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FLOOD, J F .  G E SMITH, E L BENNETT, M H ALBERTI, A E ORME AND M E JARVIK Neuro~hemi~al 
and behavioral effects o f  ~atetholamme and protein synthesis Inhtbttors in rmte PHARMACOL BIOCHEM BEHAV 
24(3) 631-645, 1986 - - A  series of biochemical and behavioral experiments tested the hypothesis that amsomycm (AN1), a 
protem synthesis mMbltor, produced decrements m long-term memory by raising free tyrosme levels and by the accumula- 
tmn of catecholammes (CAs) rather than by its primary effect on protein synthes~s We compared the effects of ANI and 
three catecholamme synthes~s mhiNtors (CAIs)--d~ethyld~thlocarbam~c amd, alpha-methyl-p-tyrosme, and 
tetrabenazme--on cerebral concentratmns of tyrosme and CAs and on the rate of accumulatmn of CAs ANI had a 
relatively small effect, whereas the CAls resulted m large reductions When ANI and a CAI were used m combination, 
effects on CA levels were determined mainly by the CAI The amnest~c effects of ANI and the CAIs were also compared 
across seven experimental paradigms Pretrammg admmlstratmn of any of the four drugs could result in amnesia for 
passive avoidance training, but only when training was weak With an increase m training strength, a series of three 
mjectmns of ANI (one pre- and two post-training) caused amnesm, but a slmdar series of CAI mjectmns did not Substitut- 
ing one CAI reJection for the second of three successive ANI reJections did not cause amnesia, but substituting cyclohexi- 
mtde, another protein synthesis inhibitor, resulted in amnesm With an active avoidance test, ANI caused amnesia while 
AMPT did not, d-amphetamine blocked the amnest~c effect of ANI but caused amnesia in AMPT mjected mice Whereas 
ANI lengthened the temporal gradient over which electroconvuls~ve shock produced amnesia, AMPT or DDC did not 
DDC caused only transmnt amnesia for passive avoidance training, while the amnestlc effect of ANI remained constant at 
24-hr and l-week retention tests We conclude that ANI and CAIs have distinctly different abflltms to produce amnesia 
These experiments prowde additional support for the hypothesis that protein synthesis is required for formation of 
long-term memory 
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632 FI~OOD L I  t l  

R E S E A R C H  using a variety of species and tasks has shown 
that protein synthesis mhlbltors (acetoxycyclohexlmlde, 
cyclohexlmlde, and amsomycln) are effective amnestlc 
agents [1.2, 6--10, 15, 16, 18.27, 32, 46] However,  in spite of 
the large number of reports demonstrating impaired reten- 
tion in animals treated with a protein synthesis inhibitor, 
controversy exists as to whether the principal action (protein 
synthesis inhibition) or a secondary action of the inhibitor ~s 
responsible for the observed amnesia [17] One alternative 
hypothes~s suggests that the antibiotics modify the concen- 
trations of catecholamlnes and the rates of catecholamme 
synthesis and thereby affect memory formatmn [20, 33, 34, 
47] The catecholamlne hypothesis has been exphcltly ad- 
dressed in a number ofprevmus reports [29.49, 50] as well as 
in several reviews [15, 16.47] 

In behaworal experiments using reversal training. Quar- 
termam and co-workers found that any of the following 
agents induced transient amnesia which was alleviated by 
pre-testlng injections of drugs that elevated catecholamme 
levels [12.41-44] dmthyldlthIocarbamate (DDC) a blocker 
of dopamlne (DA) conversion to norepmephnne (NE). 
alpha-methyl-p-tyroslne (AMPT). a competitor for tyrosine 
as a substrate for DA synthes,s, and cyclohexlmlde 
(CYCLO). an inhibitor of brain protein synthesis The re- 
suits suggest the involvement of bmgemc amines m 
CYCLO-lnduced amnesia 

The purpose of our experiments was to test further the 
hypothesis that anlsomycln (ANI), an inhibitor of  brain 
protein synthesis, causes amnesm by its side effects on the 
rate of accumulation of newly synthesized catecholamlnes 
(CAs) rather than by its pnmary effect on protein synthesis 

The main purpose of the biochemical experiments was to 
determine the relative effects of ANI and the CAIs on the 
concentration and accumulation of newly synthesized CAs 
under the experimental conditions of our behavioral tests A 
second objective was to resolve several major discrepancies 
which had been reported on the effects of protein synthesis 
lnhlbltors (PSIs) on the synthesis of catecholamlnes [11, 19, 
33, 39] The conclusmns drawn from the behavioral experi- 
ments wdl depend on what effect PSIs have on catechola- 
mine levels and/or turnover 

The rationale for the behavioral experiments was that ff 
ANI acts on memory formation chmfly by its secondary ac- 
tion on CAs, then one should be able to substitute catechol- 
amine synthesis lnhlb~tors (CAIs) for ANI and obtain similar 
amnesia Three CAIs having major but different effects on 
tyroslne. NE and DA were tested along with A N I m  a series 
of experiments that allowed companson of the behavioral 
effects Failure to observe a reasonably close correspond- 
ence of behavioral effects would support the hypothesis that 
protein synthesis Is a necessary component of long-term 
memory trace formation 

