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KOBILER, D. AND C. ALLWEIS. The prevention of long-term memory formation by 2,6 diaminopurine. PHARMAC. 
BIOCHEM. BEHAV. 2(1) 9 -17 ,  1974. - 2,6 Diaminopurine, an inhibitor of RNA synthesis was injected intracisternally 
into rats which had been taught an avoidance response. The metabolic effect of the drug was followed by measuring the 
incorporation of intracisternaUy injected tritium-labelled uridine into macromolecular RNA, and the behavioural effect by 
testing the retention of memory at various times. The results are presented in a series of three dimensional graphs, 
depicting the time course of the behavioural and metabolic effects of the drug. If RNA synthesis is reduced by 60% over 
the period from 30-200  rain after training the elaboration of long term memory is prevented. The above metabolic and 
behavioural effects are reversible by intracisternally injected adenosine. 
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BY THE USE of  inh ib i to r s ,  it has  been  possible to  o b t a i n  
ev idence  t ha t  r ibonuc le ic  acid and  p ro t e in  synthes i s  are 
re la ted  to the  conso l i da t i on  of  m e m o r y  in l a b o r a t o r y  ani- 
mals.  ( F o r  a r ecen t  review see Barondes  [2] ). 

The  RNA inh ib i to r s  used unt i l  n o w  in these  s tudies  have 
cer ta in  disadvantages .  8 -Azaguanine  if adm i n i s t e r ed  i n to  the  
s u b a r a c h n o i d  space of  rats  be fo re  t r a in ing  impairs  acquisi-  
t ion  [ 8 ] .  Since a c t i n o m y c i n - D  [6]  and 2,6 d i a m i n o p u r i n e  
(discussed in th is  paper )  b o t h  inh ib i t  RN A  syn thes i s  wi th-  
ou t  impa i r ing  acquis i t ion  it mus t  be conc luded  tha t  
8-azaguanine  has  o t h e r  effects  which  are respons ib le  for  its 
ac t ion  on  learning.  A c t i n o m y c i n - D  mus t  be  in jec ted  intra-  
cerebra l ly  in large doses to p roduce  the  desired ef fec t  and  
this  may  resul t  in illness and dea th  wi th in  hou r s  to  days 
la te r  [ 2 ] .  

Reini~ discovered tha t  the  in t rac ran ia l  i n j ec t ion  of  2,6 
d i a m i n o p u r i n e  i n to  mice before  or one  h o u r  a f te r  acquisi-  
t i on  of  a passive avoidance  task impairs  s u b s e q u e n t  perfor-  
mance  [121.  

We repor t  here  on  the  use of  2 ,6  d i a m i n o p u r i n e  (DAP)  
in e x p e r i m e n t s  designed to t h r o w  more  l ight  on  the  proba-  
ble role of  R N A  synthes i s  in  the  conso l i da t i on  of  m e m o r y .  
It appears  in m o s t  respects  to  be  p re fe rab le  to  the  above  
m e n t i o n e d  agents  and  has  the  added  advantage  t ha t  i ts  
me tabo l i c  ef fec ts  can be abol i shed  by  an in j ec t ion  of  
adenos ine ,  and  p rov id ing  th is  is done  wi th in  a cer ta in  
per iod  fo l lowing  t ra in ing  its behav ioura l  ef fects  are prevent -  
ed f rom occurr ing.  

MATERIALS AND METHODS 

Animals 

Local (Sabra)  whi t e  rats  3 5 - 4 5  days old ( 1 2 0 - 1 5 0  g) 
were used. When  21 days old,  the  ra ts  were separa ted  and  
kep t  one  to  a cage. (No d i f fe rence  in lea rn ing  abi l i ty  was 
found  b e t w e e n  these  rats and  H o o d e d  Listers in our  test) .  

Avoidance Apparatus 

A t ra in ing  appa ra tus  s imilar  to  t ha t  descr ibed by Alber t  
[1]  was used.  It consis ted  of  a w o o d e n  b o x  36 x 1 0 x  18 
in. deep,  divided i n to  two  equal  sect ions  by  a vert ical  slid- 
ing door .  One ha l f  of  the  box  and the  co r r e spond ing  side of  
the  doo r  were pa in t ed  whi te ;  the  o the r  hal f  of  the box  and  
doo r  were pa in ted  black.  Each side of  the  b o x  c o n t a i n e d  a 
separate  grid f loor  which  could be e lect r i f ied  by  a cur ren t  
l imi ted  to a b o u t  0 .33 mA. 

At  the  s tar t  of  t ra ining,  the  rat  was placed on  the  safe 
side wi th  the  door  open .  Af ter  a 1 min  delay,  a un i se lec to r  
advanced  au toma t i ca l l y  and opened  the  door .  The  rat  was 
t hen  l i f ted out  of  the  b o x  and  t rans fe r red  to the  o the r  side 
by  hand .  

If  the  ra t  ran back  to the  safe side wi th in  7 sec, the  trial  
was scored as a successful  response.  If  the  rat  failed to run  
back  wi th in  7 sec, the  7-sec delay relay closed and  the rat  
received a shock.  F u r t h e r  br ie f  shocks  were t hen  given at 7 
sec in tervals  unt i l  the  rat  ran back  to the  safe side of  the  
box .  This trial  was scored as a failure.  A record  of the  

1 This work formed part of the requirements for the degree of M.Sc. in the Faculty of Medical Sciences, Hebrew University - Hadassah 
Medical School, Jerusalem, Israel. 
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e x p e r i m e n t  was made  wi th  the  aid of  a p o t e n t i o m e t r i c  
recorder .  

