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The effect of a sublethal dose of o~-amanitin given intraventricularly to rats on retention of passive and active avoidance 
conditioning has been studied, together with the effect on brain RNA and protein synthesis in viw~. 'l'he toxin brings about 
a significant impairment of retention of both passive and active conditioning in rats poisoned 6 hr or 24 hr before training. 
Brain RNA synthesis is decreased at 6 hr after poisoning, whilst protein synthesis decreases at a later stage Inot before 12 
hr after poisoning). Thus in rats poisoned with a-amanitin memory consolidation is impaired when RNA synthesis is 
decreased, z, nd before protein synthesis is affected. 

~-Amanitin memory consolidation 
Aggressiveness and hyperactivity 

Brain RNA synthesis Retention of avoidance conditioning 

IN a previous  paper  [9] it has been repor ted  tha t  
e - aman i t i n ,  a specific i n h i b i t o r  of  RNA po lymerase  11, was 
highly toxic  to rats  when  in jected in t racerebra l ly  and,  at 
sub le tha l  doses, b ro ugh t  a b o u t  a t e m p o r a r y  i m p a i r m e n t  of  
brain RNA polymcrasc  II and of  r e t en t i on  of  passive 
avoidance  cond i t ion ing .  F u r t h e r m o r e ,  some of  the  po isoned  
animals  showed  an a n o m a l o u s  behavior ,  wi th  signs of  
aggressiveness and  hyper reac t iv i ty ,  while very few of  t hem 
refused food 191. The  e f fec ts  of a - a m a n i t i n  on brain RNA 
po lymerase  11 and on  m e m o r y ,  tes ted wi th  active and 
passive aw~idance tests,  were essent ial ly  con f i rmed  in ntiee 
[ I 1 , 1 2 ] ,  a l t hough  the  dose used was highly toxic,  as 
remarked  by l )unn  and B o n d y  [ 3 ] .  

The e x p e r i m e n t s  r epor t ed  in the present  paper  were 
u n d e r t a k e n  to e luc ida te  fu r the r  the  b iochemica l  effects  of  
a - a m a n i t i n  on brain,  and to corre la te  t hem with  the effects  
on n l emory  conso l ida t ion ,  as e s t ima ted  from r e t en t i on  of 
b o t h  active and passive awfidance cond i t ion ing .  The results  
indicate  tha t  a - a m a n i t i n  depresses  RNA synthes i s  and 
s u b s e q u e n t l y  p ro te in  synthes is  in the brain,  and tha t  it 
impairs  long- te rm r e t e n t i o n  of  m e m o r y  as es t imated  with 
e i the r  m e t h o d ,  w i t h o u t  a f fec t ing  apprec iab ly  the learning 
capaci ty .  The ef fec ts  on m e m o r y  are already apprec iable  
when  RNA synthes is  a lone  is impaired ,  and before  p ro te in  
synthes is  is depressed.  

MATERIA[,S ANt) METHOD 

Ch e m i¢'a ls 

l , -[I ,"~(.  "1 leucine (specif ic  act ivi ty  I0 n t C i / m m o l L  

~C-labelled pro te in  hydro lysa t e  (specific act ivi ty  52 m( ' i /  
retool)  and 6 - [ ' ~ C 1  oro t ic  acid (specific act ivi ty 60.8 
mCi /n tmol )  were purchased  f rom the Rad iochcmica l  Cen- 
tre, Amersham,  Bucks., U.K. o~-Amanitin was a generous  
gift f rom Professor  Th. Wieland, l te idelberg .  G e r m a n y .  All 
o the r  chemica ls  were of analyt ical  grade. 