BIOCHEMICAL EXPERIMENTS 

M E T H O D  

Subje~ t~ 

CD-1 male mice obtained from Charles River Breeding 
Laboratones,  Wilmington, MA. at 6 weeks of age were used 
In both biochemical and behavioral expenments at 60--80 
days of age Mice were housed singly 24 hr prior to training 
and until the end of the experiment In the biochemical ex- 
periments, mice were fasted dunng the 24 hr isolation to 
reduce the vanablhty of tyrosme m brain t~ssue 

( /l~'lttlt Ills olld I)tlt,~ AdltltttlSlttl[IOll 

L-[ 14C~ U)]-tyrosme (500 mCl/mmole) and i -[ 14CI U)I- 
vahne (300 mCl/mmole) were obtained from New England 
Nuclear. Boston MA The scmtlllanon counting cocktail 
was obtained from Research Product,, Inletnat~onal Mt 
Prospect IL 

The dose and source of protein and catecholamme .,yn- 
thesis lnhlbltors were anlsomycln (ANI. 20 mg/kg). Pfizer 
Diagnostics. Chfton. NJ (now obtainable from Warner- 
Lambert. General Diagnostics Division. Morris Plains. NJ). 
cyclohexlmlde (CYCLO. 150 mg/kg) and dmthyldlthlocar- 
bamtc acid (DDC. 250 mg/kg). Sigma Chemical C o .  St 
Lores. MO. alpba-methyl-p-tyroslne (AMPT 160 mg/kg). 
ICN-Nutrmonal Biochemical C o .  Cleveland OH tet- 
rabenazme (TB. 10 mg/kg). Hoffman-La Roche. Nutley. N J. 
d-amphetamine (2 0 mg/kg) was obtained from commercial 
sources through UCLA Pharmacy The doses of DDC and 
AMPT were the h~ghest possible that did not ~mpa~r the sub- 
ject  s motor ability TB was not used m paradigms calhng lor 
pretrammg mjecnons as ~t rendered the mice untramable All 
drug and control saline mjectmns were administered sub- 
cutaneously at pH 6 0 to 6 5 except for TB which was ad- 
justed to pH 5 0 to 5 5 All solutmns were bhnd-coded to 
chromate experimenter bins 

Gem'Ja l  l ) e ~  i tpttopl o[ Pt ~,~ e d m  e 

Numerous procedures are published for the determlna- 
tmn of catecholamlnes Many of the methods are variants of 
basic procedures pubhshed by Anion and Sayre [3.4] After 
careful evaluatmn of alternanves, the following procedures 
were adopted as best stating our needs 

To determine turnover of DA and NE. L- 
[14C(U)]-tyroslne (5 p~Cl) m sahne (100 p~l) was rejected m- 
traperltoneally 10 rain prior to sacrifice The times from drug 
administration to sacrifice are shown In the tables Ammals 
were sacrificed by cervical dislocation, brains (including 
cerebellum and medulla) were rapidly exmsed, weighed, fro- 
zen on dry ice. and stored on dry ice overmght 

Tyrosine was separated from NE and DA on ml- 
crocolumns at room temperature following the procedures de- 
scribed by Barchas and co-workers [5] A mouse brain was 
homogenized in a Potter Teflon-glass homogenizer for 1 mm 
in 3 0 ml of ice-cold 0 4 N HCIO4 plus 0 1 ml 10~ EDTA 
The homogenate was centrifuged at 30,000 ~ g for 15 mm 
and the preclpflate washed with 2 0 ml of 0 4 N HCIO, and 
recentrlfuged The wash was combined with the first super- 
natant and the combined supernatants were adjusted to pH 
6 00±0 15 by the careful addition of 3 N KOH Since the cate- 
cholammes are destroyed rapidly under alkahne condmons. 
the neutrahzatlon was carefully controlled using an autont- 
rator At 4°C. the precipitated KCIO~ was removed by cen- 
tnfugatmn, and the volume of supernatant adjusted so that I 
ml was eqmvalent to 75±5 mg of m~tml brain weight 

Mlcrocolumns containing Fisher Rexyn 102 (instead of 
Blo-Rex 70) were prepared following the description of Hol- 
man et al [36] Immediately prior to use. a column was 
washed with I 5 m of 0 1% EDTA The neutrahzed extract 
from the brain was placed on the column Tyroslne was not 
retained, but to insure complete removal the column was 
washed with 1 5 ml of 0 02 M sodium phosphate buffer, pH 
6 5 containing 0 2% EDTA. followed by a 1 5 ml wash of 
0 1% EDTA At least 9 ~  of added tyroslne was recovered 
m the column loading effluent plus washes Total tyrosme 
and radioactive tyrosme was determined m this fracnon DA 
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and NE were then eluted from the column by 2 ml of 0 5 N 
acetic acid lhlot studies indicated that 85 to 92% of added 
NE and DA were recovered Gentle pressure was applied 
with N., gas to remove all liquid from the column and to 
provide an oxygen-free atmosphere for the catecholamlnes 
If the concentrations of CAs were to be determined, the 
extracts were stored in the dark at -20°C under N, until 
analyzed 

We used assays developed by Anton and Sayre [3] to 
determine DA and NE Fluorescence of the dlhyroxylndole 
derivative of DA was measured with excitation at 316 nm 
and emission at 370 nm in a Perkln-Elmer Fluorescence 
Spectrophotometer Model MPF2A The sample blank was 
prepared by adding the sample ahquot last to the mixture of 
reagents, the internal standard was prepared by the addition 
of 10-20 ng DA to the sample ahquot 