Tra in ing  c o n t i n u e d  un t i l  the  an imal  reached  a cr i ter ion 
of  10 avoidances  in 10 or  11 successive trials ( 1 0 / 1 0  criter- 
i o n ) o r  5 ou t  o f  5 or 6 trials (5 /5  cr i ter ion) .  

Animals  ( < 2 % )  which  in the i r  first t r a in ing  reached  
c r i te r ion  a f te r  a single trial  or more  t h a n  20 trials (no t  
c o u n t i n g  the  c r i t e r ion  trials),  were discarded.  

In tracisternal Injection 

In t r ac i s t e rna l  in jec t ions  were done  w i th  an Agla mic rom-  
e te r  syringe,  c o n n e c t e d  to the  needle  by  a p o l y t h y l e n e  t ube  
to p e r m i t  free hand l ing  of  needle .  The  rats  were very l ight ly  
anaes the t i zed  wi th  e t h e r  jus t  pr ior  to in jec t ion .  The disper-  
s ion of  in t rac i s t e rna l ly  in jec ted  mater ia l s  in b ra in  was 
s tud ied  using f luoresce in  (40  m g / m l )  wh ich  was in jec ted  
i n to  anaes the t i zed  rats.  At  var ious t imes  the  heads  of  the  
na rco t i zed  rats  were f rozen  in l iquid  air. The f rozen  bra in  
was exposed  by  rough  dissec t ion  and  the  d i s t r i bu t ion  of  the  
f louresce in  in the  f rozen  skull  was s tudied  u n d e r  u l t ravio le t  
light.  It was cons idered  t ha t  this  m e t h o d  min imized  arti-  
facts  i n t r o d u c e d  by  d issec t ion  of  the  u n f r o z e n  skull. 

F i f t een  minu t e s  a f te r  in jec t ion ,  f luorescence  was seen 
over  the  en t i re  bra in  surface.  

DAP {2, 6 diaminopurine) 

T h e  D A P  (Cal i forn ia  F o u n d a t i o n  for  Biochemica l  
Research,  3408  Fowle r  St., Los Angeles ,  63,  Cal i fornia)  
i n j ec t ion  was in a so lu t ion  of  7 mg DAP (base)  per  ml 0.15 
M NaHCO~ so lu t ion .  Because of  the  low solubi l i ty  of  the  
DAP, the  in jec t ing  appa ra tus  con ta in ing  the  so lu t ion  was 
m a i n t a i n e d  at 37°C. The con t ro l s  were in jec ted  wi th  the  
s o d i u m  b i c a r b o n a t e  so lu t ion  a lone u n d e r  s imilar  cond i t ions .  

Adenosine 

Some e x p e r i m e n t s  inc luded  an in t r ac i s t e rna l  i n j ec t ion  of  
10 ul of  a so lu t ion  of  adenos ine  (15 m g / m l )  in NaHCO3 
(0.15 M) in to  each rat .  

Determination o f  the Rate o f  Incorporation of  Uridine- 
5-all into the Brain RNA Fraction 

Bra in  R N A  was separa ted  using the  S c h m i d t - T a n n h a u s e r  
m e t h o d  [13]  as mod i f i ed  by  F leck  and  Munroe  [9 ] .  A t  
var ious t imes  a f te r  in t r ac i s t e rna l  DAP in jec t ion ,  rats receiv- 
ed an in t r ac i s t e rna l  i n j ec t ion  of  10 ~1 pe r  rat  of  ur idine-  
5 -3 H (20.1 Ci /mM, 100 u C / m l )  and  were sacr i f iced ha l f  an  
h o u r  lat in z. The  bra in  was h o m o g e n i z e d  in 5 ml  cold wa te r  
and  r e h o m o g e n i z e d  to give a 1 :20 suspens ion  in cold water.  
To 5 ml of  this  suspens ion  (250  mg t issue)  was added  2.5 
ml HC104 (2.1N).  Af ter  s t and ing  for  15 min  in the  cold, 
cen t r i fug ing  and washing twice wi th  0.7 N HC104,  we 
dispersed the  prec ip i ta te  in 1 ml water ,  us ing a vor t ex  stir- 
rer  and  added  1 ml o f  0.6 N KOH. The suspens ion  was t hen  
i n c u b a t e d  at 37°C for 15 min to dissolve the  suspended  
mater ia l .  Soluene  (Packard)  was used in some e x p e r i m e n t s  
to  dissolve the  prec ip i ta te .  No s ignif icant  r ad ioac t iv i ty  was 
found  in the  DNA frac t ion.  Radioac t iv i ty  was d e t e r m i n e d  
by  c o u n t i n g  0.5 ml of  the  KOH so lu t ion  or the  whole  
Soluene  so lu t ion  in a sc in t i l l a t ion  counte r .  The sc in t i l la tor  
used c o n t a i n e d  to luene ,  n a p h t h a l e n e  and methylce l loso lve .  

Behavioural Results 

The abi l i ty  of  the  an imal  to learn  in our  e x p e r i m e n t s  is 

q u a n t i t a t e d  as the  n u m b e r  of  trials requi red  to reach  an  
a rb i t ra ry  c r i te r ion  of  success in avoiding shock.  The  rats  
were  f o u n d  to  learn  in 6.7 trials, S.D. + 2.9 (N=192) .  