Anirnals 

Male rats of  the Sprague-Dawley strain weighing 
180 220 g were used. They  were housed  in an air- 
cond i t i oned  room art if icial ly i l lunt inated from 7 a.m. to 7 
p.m. A commerc ia l  diet  and tap water  were given ad lib" 
food c o n s u m p t i o n  and body  weight,  as well as changes  in 
gross behavior ,  were recorded  daily for 7 days af te r  
poisoning.  

c , -Amanit in  10.25 ug / ra t ,  dissolved in 20 ul of  sterile 
0.9% Na( ' l )  was injected in to  the right ven t r i cu lum unde r  
light e the r  anaes thes ia  with  a s tc reo tax ic  appara tus ,  using 
the ven t r i cu la r  coord ina te s  of  a s t e rco tax ic  atlas 161. 

Passive Avoidance Conditioning 

An appara tus  cons is t ing  of  a t w o - c o m p a r t m e n t  box 
divided by a gui l lo t ine  door  was used. The animal  was put  
into  the sntaller l ighted c o m p a r t m e n t  (16 x 13 x 23 cm) 
s tar t ing an e lec t ron ic  t imer  measur ing  the t ime the animal  
remained  in tile c o n l p a r t m c n t .  As soon as tile rat was 
released the gui l lot ine  doo r  was opened  and remained  open  
t h r o u g h o u t  the  t ra in ing  session. On en te r ing  the dark 
c o m p a r t m e n t  (30  x 20 x 23 cm)  the an imal  received a 
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scrambled  d.c. foo t shock  (0.8 inA, cons t an t  cu r r en t )  f rom 
which it could  escape by coni ing back in to  the i l lumina ted  
c o m p a r t m e n t .  Subseqt tent  ent r ies  the clark c o n t p a r t m e n t  
resulted in o t h e r  foo t shock  adnl in i s t ra t ions .  The t ra in ing 
session ended when tile animal  relnained in the l ighted 
con lpa r tn l en l  2 rain a f te r  the foo t shock .  Most animals  
required 1 2 trials to show such shor t - t e rm avoidance  and 
none  required more  than  4 trials. There  were no d i f fe rences  
be tween  con t ro l  and po isoned  rats IX-" = 5.25:  ,(t = 9: 
( ) .90  .p.> 0 . 8 0 ) .  

Imnied ia te ly  a f te r  tile comple t i on  of  the t ra in ing  session 
the an imal  was t ransfer red  hack to its h o m e  cage. A 
n temory  test was pe r fo rmed  4g hr later  by i n t roduc ing  the 
aninlal  in to  the appa ra tus  and recording the t ime spent  in 
the l ighted c o n l p a r t m e n l  as m the first trial of  the t ra in ing  
session. Our  e x p e r i m e n t a l  data tire given by la tency  t imes 
lin sect of the first en t ry  of  the dark c o m p a r t m e n t  in b o t h  
sessions. 

,.I ctil 'e .,I r o i d a n c c  

The appa ra tus  consis ted  of  a shu t t l e  cage located in to  a 
s o u n d p r o o f  box:  the  t we c o n l p a r t m e n t s ,  each measur ing  22 
x 2g × 23 cm,  were jo ined  by an 8 × 10 cm opening.  
l in l in , -  of  s t i t tmlus events  were p rogramnled  e lect ronical ly .  
[ h e  warn ing  signal consis ted of  a buzzer  which  s tar ted  10 
sec before  del ivering a sc rambled  d.c. f o o t s h o c k  (0.8 mA 
cons tan t  cu r r en t )  which lasted for a fu r the r  10 sec, dur ing  
which the buzzer  con t inued .  Whenever  the an imal  crossed 
fronl one side of  the  cage to the o t h e r  the s t imu la t ion  was 
in t e r rup ted  and crossing responses  to buzzer  ahme  were 
cons idered  as cond i t i oned  responses.  The in ter l r ia l  interval  
was 30 sec. 