NE was converted to 3,5,6-trlhydroxylndole with potas- 
smm ferncyamde and alkahne ascorbate [3] The emission 
fluorescence due to excitation of mdole at 409 nm was meas- 
ured at 519 nm The tissue blank was obtained by addition of 
the sample ahquot last to the mixture of reagents, the inter- 
nal standard was prepared by addition of 2 5 ng of NE to the 
sample aliquot Quinine sulfate (10 -~ M) was used to stan- 
dardize the fluorescence spectrophotometer 

Tyroslne was determined as described by Udenfnend [51] 
by the formation of a phenoxazinone denvative from 
tyroslne and nltrosonaphthol m the presence of nitrate-nitrite 
catalyst Tyroslne standard (5/zg/ml) was prepared in H,O 
by Wssolvlng in a small volume of dilute KOH and then 
adjusting the pH to 9 5 using HC! Useful standards ranged 
from 0 5 to 3 5 p.g tyroslne, a hnear response was obtained 
Fluorescence of phenoxazlnone in the aqueous phase was 
determined by emission at 570 nm upon excitation at 460 nm 
The fluorescence of appropriate internal standards as well as 
blanks was also determined 

To determine radloactwe tyroslne, 1 ml of the combined 
loading effluent plus washes was counted m a glass mlmvlal 
with the addition of 4 5 ml RPI counting cocktail 3a70B in a 
Beckman model LS9000 hquld scintillation counter To de- 
termine radioactivity in the CA fraction, the HOAc effluent 
from the Rexyn column was collected in a glass maxlvlal and 
counted as above, adding 12 ml RPI counting cocktad 

In evaluating the experimental determinations of the con- 
version rate of tyroslne to DA and NE, the hmltations of the 
method employed must be considered The conversion rate 
~s based upon the radioactivity in the catecholamines and the 
average specific activity of the labeled tyroslne during the 
labehng interval In order to slgmficantly label the small pool 
of cerebral CA, a relatwely long time interval is required 
However. the time interval for the labeling of the CA is 
constrained by two factors (1) the speofic activity for 
tyrosme in brain increases hnearly for only 15-20 mln after 
administration of tyrosme and then falls rapidly (Fig 2), and 
(2) for labehng periods longer than 10-15 mln, significant 
radioactivity wall be lost from the CA due to their further 
metabohsm With the exception of the study by Bloom et al 
[11]. where a 30-mln incorporation period was used, the 
labehng period in most studies was limited to 15 rain or less 
Th,s relatively brief labehng period has its own drawback, 
however, since during this period less than 0 4-0 5% of the 
administered tyroslne will be found m brain, and only about 
0 25% of the label from the brain tyroslne will be present in 
the CA fraction in the normal animal Thus, in our experi- 
ments, only 100-200 dpm was normally present in the brain 
CA fraction 10 mln after administration of 5 ~zCi of 14C- 
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FIG I The effect of ANI (20 mg/kg) on brain tyrosme concentra- 
tion The shaded area indicates the tyrosme concentration and 
standard deviation of sahne rejection control mice (NaCI) The 
number of ammals and standard deviation for each data point are 
indicated 

tyroslne In order to avoid erroneously high answers, this 
fraction must be completely separated from any residual 
contaminants, especially tyroslne Although other inves- 
tigators have used large amounts of 3,5-3H-tyroslne in their 
studies, the effective dpm anticipated in the CA fraction is 
reduced by three factors (1) loss of one 3H in the conversion 
of 3,5,-3H-tyrosme to CA, (2) lower efficiency obtained in 
counting 3H compared with 14C, typically by at least a factor 
of two, and (3) higher background for tn tmm samples com- 
pared to 14C 

The other important parameter in the estimation of cate- 
cholamlne synthes~s is the average specific activity of the 
precursor tyroslne dunng the labeling period This value is 
determined by the average concentration of the cerebral 
tyroslne and the rates of uptake and utilization of the labeled 
tyroslne In the control ammals, the concentration of 
tyroslne is assumed not to change, consequently the average 
concentration is taken to be the same as the final concentra- 
tion However, when PSIs are used, the ~oncentratmn o f  
cerebral tvrosme ts ~ hanging, especially shortly after admin- 
istration, and the average value may be as much as 10% less 
than the final value We made a correction to account for this 
change varying from 10% over the first 10 mm after admlms- 
trat~on of the PSI to 4% for animals sacrificed at 40 mm No 
correction was made at later t~me pomts where the rate of 
change was less rapid Bloom. Qulnton and Carr [11] and 
Lundgren and Carr [39] did not specifically address this is- 
sue, presumably the tyroslne concentration at the t~me of 
sacrifice was used in the calculation of specific activity 

The mhlbltion of protein synthesis by ANI, CAIs, and a 
combination of ANI plus a CAI was determined in most 
experiments using L-[14C(U)]-vahne (5 /zCi) as the protein 
precursor [14,24] Protein synthesis inhibition was deter- 
mined m selected experiments following the same general 
procedures using L-[14C(U)]-tyroslne (5 p.Cl) as the precur- 
sor For the latter experiments, percentage inhibition of 
protein synthesis was calculated using the final specific ac- 
tivity of tyrosine for each experimental ammai The incorpo- 
ration time was 10 mln 
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T A B L E  1 