The  learn ing  abi l i ty  of the  animals  was una f f ec t ed  by  
in t rac i s t e rna l  a d m i n i s t r a t i o n  of  DAP or any  o t h e r  proce-  
dure  used and  will t he re fo re  no t  be discussed in wha t  
follows. 

The an imal ' s  abi l i ty  to r e m e m b e r  is ope ra t iona l ly  quant i -  
t a t ed  as the  n u m b e r  of  trials requi red  in a s u b s e q u e n t  TEST 
p r o c e d u r e  to reach  an a rb i t ra ry  c r i t e r ion  of  success in 
avoid ing  shock.  Our  behav ioura l  f indings  are l imi ted  to 
resul ts  of  this  kind.  

The  tes t  resul ts  expressed as the n u m b e r  of  trials requir-  
ed to r each  c r i te r ion  (TTC)  were the  same when  tes t ing  was 
carr ied ou t  wi th in  the  per iod  of 4 - 5  hr  a f te r  l ea rn ing  or up  
to 4 days  a f te r  learning.  We did no t  tes t  at longer  t imes.  

Con trols 

All e x p e r i m e n t s  were pe r fo rmed  wi th  cont ro ls ,  wh ich  
received an in t r ac i s t e rna l  in jec t ion  of  0 .15M sod ium bi- 
c a r b o n a t e  so lu t ion  ins tead  of  DAP when  appropr ia te .  A few 
e x p e r i m e n t s  needed  special con t ro l s  and these  are descr ibed 
in the  tex t .  (Some  crit ical e x p e r i m e n t s  were pe r fo rmed  
bl ind) .  

Presentation o f  Data 

When this  work  was comple t ed ,  we decided in the  inter-  
ests of  clari ty and brev i ty  to  p resen t  our  main  f indings in 
graphic  fo rm.  Since our  tests for  LTM wi th in  each group 
were run  at var ious conven ien t  t imes  greater  t han  4 to 5 hr  
a f te r  t ra in ing,  we were unab le  to p resen t  individual  t ime /  
TTC e x p e r i m e n t a l  po in t s  for  each  curve. However ,  as may 
be seen in Fig. 6 values for  TTC do n o t  change s ignif icant ly  
wi th  t ime  la te r  t han  4 - 5  hr  a f te r  learn ing  u n d e r  any  of  our  
e x p e r i m e n t a l  cond i t ions .  Hence  the  average TTC for the  
group as a whole  was t aken  as the  TTC value over the  en t i re  
per iod.  

F u r t h e r m o r e ,  to  s impli fy  the  graphic  p r e sen t a t i on  only,  
groups  di f fer ing in the i r  average TTC by less t h a n  0.4 TTC 
f rom the  average values 0.7 ( r emembers ) ,  5.5 (does no t  
r e m e m b e r )  are assigned those  n o m i n a l  values respect ively  in 
the  graphs. The  exact  n u m b e r s  are always given in the  tex t .  

The b iochemica l  ef fec t  of DAP is d o c u m e n t e d  as the  
decreased i n c o r p o r a t i o n  (D.I . )  of  Uridine-5-3H in to  the 
b ra in  RNA measured  over  a ha l f  h o u r  per iod and it  is 
expressed  as a pe rcen tage  of  the  con t ro l  value. 

The  interval  b e t w e e n  the  admin i s t r a t i on  of DAP and train- 
ing will be referred to  for  brev i ty  as In terval  DAP ~ train.  

Any  l ine t ha t  can be  t raced out  on  a graph represen t s  the  
b e h a v i o u r  of  an an imal  which  was subjec ted  to the  experi-  
men ta l  t r e a t m e n t  ind ica ted  by  the graph and any  add i t iona l  
a n n o t a t i o n .  

Branch ing  poin ts  lead to d i f fe ren t  behav iours  caused 
usual ly  by  d i f fe ren t  e x p e r i m e n t a l  p rocedures  and in graphs  
2 and  3 only,  by  d i f fe ren t  s tat is t ical  t r e a tmen t s .  

These l ines were d rawn  on the  basis of  results  ob t a ined  
wi th  d i f f e ren t  animals  used in expe r imen t s  which  were 
t e r m i n a t e d  at d i f fe ren t  t imes.  In reading the  graph,  it is 
he lp fu l  to  r e m e m b e r  t ha t  DAP was given at zero t ime,  and  
t ha t  the  ab rup t  vert ical  fall in the  t ra jec tory  represents  the  
ini t ial  t r a in ing  session; 

By pro jec t ing  a given t ra jec tory  ver t ical ly  downwards  
o n t o  the  Time /DI  plane,  a graph of the t ime  course of  the  
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GRAPH NO. 1. The effect of 60 and 120 ~gm intracisternal doses of DAP given at zero time on memory retention 
in rats trained to a criterion of 10/10. In this and all other graphs D.I. refers to the decrease in incorporation of 
tracer. Training is indicated by an abrupt decrease of TTC. Only the Interval DAP * train 90' group (full lines) 
showed impairment of memory. The average result for the group and the subdivision of the results into mode l and 

mode 2 is explained in the text. The impairment was greater when twice the amount of DAP was given. 

b iochemica l  activity of  a admin is te red  subs tance  can be 
ob ta ined  alone.  By project ing a given t ra jec tory  hor izonta l -  
ly forwards  o n t o  the TTC/Time plane a graph of  the behav- 
ioural changes alone can be obta ined.  

