as a coding of the  inform ation from the  tape  to  th e  set of m em ory. Then the 
reading-out m ight be called au tom atic  decoding. For proper functioning, 
th e  relation between the  coding and  th e  decoding has to  be inverse. On the 
basis of the  given coding procedure th e  inversitv  depends on the  na tu re  of 
th e  piece of music in question. I f  i t  is s tric tly  logical the  sim plest possible 
coding (the one discussed) is satisfactory. I f  the  piece of music chosen is 
no t stric tly  logical, a more com plicated coding is required, which takes into 
consideration a  longer p a r t of music backw ards from  the  coincidences. More 
detailed discussion of th e  problem  is unnecessary and  beyond th e  scope of 
this paper.

THE FUNCTIONING OF THE OHGAN AS A WHOLE

The first problem  is how to  s ta r t th e  organ. E ven the  m ost triv ial way, 
i.e. s ta rtin g  th e  organ by switching-on th e  power supply of every pipe un it, 
is w orth  m entioning. From  the  po int of view of function, switching-on is 
d istribu ted  too, and, besides, th is can be achieved by sounding the  first 
sound (see version b below). One o f the  pipe un its has to  give sound first, 
so in th e  ind ividual un its th e  effect of switching-on is equivalent to  th e  effect 
of th e  coincidence. The switching-on of the  o ther pipe un its except for the  
first one, on th e  o ther hand, is po ten tia l only, for th ey  cannot give sound 
unless th e  proper coincidence occurs.

There are tw o o ther possibilities to  s ta r t th e  organ:
(a) by  silence,
(b) by  providing th e  first sound of the  piece o f music from  a foreign 

source of sound.

: i t i l



N aturally , in bo th  cases the  power supplies have to  be sw itched on before­
hand. In th e  first case, th e  m em ory o f th e  pipe u n it due to  give the  first 
sound has to  be set in to  the  “silent s ta te ” , which is the  perm uta tion  consisting 
of “ 0”s only. A fter all these conditions having been fulfilled, th e  organ 
begins to  work a t  the  first “silent s ta te ” of the  common a ir medium.

No m a tte r which way of s ta r t  is chosen, the  memories of every pipe u n it 
have to  be set in to  the  s ta tes  ju st preceding the  first of their own actions 
before the  organ is actually  started .

in  the  explanation  of th e  functioning, let the foreign (b) case of the s ta rt 
be chosen. According to  th e  piece o f music (supposed to  be stric tly  logical 
for the  sake o f sim plicity) some of the  first sta tes of memories found out 
from  the  tap e  (Fig. 3) are as follows. (The order from left to  right and from 
top  to  bo ttom  is proper to  th e  course o f music. N atu rally , the  ou tpu ts  of 
all th e  memories have to  be set in to  the  s ta te  of ‘0” , except for the ones 
in quotation  m arks whose s ta tes  are “ 1” .)

(1) M E m : 'rí  (waiting for the foreign p itch  ' r í )
(2) MEI  : ‘ra’(waiting for the  p itch  ‘m ’)
(3) M E k : T  (waiting for th e  p itch  7 )
(6) MEh : V  (w aiting  fo r th e  p itch  7 ')
(7) M Eg : ‘h’ (waiting for the  p itch  ‘l i)
(8) M E V : 'li (waiting for the  pitch 'li too!!)

W hen the  foreign pitch is generated  (say, by a common organ) the  music- 
s ta rts  to  p lay im m ediately. Though all the un its are under th e  influence 
of the sound waves, coincidence can be brought abou t in  un it m  only, resu lt­
ing in th e  action of its own pipe P m, which switches its  m em ory into the 
nex t sta te . (This sound is the  second of the piece of music: the  first was the 
p itch  ‘rí  generated  by  the  foreign source!) Next, though all the  units are 
under the  influence of th is sound again, owing to  the  proper setting  of ME,,  
a  coincidence can come abou t only in  u n it l, resulting in P, giving sound, 
which switches its  m em ory in to  th e  nex t s ta te , etc. In  th is  way, the  func­
tioning of the  organ is a ty p e  of “ chain reaction” . E ven ts constitu ting  the 
“ chain reaction” could be any  of the  following four kinds:

(1) One sound due to  one sound
(2) One sound due to  more th an  one sound
(3) More th an  one sound due to  one sound
(4) More th an  one sound due to  more th an  one sound.

