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Fig. 1. Axonal beading in the sciatic nerve (Holmes sliver). Low 
magnification. 

Fig. 2. Perinodal myelin breakdown (arrow). 1Karchi. Glycerin 
dissection. 

silver, Nau ta -Gyggax ,  luxol-fast-blue,  PAS,  oil-red-O. 
The Marchi  p repa ra t ions  were dissected in glycerin.  The 
t issues were examined  wi th  a polar iz ing microscope.  

The histological  examina t i on  of the  sciatic nerves  
showed t h a t  in all the  rats,  excep t  the  controls,  there  was 
axonal  hype r t rophy ,  bead ing  and  degenera t ion  (Holmes 
silver, Nauta-Gyggax) ,  associated wi th  widespread  peri-  
nodal  and  segmenta l  b r eakdown  of myel in  (Marchi, ORo, 
Polar iz ing scope) (Figures 1-3). This p ic ture  is i n t e rp re t ed  
as represen t ing  ear ly  changes  of a neuropa thy ,  which  is 
p r imar i ly  axonal  wi th  secondary  myel in  breakdown.  The 
cause of the  n e u r o p a t h y  is M n B K  inhala t ion  and  the  
possible role, if any, of M E K  in the  second group of ra t s  
is now being inves t iga ted .  

Rdsumd. Dix-sep t  ra t s  sont  expos6s p e n d a n t  6 semuines  
5 jours par  semaine,  8 h par  jour,  k une a tmosphe re  
c o n t e n a n t  soit  du m6 thy l -n -bu ty l  k6tone seul soit  un 
m6lange de M n B K  et de m6thyl -6 thy l  k6tone. T o u s l e s  
ra ts  pr6sent~rent  une faiblesse musculai re  g~n6ralis6e 
apr6s l ' inha la t ion  qui dura de quelques  h k 24 h avec 
r6cup6rat ion mor t ice  totaIe.  E n  d@pit de ce t te  appa rence  
normale,  l ' examen  his tologique r6v61a une  hyper t roph ic ,  
un ba l lonement  en grains de chapelet ,  et  une d6g6n6re- 
scence des axones,  associ6e k une d6my61ination secon- 
daire, hab i tue l l emen t  situ6e dans  la r6gion des nodes de 
Ranvier .  La toxici t6 du M n B K  est  prouv6e, celle du M E N  
est  encore k l '6tude.  
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Fig. 3. Paranodal myelin breakdown (arrow). Marchi. Glycerin 
dissection. 

Molecular Coding of Maze Learning; Demonstration by Bioassay 

Since 1965 an increasing n u m b e r  of publ ica t ions  have  
repor ted  de tec t ion  of behavior - induc ing  subs tances  in the  
bra in  of t ra ined  animals  by  means  of behaviora l  bio- 
assays 1-5 and two of the  act ive subs tances  have  been  
isolated and ident i f ied 6,7. Al though  evidence has been 
produced  for the  specifici ty of t he  m e t h o d  s-11, it  still 
remains  controversial .  The exper iments  r epor ted  in this  
paper  br ing  fur ther  suppor t  to  the  va l id i ty  and  specif ici ty 
of t he  behaviora l  bioassay.  

E x p e r i m e n t  I. The f irs t  series of 3 exper iments ,  done a t  
Baylor  College of Medicine, used a maze (Figure 1, bo t tom)  
consis t ing of a whi te  plast ic  outer  shell in to  which  a 
balsa-wood sys tem of pa r t i t ions  could be inserted.  Swiss 
albino mice (male, 25 g), wa te r  depr ived  48 h pr ior  to  the  
first  t ra in ing  session, were t ra ined  to  run  the  maze (up to 
a m a x i m u m  of 5 min) unt i l  t h e y  reached the  wa te r  cup 
and  d rank  for a few sec. W i t h  1 daffy t ra in ing  session, the  
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Table I. Experiment II 
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N Mean running time S.D. t vs. control supernatant �9 P 

Control supernatant 15 559.8 
Straight alley control supernatant 15 568.6 
Experimental supernatant 16 280.6 
Dialyzate of RNA 20 323.8 
Non-diffusible RNA 19 612.4 