RESULTS 

Graph No. 1: The Effect  o f  60 and 120 t~g Doses o f  DAP 
on Rats Trained to a Criterion of  10/10 

1. The time course of  the decreased incorporation o f  
Uridine-5-3H into brain RNA. As may be seen f rom the 
graph, in all groups there  was a progessive decrease in the 
i nco rpo ra t ion  o f  the labelled precursor  in to  RNA fol lowing 
the in t racis ternal  in ject ion of  60 ug DAP in a volume of  10 
ul. The ef fec t  reached a m a x i m u m  value of  a 75% decrease 
af ter  2 hr,  and remained  at that  value for about  two  hours  
before  diminishing.  By the  end of  the 6 th  hr the e f fec t  had 
disappeared.  

When double  this a m o u n t  of  DAP was adminis te red  
(b roken  line) its e f fec t  was seen to b e c o m e  maximal  earlier 
and was prolonged up to seven hours  at its maximal  value 
before  diminishing.  However ,  the larger dose did not  cause 
any fu r the r  decrease in incorpora t ion .  
2. The short term effect of DAP on behaviour. With the 10 

~1 dose,  the Intervals DAP * train were 30 min (dot -dash  
line) 90 min (full line) and 150 min (do t t ed  line). At these 
t imes groups of rats were t rained to a cr i ter ion of 10/10. 
When these  groups were tes ted at various t imes after  train- 
ing we found  no  impa i rmen t  in pe r fo rmance  up to  four  
hours  af ter  training. 

3. The long term effect o f  DAP. Animals f rom the above 
groups were tes ted for  r e t en t ion  more  than 5 hours  af ter  
learning. 

(a) The groups Interval DAP * train 30' and 150' did not  
show any impa i rmen t  of  pe r fo rmance  (TEST - 0.75 ± 0.66 
TTC; N = 12) 

(b) The Interval DAP ~ train 90' group showed  a some- 
what  h igher  average TTC value (TEST - 2.05 -+ 1.5t TTC; 
N = 18). On closer inspec t ion  these results seemed to have a 
b imodal  d is t r ibut ion .  The results were divided in to  two  
groups in accordance  wi th  this d is t r ibut ion.  

DAP Mode I 
DAP Mode II 

T E S T - 0 . 8  -+ 0.6 TTC; N=10 
T E S T - 3 . 6 2  -+ 0.48 TTC; N=8 

The results of  Mode II are the same as controls .  This 
suggests the  presence of  an effect  of  DAP on some of  the 
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animals in the Interval D A P ~  train -90' group and its 
absence in others. 

(c) The dot ted  line represents the results obta ined in a 
similar exper iment  using 20 ul DAP (120 ug). The impair-  
ment  of  per formance  (TEST -3.5 -+ 0.68 TTC; N = 8) is of  
the same degree as the impa i rment  seen in the animals of  
Mode II of  the Interval DAP ~ train 90' group with a single 
dose. 

These results show that  intracisternally injected DAP is 
capable of  interfer ing with long term memory ,  but  that  the 
ou tcome  in a part icular  exper iment  is greatly dependen t  on 
the interval which elaspsed be tween  the inject ion of  the 
DAP and training. The impression gained was that if  DAP 
slows R N A  synthesis below about  60% of its normal  value 
during a critical period subsequent  to training, then the 
establ ishment  of  LTMois prevented.  The critical period in 
ques t ion  appears to ex tend  approx imate ly  f rom 30 min to 
200 rain af ter  training• 

Graph No. 2: The E f f ec t  o f  D A P  on Rats  Trained to a 
Criterion o f  5/5 

In the hope  of  rendering the animals more sensitive to 
the effect  of  DAP by l imit ing their  training, we carried out  
a similar exper iment  using a cri terion of  5/5 in both  train- 
ing and testing instead of  10/10. We also tested the effect  
o f  twice the amoun t  of  DAP under  these exper imenta l  
conditions• 

(1) As  in the previous exper iment  no short  term ef fects  
on per formance were f o u n d  up to 4 hours after training. 

(2) The long term e f fec t  o f  DAP.  (a) The 10 ul (60 ug) 
DAP group,  Interval DAP ~ train 90' (full line) needed an 
average of  4.21 _+ 2.61 TTC; N = 19. This is a higher value 
than that  found for the parallel group in the previous exper-  
iment .  As in the previous exper iment ,  the results showed a 
bi-model  dis t r ibut ion and resolut ion into two sub-groups 
gave the fol lowing resnlts. 

DAP Mode I 
DAP Mode II 

0.6 -+ 0.49 TTC; N = 5 
5.5 +_ 1.68 TTC; N = 14 

In the previous exper iment  in which the cri terion was 
10/10, half  of the group behaved like the controls,  whilst in 
this exper iment  only a quarter  of  the groups behaved like 
controls• 

(b) The 120 ug (20 ul) DAP group (broken line) showed 
an impa i rment  of  per formance:  TEST 5.46 ± 1.14 TTC;  
N = l S .  

These results suggest that in rats trained to a cr i ter ion of 
5/5, the processes leading to consol idat ion of  memory  for 
the long term are more susceptible to interference by DAP 
than was the case with rats trained to a cr i ter ion of  10/10, 
so that  the critical period might be shorter  than was found 
in the previous exper iment .  