A peculiar p roperty  of the  organ is th a t  its  functioning can be spoilt per­
m anently  by  foreign pitches im ita ting  sound pictures due to  happen la ter 
though already being waited for by a memory (or memories) of a pipe 
unit(s). The explanation of this behaviour is th a t  the sound generated 
before due tim e cannot be a constituen t of th e  proper sound picture, for 
th e  m em ory o f the  proper pipe un it is already in the  nex t s ta te  a t the  correct 
time.



F or la te r in terest a  version of the  organ which is playing cyclically for 
ever is described now. L et it  be supposed th a t  th e  first and  last sound p ic­
tu re  of a certain  piece of music is the  same. I f  the  organ is in tended  to  p lay 
it  cyclically, then  the  s ta tes  of memories have to  change cyclically, too. 
Thus the  last sound p icture will find the  memories still w aiting for it, so th a t 
the playing can go on for ever.

THE ESSENTIAL GHAI’H OF THE INTERRELATIONS

Through the  common air medium, every un it is in relation w ith all the 
others, as shown by  th e  lines between the  pipe un its in Fig. 1.

Bv definition, a relation will be called active if  it  is necessary for any  of 
the  coincidences and is passive otherwise. R elating to  a set of m em ory the  
essential graph is the  sum  of the  active relations. The essential grajdi of the 
piece of music is shown by the  th icker lines in Fig. 1.

Since during the  functioning proper to  the  set of m em ory actually  stored, 
a re lation can be active m ore th an  once and, besides, the  order of their 
ac tivation  is lost in their sum, an essential graph  can belong to  more th an  
just one set of memory.

In  connection with the  essential graph, the  organ has two fu rther prop- 
erties w orth m entioning. F irstly , i t  is a criterion of faultless functioning 
th a t  the essential graph  of the  in terrelations be contained by the  actual 
interrelations. So if  th is criterion is no t violated, the  rests of the circuits 
are not required  to  be specific. Secondly, th e  functioning of th e  organ 
cannot be explained solely on th e  basis o f th e  in terrelations.

THE E p r i  POTENTIAL PROPERTY OF THE REDUNDANT ORGAN

Now a redundan t version of th e  organ will be specified. I t  consists of, 
say, 100 of every kind of pipe units, which are evenly d istribu ted  in a 
‘slab ’ of space filled up  w ith  air. The dimensions of the  space occupied 
by the  pipe u n it are sm all com pared w ith  th e  hearing distance of the  units.

An in teresting  p roperty  is th a t  th e  red u n d an t organ can be divided a t 
will in to  two p arts  w ithout any change in th e  functioning of th e  parts , b u t 
for th e ir sound volume, if  the  sm aller p a r t still consists of a t least one com ­
plete set o f the  pipe units, i.e. of 24 different units. The procedure of division 
can be carried out by rem oving the  two p a rts  from  each o ther placing them  
out of hearing distance or by p u ttin g  one of them  into a sound-proof cham ber.

The procedure of division can be carried ou t a t  random  w ith the  sam e 
result, any  p a r t of th e  redundan t organ consisting of more th an  one set 
of the  pipe un its is a functionally  equipotential p a r t  com pared w ith  the  
whole or w ith any o ther jiarts.

By th is  p roperty , some sort of sim ilarity  can lie recognized between a 
holograph and  a ‘slab’ of the  red u n d an t organ. And w hat is more, in a cer­
ta in  sense, th e  la tte r  can be considered an active holograph.



T H E  G E N E R A L  B IO LO G IC A L M O D EL (G EBIM O )

Below the  properties of th e  General Biological Model (GEBIMO) will be 
discussed by pointing ou t th e  corresponding properties of th e  organ, which 
is a particu la r case of th e  former.