Both  t ra in ing  and test sessions (48 hr la ter)  consis ted of  
25 trials, a f te r  a 10 thin per iod of  a d a p t a t i o n  to the cage, 
wi thou t  st imuli .  In b o t h  sessions c o n d i t i o n i n g  was ex- 
pressed as percent  of  cond i l i oned  responses  of  each animal  

qnt~m bet~ of. condi_li.oned Ec_sponse,s. × 100). 
nun lber  o f  trials 

dividing for acid-soluble radioact iv i ty  (cpnl,,'nlg of tissue l. 
I)NA was es t imated  by the m e t h o d  of Bur ton  I2 ] .  

]>felt'in S . vn thcs i s  In l i r o  

Rats were killed 20 mm af ter  an in l raven t r i cu la r  
in jec t ion  of  [ U - ' ~ ( I  leucine I1 t a ( ' i p e r r a i ,  dissolved in 20 
ul of  0.~)':¢ N a ( l )  and the brains  were homogen ized  in 10 ml 
of 20' ;  (w/vl  t r i ch loroace l ic  acid. The h o m o g e n a t c  was 
cent r i fuged anti 0.4 m[ samples  el tile supe rna tan t  were 
taken to measure  the acid-soluble radioact iv i ty  as described 
above.  Prote in  was purif ied from the sed iment  as descr ibed 
by Verbin  ct al. I131,  weighed samples  ( app rox ima le ly  4 
trig) were dissolved in Hyanl ine,  and the rad ioac t iv i ty  was 
nieasured af ter add i l ion  e l  10 ml of  sc in l i lh i l ion f luid. 
Radioact iv i ty  i l lcorpora led  Icpnl..'lllg of p ro t eh l t  was cor- 
rected by dividing for acid-sohible radioact iv i ty  ( cpm,n lg  of  
lissue). 

..I mz(l'.s'i.~ ~1 l>oly.wJme.~ 

Polyr ibosonles  were  analysed and tile i nco rpo ra t ion  of  
radioact iv i ty  was measurcd  as descr ibed by Zomze[y  c t a l .  
{15i .  Rats were in,iected with 10 u('i e l  ' " ( ' - p r o t e i n  
hydro lysa te ,  given in t raven t r icu la r ly  10 rain before  killing. 
Pos t -n l i tochondr ia I  supe rna t an t  from brain [151 was 
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S t a t i s t i c a l / : v a l u a t i o n  

Data of  passive and active avoidance  ( log-reciprocal-  anti 
angula r - t rans forn led ,  respect ively)  were evaluated  by means  e,- 
of h ierarchal - fac tor ia l  analysis  of  variance l l 4 l .  Results  of  
the analyses of  variance of  t r an s f o r m ed  data were inter-  t'~ 
pre ted  in t e rms  of  d i f ferences  among  tile med ians  of the 
values in lhe original  scale 171. e= 

° i  

R,V.1 S vnthc.~is In I i r o  

Rats were in.iected in t raven t r icu la r ly  with It ,- '  ' ( ' I  
ero t ic  acid ~3 u( ' i  per  rat ,  dissolved in 2 0 u l o f 0 . 9 c ;  Na( ' l )  
and were killed 20 rain later. Brains were quickly  removed  
and were homogen i zed  with 5 ml of water.  Af ter  add i t ion  
of perchlor ic  acid (0.2 M, final c o n c e n t r a t i o n )  hon logena t e s  
were cent r i fuged  at 2 ,500,e  for 15 rain. Samples  (0.4 ml)  of  
the s u p e r n a t a n t  were put  in c o u n t i n g  vials with  6 ml of  
2 - m e t h o x y e t h a n o l  and 10 ml e l  sc in t i l la t ion  fluid, and the 
acid-soluble rad ioac t iv i ty  was detern l ined in a Nuclear- 
( 'h icago Mark l sc int i l la t ion s p e c t r o m e t e r  with  an ex te rna l  
s tandard .  Nucleic acids were ex t r ac t ed  l rom the sed iment  
I l e t  and samples  of  tile exlr,icl were taken for 1t15 
d e t e r m i n a t i o n  of  RNA I l e t  and of  radioact iv i ty .  Radio- 
activity i nco rpo ra t ed  {cpnl/nlg of RNAt  was cor rec ted  by 
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layered over  a l inear  sucrose dens i ty  gradient  (15 -357,I), 
con t a in ing  12 mM Mg( ' l : ,  100 mM KCI, and 50 mM 
rris-H("l  buffer ,  pH 7.6. Grad i en t s  were cen t r i fuged  at 
25 ,000  rpm for 4 hr  at 0~(" in the  Spinco SW 25 swinging 
bucke t  ro tor .  Grad i en t s  were displaced from the b o t t o m ,  
the E~ ~,, was m o n i t o r e d ,  and 1 ml f rac t ions  were col lected.  
The 80 S m o n o m e r  peak was ident i f ied  in separate  
e x p e r i m e n t s  in which the p o s t m i t o c h o n d r i a l  s u p e r n a t a n t  
was t rea ted  wi th  RNase. Trichloroacetic acid- insoluble  
mater ia l  of  each f rac t ion  was col lec ted,  washed [15]  and its 
radioact iv i ty  was de t e r m i ned .  