EFFECTS OF ANI ON CEREBRAL 
CATECHOLAMINE CONCENTRATION 

Percent  of  Controlv 
Injection Dose  Sacrifice 
Schedule mg/kg N Time* (hr) DA NE 

ANt  20 7 0 25-1 50 110 + 17 97 ± 11 
ANI 40 3 1 105 ± 6 98 ± 5 
ANI  70 3 1 50 112 ± 10 98 ± 7 
A N I + A N I + A N I  20~ 9 5 92 ± 10 83 ± 6 

*Sacrifice t ime is the nine after the initial injection of  ANI  
tThe  control  value for dopamme was l 16 _+ 0 2 /~g/g and for 

norep inephrme was 0 29 -+ 0 02/zg/g These  values are comparable  
to those reported by Goodman,  Flexner  and Flexner  [33] but  are 
approximate ly  one-half  of  the values reported by Bloom, Qumton  
and Carr  [ l l ]  The results given are the means  and standard devm- 
tions 

:~Three injections of  ANI  were admlms te red  at two-hour  intervals 
The dose Is for each mjecUon 

T A B L E  2 

EFFECT OF CAIs ON TYROSINE AND 
CATECHOLAMINE CONCENTRATIONS 

Drug 

Percent  oI Control* 

Dose Sacrifice 
mg/kg N Time (mln) Tyrosme  DA NE 

DDC 250 I 15 140 - -  - -  
250 I 30 160 - -  - -  
250 8 60-120 115 ± 21 97 ± 6 60 ± 8 

1000 3 60 180 + 14 80 ± 3 48 + 2 

TB 10 1 15 101 - -  - -  
10 I 30 117 - -  - -  

10 2 60 93 ± 6 11 ± 8 30 ± 10 
10 I 120 98 - -  - -  

AMPT 160 8 60 - -  77 + 21 84 ± 11 
160 2 120 - -  40 + 7 68 ± 8 

*Results  are the mean and the s tandard deviation 

RESULTS 

Effe~t~ o f  Ant~omy~tn or Cy~lohextmtde on Tyrosme and 
Cate~ holamlne Com entratmns 

A n  e x t e n s i v e  s e r i e s  o f  e x p e r i m e n t s  w a s  p e r f o r m e d  to de -  
t e r m i n e  t h e  e f f e c t s  o f  A N I  o n  b r a i n  c o n c e n t r a t i o n  o f  
t y r o s m e  A s ing le  r e j e c t i o n  o f  A N I  (20 m g / k g )  c a u s e d  a 
g r a d u a l  i n c r e a s e  in c e r e b r a l  t y r o s m e  c o n c e n t r a t i o n  w h i c h  
p e a k e d  a b o u t  75 ra in  l a t e r  a t  a p p r o x , m a t e l y  d o u b l e  t h e  n o r -  
m a l  v a l u e  a n d  w a s  f o l l o w e d  b y  a s l o w  d e c h n e  o v e r  t h e  n e x t  
f e w  hr ,  r e t u r n i n g  to  t he  b a s e l i n e  a b o u t  5 h r  a f t e r  mjec t~on  
( F , g  1) R e p e a t e d  d o s e s  o f  A N I  e x t e n d e d  t h e  d u r a t i o n  o f  t he  
e f f e c t  bu t  d~d n o t  i n c r e a s e  t h e  m a x i m u m  c o n c e n t r a t i o n  o f  
t y r o s m e  H i g h e r  d o s e s  o f  A N I  (120 m g / k g )  e x t e n d e d  t h e  du -  
r a t i o n  s h g h t l y  a n d  m c r e a s e d  t h e  m a x i m u m  c o n c e n t r a t i o n  a t  2 
h r  to a b o u t  225% o f  c o n t r o l  C Y C L O  (150 m g / k g )  c a u s e d  
i n c r e a s e s  in c e r e b r a l  t y r o s m e  c o n c e n t r a t i o n  s ~ m d a r  to a 
s m g l e  m lec t~on o f  A N I  T h e  e f f ec t  o f  A N I  o n  D A  o r  N E  
c o n t e n t  w a s  m v e s t ~ g a t e d  N e i t h e r  D A  n o r  N E  c o n t e n t  w a s  
f o u n d  to c h a n g e  s l g m f i c a n t l y  as  a r e s u l t  o f  A N I  a d m l m s t r a -  
t i on  ( T a b l e  1) 