THE SET-UP OF GEBIMO

GEBIM O consists of tw o general p a rts  in term ingled w ith each other:

(1) An active p a rt, i.e. a population of units each equipped w ith a sepa­
ra te  power supply and  able to  influence th e  s ta te  (composition) of the 
passive p art and  to  be influenced by it.

(2) A passive p a rt, th e  m edium  through which the interdependence 
between the units and  th e  relation of GEBIM O to o ther system s is realized.

In  the  organ th e  active p a r t is the  to ta lity  of the  pipe un its and the 
passive p a r t is th e  common air m edium. The organ is able to  influence o ther 
system s by the  common air m edium, b u t itself is no t allowed to  be influenced 
by  o ther system s if  faultless functioning is to  be m aintained: therefore it 
is both  an open and  a closed system .

The direct interdependence of th e  m em ber units or the  relation of the  
un its to  o ther system s of the  world depends on th e ir sharing the  passive 
p a r t .

The m ore un its share the  passive p a rt, the  sm aller the  d iam eter of the 
graph picturing th e  interdependences. In  th e  organ all the  pipe un its share 
th e  common air m edium , accordingly the  d iam eter of the  graph picturing 
th e ir in terrelations is one (Fig. 1). T h at the  passive p a r t is shared by two 
units m eans th a t  its  s ta te  or com position (physical, chemical, etc.) can be 
under the  influence of bo th  and  th a t  also bo th  un its can be influenced by  
the  common medium.

The units m ust be equipped w ith

(a) th e ir own power supply;
(b) some sort (sorts) of device sensitive to  th e  states (composition) of 

th e  passive p a r t shared;
(c) some sort (sorts) of device capable to  generate changes in th e  states 

(composition) of th e  passive p a rt shared;
(d) some sort of a m aterial configuration changing its  s ta te  for the  p u r­

poses of m em ory;
(e) some sort of a com parator device capable to  com pare the  states 

(composition) of th e  passive p a r t tran sm itted  by the  sensitive device and 
th e  s ta te  of memory.

The effect of device c depends on the  result of the  com parison executed 
by device e. Devices a to  e are no t necessarily separate m aterial m echanism s, 
in the organ th e  set-up of the pipe un its should be considered m uch more 
an  exam ple of th e  functioning th an  of the  structure .



Generally, th e  com parator com pares the  s ta te  (composition) of th e  neigh­
bouring passive p a rt on th e  basis of more th an  one tim e function sim ul­
taneously. In  o ther words, the  com parison is dependent on space and  tim e 
functions; figuratively, i t  depends on changing pictures of sta tes and  com ­
position of th e  passive p a r t (cf. the  organ).

In  th e  organ it  is only th e  s ta te  of m em ory th a t changes. Generally, the 
conten t of m em ory is allowed to  change, too. Compared w ith  th e  organ 
playing perpetually  m entioned above, a system  w ith a set of m em ory chang­
ing in content, too, goes around a spiral instead  of a circle. The cause of the 
content changing is the  influence of bo th  th e  functioning of th e  system  
itself and  o ther system s re la ted  w ith  i t  th rough  the  common passive p art.

The GEBIM O is a d istribu ted  system , which will be proved below.
In  a m an-m ade system  a certain  job is done by a certain  p a r t of the 

m echanism  and  nowhere else. This w ay of organization is called concen­
tra te d , in con trast to  th e  d istribu ted  organization. Or conversely, in a d is tri­
bu ted  system , it  is usual to  speak about a certain  job, although there  is 
no t any  particu lar p a r t of the  system  doing ju st th a t  job alone.

The tw o extrem es of d istributedness are

(1) D ifferent functions being d istribu ted  in certain  p a r ts  of th e  system  
or over th e  whole;

(2) A certain  function being d istribu ted  in  a  p a r t of th e  system . The 
organ is an  exam ple of the  first extrem e: th e  functions d istribu ted  are the  
reading-out of inform ation, th e  storing of inform ation, tim ing, power 
supply, etc.