RESUI,TS 

(;ross Behal,ior 

Food in take  of  rats in jected in t rac ran ia l ly  wi th  a- 
aman i t i n  was recorded  daily for 7 days and compared  wi th  
tha t  of  rats in jec ted  wi th  saline, a - A m a n i t i n  had an all or 
n o t h i n g  anorex ic  effect ,  in tha t  a p p r o x i m a t e l y  15% of  the 
an imals  refused food unt i l  the i r  dea th ,  beg inn ing  on the 
2nd,  3rd or  6 th  day af te r  poisoning.  The food in take  of  the 
o the r  po i soned  rats was not  s ignif icant ly  d i f fe rent  f rom 
that  of  controls .  

Thc body  weight  of  the  an imals  ref lected the i r  food 
c o n s u m p t i o n ,  decreas ing only  in the case of  rats refusing 
food.  

It was observed previously  [9] tha t  some rats po isoned  
wi th  a - a m a n i t i n  showed an a n o m a l o u s  behav ior  (def ined  as 
aggressive). These  an imals  took  a fixed pos tu re  when  the i r  
cage was opened ,  rose on the i r  h ind l imbs against  the back 
wall of  the cage when  the e x p e r i m e n t e r ' s  hand  was 
i n t r o d u c e d  in to  the cage, and showed fear and aggressivity 
dur ing  handl ing.  This behav io r  was observed again in 20"; 
of po i soned  rats, appear ing  3 or  more  days a f te r  admin i s t ra -  
t ion of  a - aman i t i n .  Most of  these rats also showed  the 
above m e n t i o n e d  changes  in the i r  feeding behavior .  The 
results  ob t a ined  f rom animals  showing  one or  b o t h  
anomal ie s  were exc luded  f rom the eva lua t ion  of  memory .  

Passive and A cti~'e Condit ioning 

Figure l shows the results  of  the passive avoidance  task 
expressed in t e rms  of  median  la tency  t imes  before  the first 
en te r ing  the dark c o m p a r t m e n t  in e i the r  session. As 
conf i rmed  by the  analysis  of  variance,  rats  po isoned  wi th  
a - a m a n i t i n  did not  differ  f rom con t ro l s  in t ra in ing  session 
at b o t h  t imes  of  admin i s t r a t i on ,  F ( 1 , 7 1 ) < l ,  N.S., but  
showed  s ignif icant ly  lower values of  r e t e n t i o n  in the test 
session pe r fo rmed  48 hr  a f te r  t ra ining,  F( 1,71 ) = 5.18, 
p < 0 . 0 5 .  The amnes t i c  effect  appeared  slightly more pro- 
nounced  in rats po isoned  6 hr before  t ra in ing  as compared  
with those  po i soned  24 hr before  t ra ining,  a l t hough  the 
d i f fe rence  be tween  these two groups  was not  s ta t is t ical ly  
s ignif icant ,  I"( 1,71 )< 1, N.S. 