Effe~t~ o f  Cate~holamme lnhtbmon on Tyro~me and 
Cate~ holamme Corn entratlons 

A s e c o n d  s e r i e s  o f  e x p e r i m e n t s  l n v e s U g a t e d  t h e  e f f e c t s  o f  
D D C  a n d  T B  o n  t y r o s l n e  c o n c e n t r a t i o n ,  a n d  o f  D D C ,  T B ,  
a n d  A M P T  o n  c a t e c h o l a m l n e  c o n c e n t r a t i o n s  (T ab l e  2) D D C  
(250 m g / k g )  c a u s e d  a n  i n c r e a s e  in c e r e b r a l  t y r o s m e  c o n c e n -  
t r a t i o n ,  b u t  th~s i n c r e a s e  w a s  n o t  as  p r o n o u n c e d  a s  t h a t  
c a u s e d  b y  A N I  a n d  w a s  o f  s h o r t e r  d u r a t i o n  T B  (10 m g / k g )  
c a u s e d  h t t l e  o r  n o  c h a n g e  in c e r e b r a l  t y r o s m e  c o n c e n t r a t i o n  
T h e  e f f ec t  o f  A M P T  o n  t y r o s l n e  c o n c e n t r a t , o n  w a s  n o t  de -  
t e r m i n e d  d u e  to i ts  i n t e r f e r e n c e  in t h e  t y r o s m e  a s s a y  D D C  
c a u s e d  a 40% d e c r e a s e  m N E  c o n c e n t r a t i o n ,  wh i l e  T B  d r a s -  
t i ca l ly  l o w e r e d  t h e  c o n c e n t r a t i o n  o f  b o t h  D A  a n d  N E  A M P T  
c a u s e d  a p p r o x i m a t e l y  50% r e d u c t i o n  m c a t e c h o l a m m e s  2 h r  
a f t e r  a d m t m s t r a t ~ o n  

T A B L E  3 

EFFECTS OF COMBINATIONS OF ANI AND CAIs ON TYROS1NE 
AND CATECHOLAMINES* 

Drug 

Percent  of  Control 
Dose  Sacnfice 
mg/kg N Time (mm) Tyrosme  DA NE 

DDC 250 1 15 180 - -  - -  
250 1 30 300 - -  - -  
250 2 60 190 ± 14 90 + 13 49 + 10 
250 5 60 195 ± 28~ - -  - -  
250 1 120 270 - -  - -  

TB 10 1 15 118 - -  - -  
IO l 30 145 - -  - -  

10 2 60 146 ± 10 l0 ± 8 40 ± 9 
10 5 60 140 ± 7t  - -  - -  
10 1 120 125 - -  - -  

AMPT 160 2 60 - -  66 + 8 65 ÷ 7 

*ANI was admlmstered  at 20 mg/kg, DDC, TB or AMPT was 
adm,mstered  one hr later The sacnf ice  time is the time after admin- 
istration of  the catecholamlne inhibitor 

t F o r  separate  groups of mice, ty rosme was determined by the 
direct method  The N was 5 for each group The result  is given as the 
mean  and standard deviation 

Effe~ ts ~ff Combined Administration of  Amsomv~ ut and a 
Cate~ holamme lnhtbm~r oil Tyrosuw and Catecholamme 
Corn entralton,~ 

A th i rd  s e r i e s  o f  e x p e r i m e n t s  i n v e s t i g a t e d  t he  e f f e c t s  o f  
a d m i n i s t r a t i o n  o f  c o m b m a t l o n s  o f  A N I  f o l l o w e d  b y  a C A I  o n  
t y r o s m e  a n d  c a t e c h o l a m m e  c o n c e n t r a t i o n s  T h e  c o m b i n e d  
ac t i on  o f  A N I  and  D D C  c a u s e d  h i g h e r  l eve l s  o f  b r a in  t y r o s m e  
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T A B L E  4A 

INHIBITION OF PROTEIN SYNTHESIS BY ADMINISTRATION OF CAI AND ANI 
USING L-[U-14C]-VALINE AS PRECURSOR* 

Inhibition 
Drug Injection Sacrifice of Protein 
Groupt Time (hr) T~me (hr) Synthesis (%) 

A N I + A N I + A N I  0, 2, 4 4 25 94 -+ 3 
DDC+DDC+DDC 0, 2, 4 5 43 -+ 5 
AMPT+AMPT+AMPT 0, 2, 4 5 18 -+ 8 
TB+TB+TB 0, 2, 4 5 38 -+ 4 
ANI+Sahne 0, 1 2 63 _+ 4 
ANI+DDC 0, 1 2 78 _+ 3 
ANI+AMPT 0, 1 2 66 _+ 3 
ANI+TB 0, 1 2 68 _+ 2 

*Inhlbluon was based upon the ratio of TCA insoluble actlwty to the total 
acttwty of supernatant and precipitate of experimental and sahne-mjected control 
mice The time of sacnfice is measured from the first drug injection Three mtce 
were used for each drug group and six mice for the control group 

tlnjectlons of the CAIs and ANI were at l-hr or 2-hr intervals The dose of each 
lnjeclton was ANI, 20 mg/kg, DDC, 250 mg/kg, TB, 10 mg/kg, and AMPT, 160 
mg/kg In the expenments employmg ANI and a CAI (Table 4A and 4B), ANI was 
given at 0 hr and the CAI at 1 hr later 

T A B L E  4B 

INHIBITION OF PROTEIN SYNTHESIS BY ADMINISTRATION OF A CAI AND ANI 
USING L-[U-14C]-TYROSINE AS PRECURSOR~: 

Sacrifice ANI % ANI+DDC ANI+TB 
Time (hr) N Inhibition N % Inhibition N % Inhibition 

<1 12 76_+ 11 3 81 _+ 4 2 78_+ 3 
1 or 1 5 12 79-+ 8 2 78_+ 3 2 80_+ 4 
2 6 72 _+ 8 1 72 1 81 
3 7 4 6 _  + 10 
4 2 33 + _ 9 