D istribu ted  system s are superior to  the  concentrated  ones, for th e  la tte r  
are contained by th e  form er as th e ir special cases. D istribu ted  system s 
belonging to  the  first ty p e  have no block diagram s in th e  usual sense.

CHARACTERISTICS OF THE KU.N( TIONIXO OF GEBIMO

The m ost im p o rtan t steps in  th e  functioning of this system  are th e  coin­
cidences occurring in  th e  constitu ting  units. The un its become active due 
to  neither th e  sta tes (composition) of the  passive p a r t nor th e  sta tes of 
th e ir own memories, b u t to  the coincidence of th e  two. In  th is way th e  units 
have g reat freedom  to  decide on doing anyth ing . A pproaching th e  same 
question from  the  o ther direction, it  can be s ta ted  th a t  th e  stru c tu re  of 
the  passive p a r t is no t a basis for the  explanation of the  functioning of 
GEBIM O.

The term  ‘s tru c tu re ’ has several meanings. One of them  is in connection 
w ith  th e  set-up of a mechanism. The s tructu re  can be specific to  the  
functioning or can be unspecific. F or example, th e  stru c tu ra l n a tu re  of 
a  n e t can be expressed by topological term s which, in tu rn , are n o t in d irect 
connection w ith  th e  function a t  all.

In  th e  organ the  s tru c tu re  of the  in terrelations realized by th e  common 
air medium  is entirely  unspecific to  the  functioning, and, w hat is more, 
th e  functioning is no t explainable by the  essential graph either (see p. 363).
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Im p o rtan t characteristics of the  functioning are its  being parallel and 
sim ultaneous. These two words indicate th a t  this ty p e  of system  differs 
essentially from  the  serial (concentrated) system s where functioning occurs 
in successive steps which are in cause and  effect related  to  each o ther (the 
von N eum ann’s ty p e  com puter is a good exam ple of th e  serial functioning).

The organized functioning is provided for by th e  m em ory set of GEBIM O. 
The elem ents of the  set are the  memories of the  constitu ting  units. The 
m em ory set of GEBIM O is allowed to  change bo th  in s ta te  and  in content. 
The changing in  conten t is in connection w ith learning properties (see 
] > .  368 ) .

T H E  A P P L IC A T IO N  O F G EB IM O  TO T H E  C E N T R A L  
N E R V O U S SY STEM  (CNS)

The application will be called B istribu ted ly  Organized M em ory Model 
W ithout Therm al Noise, DOMYNO.

In  accordance w ith the  cell theory  there  has to  be a m ateria l component 
o f the  brain  and, generally of the  m ulticellular organisms, ap a rt from  the 
cells. This m ateria l com ponent will be called extracellu lar m aterial (EXMAT), 
irrespective of o ther designations in th e  different tissues.

The neurones and o ther cells of the  CNS will p lay  the  role of the  active 
p a rt and the  EXM  AT will p lay  the  role of the  passive p a r t of th e  GEBIM O 
in th e  DOMYNO. Consequently, th e  cells are supposed to  he able to  change 
the  molecular s ta te  and/or composition of EXM AT and  to  detect any  such 
changes caused by  them selves or o ther cells.

Our aim is no t to  give a full discussion of the  problem s involved b u t only 
to  s ta r t  a tra in  of though t. W ithin the  scope of a short paper we cannot 
en ter in to  a detailed  re-explanation of all of the  knowledge gathered  on the  
brain. W ith  th e  organ and  w ith GEBIM O we only wish to  present a new 
approach to  old problem s and  to  furnish a few exam ples of application.

INTEECEU.UI.a u  co m m u n ica tio n  IN DOMYNO

S tarting  out from  w hat has been said abou t GEBIM O, EXM AT will be 
tho u g h t of as th e  m edium  of the  in terrelations between the  cells (cf. th e  
common air m edium  of th e  organ). A fter having excluded the  possibility 
of any rem ote effect, ac tually  the  molecular com position (state) of the  
m aterial surrounding th e  cells is the  only factor on which cell action can 
depend.