These results also indicate  that  an interact ion be tween 
R N A  synthesis and another  mechanism responsible for 
t emporary  m e m o r y  re ten t ion  till such synthesis occurs is 
essential for the establ ishment  of long term memory .  From 
the data presented in Graph 2 it may be inferred that this 
in teract ion may occur either before  the DAP becomes  ef- 
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GRAPH NO. 2. The effect of DAP on rats trained to a criterion of 5/5. 
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GRAPH NO. 3. Dose dependence of DAP effects. The larger dose of DAP prevents the fixation of memory over a 
greater Interval DAP ~ train than does the smaller dose. 

fect ive fo l lowing the  60 ug dose or a f te r  i ts  e f fec ts  was 
worn  off. 

Graph No. 3: Dose Dependance of  DAP Effects 

Judging  f rom the  d i f fe rence  in the  shape  of  the  incorpor -  
a t ion  curves ob ta ined  wi th  the  10 ul or 20 ~1 DAP injec- 
t ions ,  we expec t ed  to f ind p r e v e n t i o n  of  LTM f o r m a t i o n  
over  a greater  range o f  In te rva l  DAP ~ t ra in  using the  larger 
dose. 

The  resul ts  of the  g roups  In terva l  DAP * t ra in  30'  and  
150' w h e n  the  dose was 6 0 u g  (0.75 ± 0.72 TTC;  N =  12) 
showed  no  i m p a i r m e n t  of  p e r f o r m a n c e .  Af te r  120 ~zg DAP, 
marked  i m p a i r m e n t  of  p e r f o r m a n c e  was f o u n d  over  the  
same range of  In terva l  DAP ~ t ra in  as e x p e c t e d  (TEST 5.5 ± 
1.21 TTC; N = 16). 

This parallel  e x t e n s i o n  in t ime  of  the  b i ochemica l  and  
behav ioura l  ef fects  of  DAP is f u r t h e r  ev idence  tha t  RNA 
synthes i s  is an essential  s tep in the  f i xa t ion  of  m e m o r y .  

The  b iochemica l  ef fec t  of  the  larger dose of  DAP as 
d e t e r m i n e d  by  our  m e t h o d  was of  longer  d u r a t i o n  bu t  no t  
m o r e  in tense  t h a n  the  smaller  dose. However  the  poss ib i l i ty  
exists  t h a t  local  d i f fe rences  of  the  in t ens i ty  of the  ef fec t  
wh ich  were n o t  de t ec t ed  by  our  m e t h o d s  were respons ib le  
for  the  d i f fe rence  in the  results .  To clarify th is  po in t  we 
p e r f o r m e d  the  nex t  expe r i m en t .  

Graph No. 4: The Effect o f  Two Injections of  DAP 

The e x p e r i m e n t s  dep ic ted  in this  graph were carr ied ou t  
in an  a t t e m p t  to  decide  if the  du ra t i on  of  DAP- induced  

decrease in the  i n c o r p o r a t i o n  of  ur id ine  in to  RNA was the  
crit ical f ac to r  in p reven t ing  the  e s t a b l i s h m e n t  of  LTM, 
r a t h e r  t h a n  the  in t ens i ty  of its effect .  The t e c h n i q u e  was to 
e x t e n d  the  per iod  of  DAP ac t ion  w i t h o u t  increas ing its 
in t ens i ty  by  in jec t ing  a second  dose of  the  drug be fo re  the  
ef fec t  of  the  first dose  wore  off. 

(1) The time course of  the decrease in the incorporation 
o f  Uridine-3 H into brain RNA fraction using repeated doses 
of  DAP. The two  con t ro l  groups each  received a single 60 
t~g dose of  DAP in 10 ~1 of  so lu t ion .  The  first group (Con- 
t ro l  I full l ine)  received 60 #g DAP in the  first i n j ec t ion  and  
10 ~1 of  NaHCO~ so lu t ion  in the  second• The  second group 
(Con t ro l  II, -- • .)  received the  same in jec t ions  in the  op- 
posi te  order .  In the  expe r imen t a l  g roup  ( b r o k e n  l ine) the  first 
dose of  60 ~g DAP p roduced  the  expec ted  me tabo l i c  effect ,  
and  the  second  in j ec t ion  at the  4 t h  h o u r  m a i n t a i n e d  the  
ef fec t  a t  i ts  full i n t ens i t y  up to the  9 th  hour .  

(2) The effect on performance. The TTC of  DAP- t rea ted  
rats is seen in this  graph to  be the  same as the  TTC of naive 
u n t r e a t e d  rats. In this  and  in m a n y  o the r  expe r imen t s  we 
found  n o  evidence tha t  DAP impairs  l ea rn ing  abil i ty.  

The  p e r f o r m a n c e  of  the  two  con t ro l  g roups  was unaf-  
fec ted  by  the  DAP ( C o n t r o l  I TEST 0.3 ± 0.49 TTC;  N = 9. 
Con t ro l  II TEST 0.7 ± 0 .46 TTC;  N = 10). The  experi-  
m e n t a l  g roup  showed  a m a r k e d  i m p a i r m e n t  of  pe r fo rmance  
(TEST 5.55 + 1.26;  N = 9). 

Comments on Graphs 2-4 .  