~:lnhlbitton was based on TCA-msoluble radioactivity and specific activity of 
TCA-soluble tyrosme of individual mice Results are given as the mean and stand- 
ard deviation 

than  e i the r  d rug  a lone  (Table  3) A N I  + TB resu l ted  in 
t y ro sme  levels  tha t  were e leva ted ,  but  less than those  ob- 
ta ined  af te r  admin i s t r a t i on  of  A N I  a lone  Fo r  ca techo la -  
mines ,  not  u n e x p e c t e d l y ,  in each  case  the  ac t ion  of  the  CAI  
preva i led  and  the  resul t ing  c o n c e n t r a t i o n s  of  the  C A  were  
c o m p a r a b l e  to those  ob ta ined  wi th  the C A I  a lone  Fo r  
example ,  w h e n  DDC a lone  was a d m l m s t e r e d ,  the  DA con-  
c e n t r a t i o n  was not  s ignif icant ly  r educed ,  w h e r e a s  N E  con-  
cen t r a t l on  was r e d u c e d  by app rox ima te ly  50% The  combi-  
na t ion  of  A N I  and  DDC did not  cause  a fu r the r  r educ t i on  of  
e i t he r  DA or  N E  TB caused  ma jo r  r educ t ions  of  bo th  DA 
and  N E ,  and  c o m p a r a b l e  r educ t ions  were  found w h e n  A N I  
plus T B  were  admin i s t e r ed  in com b i na t i on  

Effects o f  Ant~omyc m and Cate~ holamme lnhlbm~rs on 
Protem Synthes:~ 

In the first  ser ies  of  e x p e r i m e n t s  to s tudy pro te in  syn the -  
sis inh ib i t ion ,  the  effects  on  p ro te in  syn thes i s  of  a ser ies  of  

three  mjec t ions  of  CAIs  at  2 hr  in te rva ls  were  c o m p a r e d  to 
the effects  on  an  equ iva len t  ser ies  of  A N I  in jec t ions ,  using 
L- [14C(U)] -vahne  as the  p r e c u r s o r  In addi t ion ,  the  com- 
b ined  effect  of  A N I  plus a CAI  on pro te in  syn thes i s  was  
d e t e r m i n e d  Us ing  14C-vallne as a p recu r so r ,  DDC was  the 
mos t  ef fec t ive  inh ib i to r  o f  p ro te in  syn thes i s ,  bu t  the  appar-  
en t  inh ib i t ion  was less t h a n  one -ha l f  of  tha t  ob t a ined  f rom 
A N I  (Table  4A) Any  c o m b i n a t i o n  of  A N I  and  a CAI  caused  
only  a shght  inc rease  in inhib i t ion  of  p ro te in  syn thes i s  ove r  
tha t  caused  by A N I  a lone  

In c o n j u n c t i o n  wi th  the  e x p e r i m e n t s  to d e t e r m i n e  the  ef- 
fects  of  A N I  and  CAIs  on  c a t e c h o l a m m e  syn thes i s ,  we 
s tud ied  inhib i t ion  o f  p ro te in  syn thes i s  using L- 
[U-14C]- ty ros lne  as a p r e c u r s o r  (Table  4B) In these  s tudies ,  
a co r r ec t i on  can  be made  for  the  specif ic  acUvl ty  of  the  
ty ros lne  p r e c u r s o r  As  a resul t ,  the  ca lcu la ted  inhib i t ion  was 
sl ightly less than  w h e n  inh ib i t ion  was  based  on  total  T C A  
soluble  ac t iv i ty ,  due to the  inc rease  m free ty ros ine  and  the 
resu l t an t  d e c r e a s e  m p r e c u r s o r  specif ic  act ivi ty  No  addl- 
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FIG 2 Specific acUvity of 14C-tyroslne m mouse brain as a function 
of time after 1P injection Each point represents the value for a single 
mouse brain except for two 10-ram points indicated as the average of 
7 brains or 6 brains, respecUvely, in two separate experiments 

t lonal  effect  was found  on  p ro te in  syn thes i s  in c o m b i n a t i o n s  
o f  DDC or TB wi th  A N I  A single in jec t ion  of  DDC or  TB 
caused  little if any pro te in  syn thes i s  inhib i t ion  (data  not  
shown)  

l£JJet t oJ Amsomyc m arid oJ (_ate¢ holamme lnhtbttors on 
Uptal, e of  14C-Tvro~tne Into Mouse Brain 

Since  the  de t e rmina t i on  of  CA syn thes i s  ra te  depends  
upon  b o t h  the  brain c o n c e n t r a t i o n  of  t y r o s m e  and  the 
ty ros lne  specif ic  act ivi ty ,  the up take  of  14C-tyroslne was 
d e t e r m i n e d  for  indiv idual  mice T he  upa tke  in bra in  10 mln 
af te r  ty ros lne  admin i s t r a t i on  was  a p p r o x i m a t e l y  0 4 -0  5% of  
the a d m i n i s t e r e d  ty ros lne  O t h e r  e x p e r i m e n t s  in which  mice 
were  sacr i f iced  at  in te rva ls  ranging  f rom 2 5 min  to 60 mln 
af te r  admin i s t r a t i on  s h o w e d  the  total  a m o u n t  of  f ree  
r a d l o a c n v e  ty ros lne  in the  bra in  inc reased  a lmos t  l inear ly  for  
the  f irst  15-20 mln a f te r  admin i s t r a t ion ,  and then  decl ined 
rapidly  (Fig 2) 