The m olecular s ta te  (composition) of EXM AT in the  close v icin ity  of the 
cells will be called their m olecular p icture (MOPI) and  will be regarded 
as the  in p u t signal of the  cells in DOMYNO.

According to  th e  common situation , it  can be s ta ted  th a t  EXM AT is 
changed by  secretion from  the  cells, if  the  tran sm itte r m aterial of synapses 
is though t to  be secreted too (but why no t?). At half-way to  the  g landular 
(th a t is the  classical) secretion, th e  neuronal secretion can be found.



In  fact,pe rhaps w ith the  only exception o f the  so-called electrical synapses, 
there is no “d ry ” com m unication between the  cells. B u t even in th is excep­
tional case, there is no difficulty of transm ission : in th is case the  molecular 
pictures of th e  two cells are considered to  have m olecular p a rts  in  com ­
mon - in contrast to  the  usual case when th e  m ateria l of the  m olecular 
p icture belongs to  neither of the  cells.

The molecules which are th e  prospective constituen ts of the  molecular 
pictures can reach the  neighbourhood of th e  cells directly  by being secreted 
there (for exam ple in to  the synap tic  cleft), or transported  via th e  blood, 
lym phatic, etc. circulation. B u t in bo th  cases, th ey  m ight be driven by 
therm al ag itation : for th e  change of MOP1 of any  cell, diffusion can be 
postu lated . (I t is self-explanatory in  the  case of the  subsynaptic cleft, and  
acceptable in  the  capillaries and  th e  larger vessels too, because of th e  lam inar 
flow.) F or th is  reason th e  com m unication system  realized by EXM AT is 
free from  therm al noise. The therm al agitation  is the cause of the  changes 
in th e  M OPI regularly and  it is no t a d isturbance of com m unication. Again, 
in view o f th e  in p u t signal hypothesis, the  interdependence between the  
cells and  th e ir M OPI is im agined to  be sim ilar to  chemical reactions, and 
it is well known th a t  the  therm al m otion of the  molecules is th e  basic con­
dition of these reactions.

COMPARISON OF THE INTERCELLULAR COMMUNICATIONS IN THE UI.ECTIUCAI.
MODELS AND IN DOMYNO

In  th e  electrically dom inated models, a tten tio n  is concentrated  on neu­
rones which have m easurable electrical phenom ena accom panying their 
actions. These cells are equipped w ith two sorts of elongated parts, the  
dendrites and  the  axons. In  view of their electrical properties, these elonga­
tions can ideally be regarded as the  wires of the  neuronal nets w ith junct ions 
a t th e ir synapses. D ue to  McCulloch’s and  P i t t ’s (1943) suppositions, the 
neurones in  th e  nets are viewed as simple and  inferior com ponents of the  
nets them selves. Consequently, its  behaviour is expected to  be explainable 
on th e  basis of their own circuitries or wire-ins. The guiding principles of 
the  explanations, in m any instances, have been taken  from  th e  organization 
o f the  von N aum ann’s ty p e  com puters (1961), or in o ther cases, as working 
hypotheses, from  organizations of model system s of their own rights (P er­
ception by F . R osenblatt, 1962).

The topology of the graph of interrelations of DOMYNO is the same as 
the topology of the neuronal net of the electrical models. For it is a matter 
of convention only to speak about EXMAT being shared by two neurones, 
or about their svnaptical junction. The main issue is that the two neurones 
are in interrelation witli each other. The elongations of the neurones are 
factual things but to think of them as wires is dictated by the electrical 
models only. In the DOMYNO hypothesis the elongated shape of the neu­
rones has been taken into consideration when the neurones are regarded as 
shareing a common extracellular material.



THE POSSIBILITY OF A MULTIDISCIPLINARY APPROACH

Now the question can immediately be asked: What is the justification 
for this somehow complicated determination of the same thing?