It was supris ing to f ind an a lmos t  exact  co inc idence  in 



14 K O B I L E R  A N D  ALLWEIS 

T'T" C I ~ ,  
10 ' . ' "  

• i 

10~1 ~ b e ~  ~" 
. . ' |  Q 

/, "" ', . 

2 

Z , -  . 
, ° "  ~ . . e  

- . - , . " ' ' .  o , '  

" " "  I " ¢ • . • "  " - .  • 

"" " ' b  
. - - - . .  

- .  i J 

" " ' ' -  t 

a " - .  o I 
o ~ o 

s o j ~  f J " "  , 

I , ; ' - .  . ; " - -  

,, -. ;... ,,,, - ? . . .  
' ' " ' : "  / t ' . .  , / - . .  .' / /  

I ~ 1  D.A.P. 

• " / - , ~  / -..  

".':.. ."l, 
• - . .  

. -  , . - .  

; " ' "  ."" I ' 

t) 
" o 

F i r s t  in j .  D.A.P 0 
. . . . .  Second  inj.  O.A.P. 1 0  
- - - - - -  Two  In).  D.A.P. 

• / e  

t,,O 

!0 

D . I .  
( ' / . I  

100 

GRAPH NO. 4. The effect of two injections of DAP. The first DAP injection extends the duration of the 
effect of DAP on RNA synthesis thereby affecting~nemory. 

m e a n  values ob ta ined  for  the  degree of i m p a i r m e n t  of  
m e m o r y  in d i f fe ren t  e x p e r i m e n t s  a l t hough  the  s t anda rd  
dev ia t ions  were up  to  25%. The  d i s t r ibu t ion  curves were 
similar.  The  d i f fe rence  in the  degree of i m p a i r m e n t  of  
m e m o r y  f o u n d  b e t w e e n  Graphs  1 and 2 seemed to d e p e n d  
on  the  t r a i n i n g - t e s t i n g  cr i ter ion.  Barondes  and Cohen  [3] 
and  C o h e n  and  Barondes  [7 ] ,  f o u n d  t ha t  the  i m p a i r m e n t  of  
m e m o r y  by  a c e t o x y c y c l o h e x i m i d e  could  be obscured  by  
over t r a in ing  and  suggested t ha t  wi th  marked  over t ra in ing,  
the  res idual  degree of  cerebral  p ro t e in  synthes i s  was suffi-  
c ient  to lead to comple t e  or par t ia l  long  t e rm  m e m o r y  
storage.  

Graph No. 5: The Prevention of  DAP Effects on Memory 
by Administration o f  Adenosine 

K n o w i n g  f r o m  the  l i t e ra tu re  t h a t  the  b i ochem i ca l  ef fec t  
of  DAP on  RNA synthes is  could be  reversed by  aden ine  
derivatives,  we t r ied to  ob ta in  a parallel  reversal  of  i ts  
behav ioura l  effect .  

[1] Effect of  adenosine on the time course of  incorpora- 
tion o f  uridine. The b r o k e n  l ine represen t s  the  k n o w n  
ef fec ts  of  an  in jec t ion  of  20 ul DAP (120  tag) on  the  incor-  
p o r a t i o n  of  p recurso r  in to  b ra in  RNA and on  behaviour .  
The  in j ec t ion  of  150 tag adenos ine  (10  tal) per  ra t  at  var ious 
t imes  a f te r  the  in jec t ion  of  DAP res tored  the  ra te  of  incor-  
p o r a t i o n  of  p recurso r  to  values which  were 9 5 - 1 0 0 %  of 
n o r m a l  w i th in  15 min.  

(2) The effect o f  adenosine on DAP impairment o f  long 
term retention. If  the  adenos ine  was in jec ted  before  or 
wi th in  the  first 3 hr  a f te r  t r a in ing  the re  was no  i m p a i r m e n t  
of  p e r f o r m a n c e  (be fo re  adenos ine  TEST 0.7 ± 0.46 TTC;  
N = 9, a f te r  adenos ine  TEST 0.53 + 0.48 TTC;  N = 15). 

The  i m p o r t a n c e  of  this  resul t  lies in the fact tha t  it 
ind ica tes  the  absence  of  any  seconda ry  ef fec t  of  DAP on  
the  bra in  wh ich  might  no t  be  reversed by adenos ine  and  ye t  
be  respons ib le  for  the  effects  of  DAP on  behaviour .  

Our resul ts  ind ica te  tha t  even in the  presence  of  DAP the  
e s t a b l i s h m e n t  of  long t e r m  m e m o r y  may  occur  as la te  as 3 
hr  a f t e r  l ea rn ing  w h e n  RNA synthes i s  is re ins ta ted .  This 
suggests t ha t  RNA synthes is  is essential  and  t ha t  i t  is no t  
some o t h e r  ac t ion  of  DAP tha t  is respons ib le  for  the  effects  
we observed.  F u r t h e r m o r e ,  LTM developed s p o n t a n e o u s l y  
fo l lowing adenos ine  a d m i n i s t r a t i o n  or  when  the b i o c h e m -  
ical ef fec t  of  DAP in jec ted  before  t ra in ing  wore off  early 
e n o u g h  (Graphs  1, 2 and 3) w i thou t  the  necess i ty  for any 
add i t iona l  ac t iva t ing  fac tor .  These resul ts  are in con t r a s t  to 
the  work of  Barondes  and Cohen  [ 4 ] ,  who  f o u n d  t ha t  
" a rousa l -p roduc ing  m a n i p u l a t i o n s "  such as " f o o t  shock" ,  
a m p h e t a m i n e  or cor t i cos te ro ids  were requi red  in add i t i on  
to the  pers is tence  of the  cognit ive i n f o r m a t i o n  acqui red  
f rom t ra in ing  and  an  in t ac t  cerebral  p ro t e in  synthes i s  
capaci ty  in order  for  LTM to  be p roduced .  This d i f ference  
could be  due to a secondary  ef fec t  of  cyc lohex imide ,  
s imilar  to  t ha t  d e m o n s t r a t e d  by Reilly et al. [ 11 ]. 
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GRAPH NO. 5. Reversal of the DAP effect on RNA synthesis and the prevention of the DAP effect on 
memory by the administration of adenosine• The adenosine was effective if it was injected either before 