4- 189.5 -- 
4- 209.0 0.11 NS 
-4- 91.6 4.90 < 0.005 
4- 140.0 3.96 < 0.005 
4- 159.7 0.30 NS 

Computed by DU~NET'S t-test t4. 
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Fig. 1. Diagram of the mazes used in the experiments. -+ Starting 
point; --~O endpoint with water cup. 
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Fig. 2. Pooled results of first series of experiments (combined 
experiments} Abscissa: days of testing; ordinate: mean running time 
in see. --,  mice injected with brain from maze-trained mice; 
mice injected with brain from untrained water-deprived mice. 

cri terion of 30 sec or less runn ing  t ime  on 3 consecut ive  
days  was reached  in 9 to  14 days.  4 h af ter  the  last  trial,  
the  bra ins  of the  mice were frozen on dry  ice and homo-  
genized in 2 ml of d is t i l led  w a t e r  per  g of brain.  Af ter  
cent r i fugat ion  (30 min  at  25,000 r p m  a t  5~ the  super-  
n a t a n t  was used for injections.  E x t r a c t s  of control  bra ins  
t aken  f rom res t ing  wa te r -depr ived  mice were p repa red  by  
the  same procedure .  

The rec ip ient  mice were p re t e s t ed  once and were 
d i s t r ibu ted  in to  an exper imenta l  and a control  group 
hav ing  a p p r o x i m a t e l y  equal  mean  scores. After  24 h wa te r  
depr iva t ion ,  t hey  were  in jec ted  i.p. wi th  the  equiva len t  
of 1 g of donor  bra in  in a vo lume of 0.25 ml. The first  
t e s t ing  done af ter  a fu r ther  24 h per iod of depr iva t ion  was 
followed by  dai ly tes t s  all done under  bl ind condit ions.  
The results  were expressed in t e rms  of the  t ime  requi red  
by  each mouse  to  reach the  dr inking cup (running t ime).  
Figure  2 summar izes  the  resuIts of the  3 t e s t s  in th is  
series. In  each one, the  expe r imen ta l  animals  ran  the  maze 
s ignif icant ly  fas ter  t h a n  the  controls.  The resul ts  were 
pooled because there  were no s ignif icant  differences be- 
tween  the  runn ing  t imes  of t he  3 control  groups  (t-test or 
the  D u n can ' s  Range  Test  for mul t ip le  comparisonsl~).  

E x p e r i m e n t  II.  The second series of exper iments ,  
carr ied out  a t  Wash ing ton  Un ive r s i t y  Medical  School, 
verif ied the  results  previous ly  ob ta ined  and  suppl ied  
some pre l iminary  in fo rmat ion  on the  chemical  proper t ies  
of the  act ive  mater ia l .  An addi t iona l  cont ro l  group 
(Group 2, Table  I) was in jec ted  wi th  ex t rac t s  t aken  f rom 
donors  t ra ined  to  run for wa te r  in a s t ra igh t  alley, equiva-  
lent  in l eng th  to  t h a t  of the  correct ly  run  maze.  

The resul ts  are summar ized  in Tabte  I. The f i rs t  3 
groups were in jec ted  wi th  ex t rac t s  of b ra in  p repa red  as 
descr ibed above.  Groups 4 and 5 received the  dialyzable  
and  non-diffusible  f ract ions of a crude R N A  prepa ra t ion  
of t ra ined  bra in  to  ver i fy the  a s sumpt ion  t h a t  the  act ive 
mate r ia l  was a compara t ive ly  small  molecule t h a t  can be 
separa ted  f rom a complex  formed wi th  R N A  by  dialysis a t  
low p H  13. The resul ts  of th is  expe r imen t  were assessed b y  
D u n n e t ' s  tes t  for mul t ip le  compar isons  wi th  the  same 
control  group 14. They  showed no s ignif icant  differences 
be tween  the  controls  and the  recipients  of s t ra igh t  al ley 
t ra ined  donors.  The differences,  however,  were h ighly  
s ignif icant  be tween  the  controls  and  the  rec ipients  of 
maze  t ra ined  bra in  prepara t ions ,  w h e t h e r  it  was the  
s u p e r n a t a n t  of the  homogena t e  or t he  d ia lyzate  of t he  
R N A  ex t rac t ;  the  non-dif fus ible  f rac t ion of the  la t t e r  
p roved  inact ive.  