N aturally , there  is no justification if  only the  in terneural connections, 
th a t  is the  topology of the  neuronal net, are considered. But if  the  problem  
of th e  “d ry ” and  “ w et” com m unication (distinction of the  past) has to  
be tack led  on the  basis o f one model, DOMYNO will be a suitable means. 
W hile an electrical phenom enon m easured is quite incom patible w ith a 
horm one molecule being th e  messenger (K atz, 1966), the  idea of M OPI as 
the  in p u t signal of the  cells (not only th a t  of th e  neurones!) does n o t m ake 
any  distinction depending on th e  origin of the molecules in it. Some parts  
of the  M OPI can be changed by  th e  neuronal secretion, while o ther parts 
by  o ther sorts of cells, and  vice versa.

According to  th e  idea of molecular picture, an action po ten tia l of an 
axon is no t a signal of DOMYNO b u t only th e  sign o f the  prospective change 
in th e  proper p a r t  of M OPI. Though M OPI as such is no t directly  m easur­
able, th e  idea can prove to  be useful in the  explanation of certain  phenom ­
ena, and  a t  th e  same tim e, indirect m easurem ent is a t hand  by properly 
designed electrical, chemical, etc. instrum entation  of th e  experim ents.

SHORT-TERM MEMORY IN THE INTERCELLULAR COMMUNICATION OF DOMYNO

For physicists the term ‘memory’ means storage of information. Now, 
as far as the storage is concerned only, any material process can be its 
basis which has some after-effect influencing the next states of functioning 
of the system of which the process in question is a part. The signal which 
stores information can be static or dynamic in nature, i.e. constant or chang­
ing in time.

Indisputably, secretion has after-effects. Molecules secreted into some of 
the EXMAT will stay there for a time the length of which depends on the 
quantity of the molecules secreted and on the speed of elimination. The after­
effect of the transmitter material secreted into a synaptic cleft is shorter 
in duration than that of some amount of hormone secreted by a gland into 
the blood stream.

In the electrically dominated neuronal models, the action potentials are 
to be imagined to be instantaneous phenomena. For this reason only rever­
berating circuits, closed paths of neurones could be held responsible for 
short-term memory. In DOMYNO, the phenomenon of secretion, with 
MOPI as the input signal, seems to he a good explanation of the mechanisms 
of some sort(s) of short-term memories.

THE PROBLEM OF TEMPORARY CONNECTIONS

The models which concentrate on the circuitry of the neuronal net try 
to explain different functions and also learning by supposing temporary 
connections at the synapses. They have no basic difficulties, for the connec­
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tivity of the brain is so rich that to think that every neurone is in connection 
with ail others is a better approximation than to think that only specific 
connections exist (specific to certain kind of functioning). Actually the 
diameter of the brain between peripheral points is about 10, which is 
the approximate number of neurones in the shortest path across the brain. 
In other words this means that there are a variety of paths between any 
two peripherial or other points of the brain.

But difficulties arise in the reasoning of why just only certain paths 
become activated and others do not and how new connections, that is new 
behaviours, come into being.

The coincidences, as the causes of action in the neurones and other cells, 
offer an answer to both problems. Accordingly, the circuitry is not specific 
to any function or behaviour, but to the sum of all past and future functions. 
In other words the neuronal net is the sum of all the interrelations necessary 
to the activity patterns which have been established and which are possible 
to be established by learning at all.

Now a certain activity pattern of the totality of the cells comes into being 
by coincidences according to the state of the set of memory distributed 
in the totality of the constituting cells and according to their preceding 
activity pattern. So learning is supposed to involve not the change of the 
circuitry but the content of the set of memory.

Naturally in the material theories of learning, that is information storage 
and retrieval, the problem is not the mere existence of the material changes, 
but the nature of the material traces of memory, the nature of the write-in 
and the read-out mechanisms.