The results  of  active aw~idance cond i t i on ing ,  repor ted  in 
Fig. 2 in t e rms  of  median  n u m b e r  o f  avo idance  responses,  
showed  a s ignif icant ly  lower  n u m b e r  of  avoidances  by the 
a - a m a n i t i n - p o i s o n e d  rats in the test session, F (1 ,36)  = 
11.56, p <  0.01, with  no  d i f fe rence  be tween  rats po isoned  at 
6 or at 24 hr before  t raining.  I . ' (1 ,36)<1,  N.S. The l e v e l o f  
c o n d i t i o n i n g  reached dur ing  the t ra in ing  session was the 
same in po isoned  and con t ro l  animals .  1"(1,36)< 1. N.S. 

R;\.'..1 and Protein .gyp~thesis 

The t ime-course  of RNA synthes is  in brain af te r  poi- 
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['lie nunlbers of animals are given i11 parentheses. N: rats injected 

with saline; c,-A: rats injected with a'-amani,ill. 

soning with 0~-amanitin is repor ted  m Fig. 3. l h e  synthes is  
of  RNA decreased af te r  po isoning  to reach a m i n i m u m  
(- 3 0 5 )  at 6 hr, when  there  was the n lax imunl  decrease 
( 50%) of  RNA po lymerase  II act ivi ty 191. Subsequen t ly  
RNA synthes i s  increased progressively,  to reach an a lmost  
normal  level at 48 hr. 

0e-Amanitin affects  also pro te in  synthes is  181, a l though  
at a later  t ime than RNA synthesis .  Protein synthes is  in the 
brain of  po isoned  rats begins to decrease at 12 hr, reaches a 
m i n i m u m  (- 37':~) at 24 hr and is still s ignif icant ly  lower  
than n o r m a l (  - 2 7 U ) a t 4 8  hr a f te r  po isoning  I Fig. 3). 

At the close used in these expe r imen t s  a -aman i t in  did 
not  a l ter  the po ly r ibosome  d i s t r ibu t ion  and b rough t  abou t  
a reduc t ion  of  amino  acid i nco rpo ra t ion  in to  them at 24 hr 
but not  at 6 hr  (Fig. 4). When a higher  dose is given, a 
r educ t ion  of  po lysomes  and an increase of smaller  part icles 
(especial ly of  d imers)  is observed,  t oge the r  with  a marked  
inh ib i t ion  of  amino  acid i nco rpo ra t i on  (Fig. 4). 

I)IS(TI;SSIC)N 

o~-Amanitin given in t raven t r icu la r ly  at tile dose used in 
our  e x p e r i m e n t s  does not  induce  gross modi f i ca t ions  of  the 
general s ta tus  of  the animals ,  except  in some cases in which 
a refusal of  food and an anon la lous  behav ior  is observed.  
The cause of the la t ter  may be a lesion of the h ippocampa l  
area, since unpub l i shed  e x p e r i m e n t s  show this behav ior  
could be reproduced  more cons i s ten t ly  by reject ing a-  
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amanit in into the h ippocampus .  It is known that animals 
with suff icient ly large h ippocampal  lesions are peculiarly 
hyperactive and hyperresponsive or reckless [ 1 ] .  Thus, apart 
from these cases which are easily identified, c,-amanitin 
does not have any apparent  effect  that  could interfere with 
the testing of memory.  

~-Amani tm adminis tered  6 or 24 hr before training does 
not affect the learning capacity of rats either in an active 
avoidance task (as evaluated by the number  of  condi t ioned  
trials in the training session) or in a passive avoidance task, 
as indicated by the n u mb er  of trails required to avoid the 
dark c o m p a r t m e n t  in the training session. Further ,  in the 
lat ter  task poisoned animals exhibi t  a median latency time 
for the first enter ing into the dark compar tn len t  which is 
equal to the median latency t ime of controls .  