or within about 3 hours after learning, but not later. 

Graph No. 6: The Effect  o f  DAP on Long Term Memory 
Formation 

This graph summarizes data obtained on about 90 rats. 
It shows that when an adequate dose of DAP is given at the 
appropriate time, loss of memory becomes evident about 4 
hr after training. No further changes in TTC were noted up 
to 96 hr after training. 

DISCUSSION 

DAP is known to inhibit RNA synthesis and cell growth 
but the mechanism by which it does so is not clear [5,10]. 
Our experiments show that intracisternally-admininstered 
DAP decreases the incorporation of labelled uridine into 
brain RNA, and simultaneously under certain experimental 
conditions it also prevents the establishment of long term 
memory• 

It was possible to decrease the incorporation of uridine 
into macromolecular RNA only 75% by intracisternal injec- 
tion of DAP. Since the same route was used for both 
inhibitor and tracer, the same brain surfaces must have been 
exposed to both substances. The persistence of 25% of the 
normal incorporation rate does not appear to be due to 
limited concentration-dependent competition, since doubl- 
ing the dose of DAP did not diminish the residual 25% 
incorporation rate, although its effect lasts longer. Neither 
does the persistence of 25% of the normal incorporation 
appear to be due to a time concentration-gradient limited 

diffusion of DAP within the brain as compared to uridine, 
since if that were the case the higher dose of DAP would 
have been expected to produce a further decrease in incor- 
poration as well as increasing its duration. It therefore 
appears that the limit to the biochemical inhibition is chem- 
ically determined or due to the existence of a permeability 
barrier to DAP in some part of the brain• 

A DAP-induced 60% decrease in incorporation, provided 
it was maintained over the period of from about 30 to 200 
min after training, severely impaired the ~stablishment of 
long-term memory in about half the animals. On changing 
from a criterion of 10/10 to one of 5/5 the fraction of 
animals in a group which showed impaired memory 
increased from about 1/2 to 3/4. This finding demonstrated 
that there was marginal competition between the extent of 
training and these time-dosage conditions. We did not deter- 
mine the exact limits of the critical period with the 5/5 
criterion and it is possible that it might differ appreciably 
from that found in the 10/10 criterion. 

The biochemical and behavioural effects of DAP can 
both be extended in time by using a larger dose. The larger 
dose takes effect more rapidly and the duration of the ef- 
fect is extended. This fact was used to demonstrate a paral- 
lel extension in time of the behavioural effects of DAP. 
(Graph 4) Whilst with the lower dose the behavioural effect 
was limited to Interval DAP ~ train 90 min, with the higher 
dose it could be extended backwards to Interval DAP + 
train 30 min and forwards to Interval DAP ~ train 150 min. 
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GRAPH NO. 6. The influence of time on test results in about 90 animals, which were all trained at zero 
time. The effect of DAP on memory became evident 4 hours after training. No further changes were seen 

up to 96 hours after training. Note break in abscissa. 

The  resul ts  so far discussed are t aken  to mean  tha t  RNA 
synthes i s  (which  is s lowed or may  pe rhaps  even be  com-  
p le te ly  abol i shed  by  DAP in some key bra in  l oca t i ons )  mus t  
no rma l ly  occur  in the  b ra in  dur ing  the  per iod  f rom a b o u t  
30 to 200  min  a f te r  t r a in ing  in o rder  for  m e m o r y  to be 
conso l ida ted  for  a long  t e rm.  F u r t h e r m o r e ,  i t  appears  f rom 
the  data  t h a t  this  essential  RNA syn thes i s  may  occur  to  
some e x t e n t  e i the r  be fo re  the  ac t ion  of  previous ly- in jec ted  
DAP b e c o m e s  in tense  or a f te r  it has worn  off, suggest ing 
t ha t  the  DAP is w i t h o u t  ef fec t  on the  early m e m o r y  re ta in-  
ing mechan i sm.  The 30 m i n u t e  per iod  fo l lowing  t ra in ing  
may  be a per iod  dur ing  which  m e c h a n i s m s  which  lead up to 
R N A  synthes i s  are unde rgo ing  ac t iva t ion .  Since all an imals  
in a group are r ende red  amnesic ,  by  p ro long ing  DAP ac t ion  
by  increas ing the  dose, i t  is a ssumed tha t  the  3 0 - 1 5 0  min  
sensi t ive per iod  refer red  to above is marginal .  Impl ic i t  in 
this  i n t e r p r e t a t i o n  of  our  f indings  is the  a s s u m p t i o n  of  the  
ex is tence  of  a qual i ta t ive ly  d i f fe ren t  m e m o r y  re t a in ing  
m e c h a n i s m  which  is opera t ive  pr ior  to conso l ida t ion .  