Subsequen t  expe r imen t s  have  shown t h a t  the  act ive  
mater ia l  is i nac t iva ted  by  incuba t ion  wi th  t ryps in  or 
c h y m o t r y p s i n  and  is, consequent ly ,  p r o b a b l y  a pept ide .  
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Table II. Analysis of variance of tile results of Experiment III 

E X P E R I E N T I A  3 0 / 1 1  

Source of variation S S df MS F P 

Recipient maze 48.0 i 48.0 0.05 NS 
Donor maze 5,232.67 2 2,616.33 3.11 NS 
Interaction 13,056.975 2 6,528.48 7.76 < 0.01 
Error 35,292.14 42 840.29 - -  --  

I t s  e l u t i o n  c h a r a c t e r i s t i c s  f r o m  S e p h a d e x  G-25  s u g g e s t s  
16 to  20 a m i n o  ac id  r e s i d u e s .  

E x p e r i m e n t  I I I .  T h e  3rd  e x p e r i m e n t ,  d o n e  a g a i n  a t  
B a y l o r  Col lege  of  M ed i c i ne ,  w a s  a i m e d  a t  d e f i n i n g  m o r e  
c lo se ly  t h e  s p e c i f i c i t y  of  t h e  i n f o r m a t i o n  c o n t a i n e d  in  t h e  
b r a i n  m a t e r i a l ,  w h e t h e r  i t  w a s  m e r e l y  m o t i v a t i o n a l  ( indi -  
c a t i o n  of  r e w a r d  a t  t h e  e n d  of  t h e  m a z e )  o r  i n c l u d e d  c l u e s  
for  t h e  s h o r t e s t  w a y  t o  r u n  t h e  m a z e .  

T o  d e c i d e  a m o n g  t h e s e  a l t e r n a t i v e s ,  g r o u p s  we re  t r a i n e d  
e i t h e r  in  m a z e  1 o r  m a z e  2 ( F i g u r e  1). B r a i n  e x t r a c t s  f r o m  
t h e s e  d o n o r s  a n d  f r o m  u n t r a i n e d  c o n t r o l  m i c e  we re  
i n j e c t e d  i n t o  t h e  f o l l o w i n g  r e c i p i e n t  g r o u p s :  (1 -+ 1); 
(2 ~ 2); (1 -+ 2); (2 ~ 1); (C -+ 1); (C --~ 2). T h e  f i r s t  
n u m b e r  i n d i c a t e s  t h e  m a z e  in  w h i c h  t h e  d o n o r s  w e r e  
t r a i n e d  (C is con t ro l ) ,  t h e  s e c o n d  t h e  m a z e  in  w h i c h  t h e  
r e c i p i e n t s  were  t e s t e d .  E a c h  e x p e r i m e n t a l  g r o u p  c o n s i s t e d  
of  10 mice .  

F i g u r e  3 s u m m a r i z e s  t h e  r e s u l t s  of  t h i s  e x p e r i m e n t  a n d  
s h o w s  t h a t  m i c e  t e s t e d  in  t h e  s a m e  m a z e  i n  w h i c h  t h e i r  
r e s p e c t i v e  d o n o r s  w e r e  t r a i n e d  (1 -+ 1 a n d  2 ~ 2) 1ea rned  
f a s t e r  t h a n  t h o s e  t h a t  we re  t r a i n e d  in  a d i f f e r e n t  m a z e  (1 
-~  2 a n d  2 -+ 1). T h e  l a t t e r  d i d  n o t  p e r f o r m  b e t t e r  t h a n  
t h e  c o n t r o l s .  
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Fig. 3. Effect of brain extracts from maze-trained mice on perform- 
ance of mice tested in the same or a different maze. Abscissa: 
days of testing; ordinate: mean running time in percent of the 
initial, preinjeetion running time. For identification of groups see 
text. 