Adminis t ra t ion  of  ~-amanit in brought  about  a decreased 
re ten t ion  of the learned task in both  tasks, even though the 
compar ison  of  the per formance  in the learning and test 
sessions indicates the presence of  a mnemonic  trace. The 
presence of  amnesia for both  passive and active avoidance 
suggests that the effect  of oe-amanitin is not caused by gross 
alterations of locomotor  perfornlance. 

The reduced level of  condi t ion ing  exhibi ted by o~- 
amani t in-poisoned  rats in the test session could be due to 
some sort of s tate-dependent  learning. However, it should 
be considered that  saline- and ct-amanitin-injected rats do 
not  differ  in their explora tory  activity in the shutt le-cage,  
as evaluated by the nu lnber  of spontaneous  crossings 
between the two c o m p a r t m e n t s  during the 10 rain bhmk 
period before training and lest session. 

Our results are consis tent  with previous studies by us 
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HG. 4. Effect of poisoning with a-amanitin on polyribosomal profile and on incorporation of amino acids into polyribosomes in viro. A: 
controls: B: 0.25 v.g of a-amanitin 6 hr before sacrifice; C: 0.25 ,ug of u-amanitin 24 hr before sacrifice; D: 10 pg of a-amanitin 24 hr before 

sacrifice. The top of the gradients is indicated by the arrow. 
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[9] and by o the r  investigators [11,12] a l though the lat ter  
obta ined inhibi t ion of  bo th  passive and active avoidance 
condi t ion ing  in mice t reated with lethal doses of  the toxin.  

Intracerebral  injection of  a -amani t in  induces  a transient  
decrease of  the RNA polymerase  It activity of  brain nuclei 
[9] ,  the t ime-course of  which is similar to that  caused by 
o~-amanitin in the liver [8] .  As in the liver, this effect  is 
approx imate ly  paralleled by a reduced synthesis  of  RNA, 
and later on it is fol lowed by a decreased synthesis  of  
protein.  At the dose used for the expe r imen t s  on memo ry ,  
a-amani t in  does not  affect  the d is t r ibut ion  of  polysomes ,  
whereas a higher,  lethal dose brings about  a l terat ions  similar 
to those observed in the liver [8] .  

When the changes of  RNA and of  prote in  synthesis  are 
compared  with the effects  on memory ,  it appears that  
consol ida t ion  of  m emory  is af fec ted  already at a t ime (6 hr) 
when prote in  synthesis  is normal .  Thus it seems that  a 
relatively modes t  reduct ion  of RNA synthesis  is suff icient  
per se to cause a significant amnest ic  effect .  Thus the 
amnest ic  ef fec ts  of  inhibi tors  o f  prote in  synthesis  should be 
evaluated consider ing that these substances  affect  also the 
synthesis  o f  RNA [4] .  

The effect  of  a -amani t in ,  as well as of  any o the r  

inhibi tor ,  should be in te rpre ted  with great caut ion,  since (a) 
it is not  known  whe the r  o the r  biochemical  systems are 
affected by the toxin,  and (b) the results obta ined give an 
average of  the rate of  synthesis  of  all RNA and protein 
species in the whole brain. The possibili ty should be 
considered that the toxin could have d i f ferent  effects  in 
some areas of  the brain, or on the synthesis  of some species 
of  RNA and /o r  of proteins.  It is known  that  ce-amanitin 
inhibits  specifically RNA polymerase  II, and thus a reduced 
synthesis  o f  he te rogeneous  and messenger  RNA should be 
expec ted ,  whereas r ibosomal  RNA can still be produced by 
the unaf fec ted  RNA polymerase  I. These cons idera t ions  
may explain the consequences  on memo ry  of a relatively 
modes t  inhibi t ion of  total RNA synthesis  such as that 
observed in our exper iments .  Fur ther ,  an increased syn- 
thesis of  h ippocampal  RNA has been observed during 
learning in rats [5],  and c~-amanitin could affect  memory  
simply by prevent ing this increase. 
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