As s u m m a r i z e d  in Table  5, ne i the r  the pro te in  synthes~s 
inhlb l tors  no r  CAIs  a lone  or  in c o m b i n a t i o n  had a large effect  
on  up take  o f  14C-tyrosme in to  brain  In fact ,  w h e n  allow- 
ance  was made  for  the  a m o u n t  of  labeled  ty ros lne  incorpo-  
ra ted  into p ro t e in  (about  14% of  the  total  up take  w h e n  
pro te in  syn thes i s  is no t  inhib i ted) ,  ht t le  or  no drug  effect  on 
up take  was found  It shou ld  be no ted  that  the up take  of  
ty ros lne  was  qui te  var iab le  a m o n g  mice  H o w e v e r ,  s ince  
va lues  for  p ro te in  syn thes i s  or c a t e c h o l a m l n e  syn thes i s  ra te  
are  ca lcu la ted  based  on  ty ros lne  specif ic  ac t iv i ty  of  each  
indiv idual  mouse ,  this  va r l ab th ty  should  not  marked ly  influ- 
ence  the d e t e r m i n a t i o n  of  these  measu res  

EJfi'c t o f  Anlaomyc In and o f  Cater holamme lnhibttor~ on 
Conversmn of  Tyrostne to Dopamine and Notepniephtme 

The  effect  of  ANI ,  C Y C L O  and the  CAIs  on the  conve r -  
s ion o f  14C-tyrosme to the c o m b i n e d  pool of  DA and N E  was 
eva lua ted  at d i f ferent  t ime per iods  af te r  drug a d m m l s t r a t m n  
The  resul t s  t abu la t ed  in Table  6 show tha t  the  PSIs  
have  on ly  a m o d e r a t e  effect  on the  c o n v e r s i o n  rate  of  14C- 
t y r o s m e  in to  D A  and  N E  We were  unab le  to d i sce rn  a t ime 

F A B L E  

UPTAKE OF 14C-TYROSINE BY MOUSE BRAIN 

141_-I ,, i o',me 
Uptdke Ratio 

Drug TJeatment N nCv'g br,un Dtug, Sahne 

Saline C0 44 ± 11 - -  
ANt (20 mg/kg) 43 49 _+ 20 I 11 
ANI (120 mg/kg) 10 57 _+ 16 I 3tJ 
CYCLO (150 mg/kg) 12 46 + 16 I 05 

DDC (250 mg/kg)+Sahne 6 45 _+ 7 1 02 
DDC 1250 mg/kg)+ 6 43 _+ 9 0 98 

ANI 121) mg/kg) 

TB (10 mg/kgj+Sahne 6 44 +_ 12 1 00 
TB (10 mg/kg)+ 5 46 _+ 22 1 05 

ANI (20 mg/kg) 

*The 14C-tyrosme uptake into brain was determined 10 mm after 
the lntraperitoneal administration of 5 ~C1 of L-[14C]-tyrosme and is 
based upon the amount of radioactivity present in the soluble frac- 
tion When protein synthesis is n6t inhibited, about 15~ additional 
[14C]-tyrosme is present in the TCA insoluble fracUon Results are 
given as the mean and standard deviation 

d e p e n d e n c e  of  pro te in  syn thes i s  inhlb l tors  on c o n v e r s i o n  of 
t y r o s m e  to CA ove r  a 4-hr p e n o d  af ter  drug admin i s t r a t ion  
The  lnh ib l tmn  of  c o n v e r s i o n  by  A N I  (20 mg/kg) or  C Y C L O  
(150 mg/kg) was a b o u t  20% Even  A N I  at 120 mg/kg reduced  
the c o n v e r s i o n  by only  30% 

The  effect  of  DDC or TB with and  wi thou t  ANI  on 
ty ros lne  c o n v e r s i o n  was d e t e r m i n e d  No  effect  of  DDC (250 
mg/kg) on  the c o n v e r s i o n  to DA and N E  c o m b i n e d  was 
found This  was as an t i c ipa ted  s ince DDC pr imari ly  modif ied 
N E  and not  DA and  a b o u t  80% of  the  a p p a r e n t  c o n v e r s i o n  of  
t y ro sme  into c a t e c h o l a m m e s  is into  D A  in a p r ecu r so r  pulse 
e x p e r i m e n t  of  shor t  du ra t ion  TB (10 mg/kg) p roduced  ap- 
p rox ima te ly  80% inhibi t ion  of  ty ros ine  c o n v e r s i o n  into the  
c o m b i n e d  c a t e c h o l a m i n e s  l0 to 20 minu tes  af ter  admimst ra -  
t lon This  inhibi t ion was of  shor t  d u r a t m n  as the c o n v e r s i o n  
rate was  app rox ima te ly  80% of  con t ro l s  at  60 minu tes  ANI  
m c o m b i n a t i o n  wi th  e i the r  DDC or TB had no addi t ional  
effect  on the c o n v e r s m n  rate 