The  e x p e r i m e n t s  wi th  adenos ine  ind ica te  tha t  the  ear ly  
m e m o r y - r e t a i n i n g  m e c h a n i s m  decays to an ineffec t ive  level 
in a b o u t  200  min a f te r  t raining.  

In o rde r  to  derive unequ ivoca l  conc lus ions  f rom these 
-exper iments ,  i t  would  be necessary  to prove t ha t  the  effects  
on  b e h a v i o u r  f o u n d  in ou r  e x p e r i m e n t s  were direct  conse- 
quences  of  the  e f fec t  o f  DAP on  the  ra te  of  R N A  synthes i s  

and n o t  due to side effects  of DAP on bra in  func t ion .  The 
fo l lowing facts  suppo r t  this  v iewpoin t :  (1)  DAP did no t  
in te r fe re  wi th  the  lea rn ing  process  i tself  (Graph  3), no r  wi th  
p e r f o r m a n c e  over the  next  four  hours  (Graphs  2 and  3). (2)  
DAP did n o t  in te re fe re  wi th  the  express ion  of  b e h a v i o u r  
which  was learned pr ior  to its admin i s t r a t i on  (Graph  4). (3)  
No overt  side effects  were n o t e d  in animals  which  had 
received DAP. (4)  When the  k n o w n  b iochemica l  ef fec t  of  
DAP is reversed by adenos ine  in good t ime,  loss of  m e m o r y  
does n o t  occur  (Graph  5). 

Whilst  n o t  conclusive,  this  ev idence  is in ag reement  wi th  
the  hypo thes i s  t ha t  the  effects  of  DAP on  m e m o r y  are a 
direct  consequence  of its in t e r fe rence  wi th  RNA synthes is  
r a the r  t han  due to a d i s rup t ion  of  o the r  aspects  of no rma l  
bra in  func t ion .  

The use of  d i f fe ren t  an imal  species and d i f fe ren t  t r a in ing  
s i tua t ions  as well as d i f fe ren t  i nh ib i to r s  makes  it d i f f icul t  to 
compa re  the  resul ts  of  d i f fe ren t  inves t iga t ions  in this  field. 
Reinf~, work ing  wi th  mice, found  tha t  DAP p roduced  
i m p a i r m e n t  of  m e m o r y  of a passive avoidance  task when  it 
was in jec ted  24 hr  or 2 hr  be fore  t ra in ing  or 1 h r  af ter  
t ra ining.  However  the  i m p a i r m e n t  was ev ident  on ly  if t he  
animals  were tes ted  48 hr  or more  af ter  t raining.  Reini~ 
suggested t h a t  the  ef fec t iveness  of  DAP 24 hr  a f te r  injec- 
t ion  might  be due to its depos i t i on  in nervous  tissue at the  
lower  pH of  b o d y  fluids bu t  did no t  present  i n c o r p o r a t i o n  
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s tudies  to  s u b s t a n t i a t e  this  hypo thes i s .  Our  i n c o r p o r a t i o n  
s tudies  show clearly the  t ime  course of  ac t iv i ty  of  in t ra-  
c is ternal ly  in jec ted  DAP in r e l a t i on  to i ts e f fec t iveness  in 
p r even t ing  LTM f o r m a t i o n .  

Reini~ also f o u n d  a delay of  a b o u t  48  h r  a f te r  t r a in ing  
before  i m p a i r m e n t  of  m e m o r y  b e c a m e  clearly ev ident  in 
DAP - t r ea t ed  animals ,  and suggested t ha t  th is  was due  to  
the  pers is tance  of  " s h o r t - t e r m  m e m o r y  m e c h a n i s m s "  up to 
24 h r  a f te r  t ra in ing.  Whe the r  this  is due to a species differ- 
ence,  or the  ex is tence  of  a MTM process  whose  t e m p o r a l  
charac te r i s t i cs  are d e p e n d e n t  on  the  t ype  o f  task learned  
remains  to  be  seen. 

The  resul ts  p resen ted  here  parallel  in m a n y  respects  

resul ts  previously  ob t a ined  by  m a n y  o the r  workers  using 
the  g lu ta r imide  derivat ives cyc lohex imide  and  ace tyoxy-  
c y c l o h e x i m i d e  to  in t e r fe re  wi th  wha t  may  well be the  next  
s tep in the  conso l ida t ion  of  m e m o r y  p ro t e in  synthes is  [ 2 ] .  
(These  inh ib i to r s  avoid the  compl i ca t i ons  which  arise when  
p u r o m y c i n  is used).  The  main  conc lus ion  d rawn  f rom such 
e x p e r i m e n t s  are t ha t  p ro te in  synthes i s  occur r ing  b e t w e e n  
a p p r o x i m a t e l y  20 '  and 180'  a f te r  t r a in ing  is necessary  for  
the  f o r m a t i o n  of  long- te rm m e m o r y .  Our  resul ts  d e m o n -  
s t ra te  t h a t  DAP can in te r fere  wi th  the conso l ida t ion  process  
at  an earlier stage, namely ,  RNA synthes is .  DAP shou ld  
the re fo re  prove very useful  in f u r t h e r  inves t iga t ions  of the  
m e c h a n i s m  of  m e m o r y  conso l ida t ion .  
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