As far as DOMYNO is concerned, the mechanism of learning is imagined 
to be distributed, that is the information of a n  experience for example 
is imagined to be stored by material changes occurring in the entire, or at 
least in a great part, of the set of memory distributedlv, and the retrieval, 
or in other words the read-out, is supposed to take place by coincidences 
distributedly, too.
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( '0N(ELUDING R EMAR KS

by th e  C hairm an

K. L issák

As interest had been turned to the function of the brain, the doctrine of the 
separate localization of mental functions gradually took form. In the nine­
teenth century Flechsig defined the association areas as distinct from sensory 
and motor representations in the cortex. According to Henschen’s extreme 
theory, single ideas or memories would be linked to separate cells. Bechterew 
and Pavlov regarded higher nervous function as associations and as chains 
of conditioned reflexes. Pavlov came forward with the idea of analysers 
and refuted any attem pt at the compartmentalization of brain functions. 
In recent years occurrences of various sorts have been reported in the ner­
vous system during learning, e.g. changes in electrical activity or chemical 
composition; however, much of these changes may be irrelevant in respect 
to memory functions.

I t  seems to  be a well-founded s ta tem en t supported  by am ple evidence 
th a t th e  m em ory system  of the  central nervous system  consists of a num ber 
of relatively simple modules and each records a different degree of conse­
quences aroused by exc ita to ry  and  inhib itory  states. Semon (1904), who in tro ­
duced the  word “engram ” , did  n o t define m em ory or m nem ic faculty  as 
a specific p roperty  of cell functions, he suggested the  m em ory being a 
“ form ation o f new connections” . Studies on the  mechanism  of elem entary 
learning processes have revealed th a t m em ory traces, a t  least of simple 
sensory-m otor associations, are no t laid down and  stored w ith in  a partic- 
ular association area o f the  brain  and  no t w ithin a restric ted  p a r t of the 
brain  supposedly concerned w ith each sensory m odality . Lashley w rote in 
his famous paper “ In  Search of the  E ngram ” : ‘m em ory traces are a t first 
form ed in th e  cerebral cortex, they  are finally reduced and  transferred  by 
long practice to  subcortical level’. This assum ption is in accordance w ith 
the  concept of Pavlov abou t the  n a tu re  of conditioned reflexes, and  has been 
confirmed even in recent studies.

There is no doubt that billions of neurones in the central nervous system 
are organized into a large number of systems and each system holds the 
traces of a number of memories. Lashley already emphasized that the neu­
rones of each system may participate in different functions on the basis 
of different spatial and temporal distribution of impulse patterns. He called 
this feature of nervous function as “trace system” . He also proposed that 
if a system in tonic activity dominates the brain field, this limits the organ­
ization of other systems. This assumption appears to be very similar 
to the theory of Uhktomsky of the dominant action. Both old and recent 
concepts of the nature of the memory function of the brain involve elements 
of the tremendous plasticity of nervous processes and avoid the separate 
learning capability of single cells.

Modern theories of memory function, based either on changes in ribo­
nucleic acid composition of single cells after a number of impulses or on



neurophysiological and behavioural studies, must face the facts that, from 
the behavioural point of view, we must differentiate “reading-in” and “read­
ing-out” in the memory functions, and most of the phenomena registered 
by students of learning processes are connected to such events of brain 
memorization. Interruption of brain circuits frequently interferes with 
the “reading-in” or -“out” capacity of the memory system and conclusions 
formed on this basis might be misleading.

Changes in the basic chemical composition of the neurones which occur 
during learning can be regarded as memory constituents and such discoveries 
contributed to the understanding of cellular processes underlying memory 
functions. On the other hand, biochemical changes of the cells seem to be 
unrelated to a particular memory but are involved in several kinds of memory 
function.

I feel tha t much of the evidence presented at this Symposium provided 
further contribution to our knowledge about mechanisms underlying ele­
mentary learning and memory function. Also, this Symposium proved that 
the methodology and technique of modern molecular neurobiology, including 
the pharmacological approach, are indispensable in our efforts to understand 
the interrelationships of brain and behaviour.

The word memory has been mentioned many times during this four-day 
conference; we have used it from the psychological and behavioural points 
of view, we have considered it as part of an objective system like a computer, 
and we have correlated it with electrical signs occurring during learning. I  feel 
that all the speakers of this meeting, approaching the same problems from 
different points of view, contributed quite a lot to our understanding of 
the nature of the engram.
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