O v e r a l l  a n a l y s i s  of  v a r i a n c e  of  t h e  t o t a l  r u n n i n g  t i m e  
b e t w e e n  d a y  1 a n d  d a y  6 r e v e a l e d  n o  s i g n i f i c a n t  m a i n  
e f f ec t  of  t h e  m a z e  i n  w h i c h  t h e  r e c i p i e n t s  we re  t e s t e d ,  or  
of  t h e  m a z e  in  w h i c h  t h e  d o n o r s  w e r e  t r a i n e d l ~ .  T h e r e  
was ,  h o w e v e r ,  a h i g h l y  s i g n i f i c a n t  (F  2 = 7.76, p < 0.01, 
T a b l e  II) i n t e r a c t i o n  e f f ec t  b e t w e e n  t h e s e  t w o  v a r i a b l e s .  
T h e  r e s u l t s  of  t h i s  e x p e r i m e n t  we re  f u r t h e r  i n v e s t i g a t e d  
b y  t h e  c o m p a r i s o n  of  i n d i v i d u a l  g r o u p s  u s i n g  a D u n c a n ' s  
R a n g e  T e s t  for  m u l t i p l e  c o m p a r i s o n  b e t w e e n ,  m e a n s  ~2. 
I t  s h o w e d  t h a t  ' l i ke '  g r o u p s  (1 -~  1) a n d  (2 ~+ 2) w e r e  
s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h e i r  c o n t r o l  g r o u p s  (C ---> 1) 
a n d  (C ~ ,  2) a t  t h e  < 0.01 a n d  < 0.05 l eve l s  r e s p e c t i v e l y .  
A l so  g r o u p  1 -+ 1 w h e n  c o m p a r e d  w i t h  2 ~+ 1 a n d  g r o u p  
2 -+ 2 w h e n  c o m p a r e d  w i t h  1 -+ 2 we re  s i g n i f i c a n t l y  
d i f f e r e n t  a t  p < 0.01. H o w e v e r ,  n e i t h e r  g r o u p s  2 -+ 1 n o r  
1 -+ 2 were  s i g n i f i c a n t l y  d i f f e r e n t  w h e n  c o m p a r e d  w i t h  t h e  
con t ro l s .  C o m p l e t e  a n a l y s i s  of  c o v a r i a n c e ,  t a k i n g  p r e s t e s t  
s co re s  i n t o  a c c o u n t ,  r e v e a l e d  a n  e v e n  m o r e  s i g n i f i c a n t  
d i f f e r e n c e  (p < 0.001) b e t w e e n  ' l ike '  a n d  ' u n l i k e '  r ec ip i -  
en t s .  

T h e s e  r e s u l t s  s u g g e s t  t h a t  t h e  a c t i v e  m a t e r i a l  c o n t a i n e d  
in  t h e  e x t r a c t s  of  b r a i n  t a k e n  f r o m  m a z e - t r a i n e d  m i c e  
m a y  e n c o d e  s o m e  s u r p r i z i n g l y  spec i f i c  i n f o r m a t i o n .  
C o n s i d e r i n g  t h e  p o s s i b l e  n u m b e r  of  p e p t i d e  c h a i n s  f o r m e d  
b y  16 a m i n o  a c i d s  (20 ~6 = 6.5 x 102~ t h e i r  c a p a c i t y  to  
r e c o r d  a l l  t h e  n e c e s s a r y  i n f o r m a t i o n  is  b y  n o  m e a n s  
i m p o s s i b l e ,  e v e n  if one  t a k e s  i n t o  a c c o u n t  t h e  c o n s t r a i n t s  
i m p o s e d  b y  t h e  o r g a n i z a t i o n  of  n e u r a l  p a t h w a y s  ~ -~~  
A t t e m p t s  wil l  be  m a d e  to  d e f i n e  t h e  l i m i t  of  s p e c i f i c i t y  
b y  e v e n  m o r e  spec i f i c  m o d i f i c a t i o n s  of  a m a z e  21. 

Rdsumd. D e s  i n j e c t i o n s  d ' e x t r a i t s  de  c e r v e a u  de  s o u r i s  
a y a n t  a p p r i s  & t r o u v e r  p a s s a g e  d a n s  u n  c e r t a i n  l a b y r i n t h e  
o n t  n o t a b l e m e n t  fac i l i t6  a u x  s o u r i s  q u i  les o a t  r e v u e s  
l ' a p p r e n t i s s a g e  de  la  c i r c u l a t i o n  d a n s  ce m 6 m e  l a b y r i n t h e  
m a i s  n o n  p a s  d a n s  u n  l a b y r i n t h e  de  c o n f i g u r a t i o n  diff6-  
r e n t e .  L e s  s u b s t a n c e s  r e s p o n s a b l e s  de  ces  e f f e t s  o n t  les 
p r o p r i d t 6 s  c h i m i q u e s  de  p e p t i d e s .  
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