DISCUSSION 

The  mos t  f r equen t  a l t e rna t ive  exp lana t ion  a d v a n c e d  for  
the b iochemica l  basis  of  the  amnes t l c  ac t ion of  p ro te in  syn- 
thes is  inh ib i tors  is tha t  they act  by i m p a i n n g  ca techola -  
mlnerglc  ac t ion  [20.3 I, 33] B iochemica l  ev idence  in suppor t  
of  this  v iew comes  pr imar i ly  f rom expe r imen t s  of  F l exne r  
and  co -worke r s  [19, 20 .33]  and  Car r  and  co -worke r s  [11,391 
In brief ,  the  fol lowing ac t ions  wi th  r e spec t  to the ca techol -  
amine  sys t em have  been  a t t r ibu ted  to p ro te in  syn thes i s  ln- 
h ib l tors  (1) a large inc rease  m cerebra l  t y r o s m e  concen t r a -  
t ion,  (2) inhibi t ion of  t y ro sme  hyd roxy l a se ,  (3) marginal  
changes  in the  c o n c e n t r a t i o n s  of  the c a t e c h o l a m m e s  DA and 
NE .  b o t h  inc reases  and  dec rea se s  be ing  repor ted ,  and  mos t  
impor tant ,  i4) drast ic  reduct ions  in the rate of  synthes is  of  the 
c a t e c h o l a m m e s .  DA and  N E  

In the  d i scuss ion  which  fol lows,  the  r epor ted  indi rec t  ef- 
fects  of  PSIs .  pr imari ly  A N I  and  C Y C L O .  will be eva lua ted  
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and compared with those of the CAIs (DDC, TB, and 
AMPT) Our conclusions with respect to the biochemical 
actions of these drugs are as follows (1) PSIs produced an 
increase of 100% or more m cerebral tyrosine concentration, 
DDC produced a moderate increase, and TB a small in- 
crease (2) The inhibition of tyrosme hydroxylase by PSIs is 
probably 10% or less (3) PSIs produced httle or no change m 
cerebral CA concentrations, whereas CAIs produced large 
changes in one or more of the catecholamlnes (4) Due to 
methodological problems, it is difficult to determine inhibi- 
tion of catecholamme synthesis by PSIs, however, we found 
that no more than 20% inhibition was caused by PSIs This 
relatively small inhibition Is consistent with the observation 
that CA concentrations are not reduced by PSI administra- 
tion The reduction of CA synthes~s by PSIs was markedly 
less than the inhibition by known CAIs (5) When a PSI and a 
CAI are both administered, the predominant pharmacologi- 
cal effect of each is observed, independent of the other 

Cerebral Tvtostne Conc enlraHott 

All investigators agree that protein synthesis mhibmon 
leads to at least an 80-100% increase in the brain levels of 
tyrosine This increase is probably primarily due to its con- 
tlnued uptake and/or formation in the brain without the con- 
comltant utilization for protein synthesis Maximum levels 
are reached after approximately one hour, and a slow return 
to normal levels occurs as protein synthesis recovers We 
found that the variability of cerebral tyrosme concentration 
among individual mice was relatively large, especially m 
mice given ANI Selectwe increases m cerebral concentra- 
tions of a number of other amino acids would also result from 
the protein synthesis inhibition ([45], unpubhshed data,* 
Flood and Bennett) 

As has been previously reported by Bloom, Qulnton, and 
Cart [ I I 1, we found that DDC produced a moderate but short 
increase in cerebral tyroslne TB was less effective in this 
respect We did not determine the action of AMPT, how- 
ever, Flexner and Goodman [19] reported only a minimal 
increase in cerebral tyroslne after AMPT administration 

Inhibition oJ Twostne Hydto~ vlase by Protein 
Svnthest  ~ lnhtbttm 

Flexner et al [20] reported that mice previously treated 
with CYCLO had about 20% less tyroslne hydroxylase ac- 
tivity than saline injected animals However, CYCLO added 
to the assay medium did not inhibit tyrosme hydroxylase 
These authors concluded that the Vm,,, of the CYCLO- 
exposed brain was reduced but not the Km towards either 
CYCLO or the pterme cofactor Using a larger dose of 
CYCLO, Markey and Sze [40] found 35-45% inhibition of 
the hydroxylase They reported that the Km of the ptenne 
cofactor was increased by cyclohexlmlde treatment In 
agreement with Flexner et al [20], Markey and Sze found 
that CYCLO added in vitro did not influence tyroslne hy- 
droxylase activity 

Squire et al [50] investigated the inhibition of tyrosme 
hydroxylase by two different assay methods Using the 
assay method used by Flexner et al [20], they found only 
11% inhibition of the hydroxylase after CYCLO treatment 
and 8% after ANI They concluded that a portion of this low 
mhlbmon was an artifact due to a greater dilution of the 
labeled tyrosme used in the assay by endogenous tyroslne 
present in inhibitor-treated mice While greater inhib,tlon 

was found by an alternative enzyme assay, the authors con- 
cluded that the higher apparent Inhibition was most probably 
an artifact due to large precursor dilution in the assays of the 
inhibited animal Squire et a! showed that AMPT Inhibited 
tyrosine hydroxylase to a greater degree than did either 
CYCLO or ANI, but was not an effective amnest~c agent 
We did not directly determine the inhibition of tyrosme hy- 
droxylase by ANI or CYCLO but would conclude that it is 
no more than 20%, and probably less than 10% 

Corn entrattons o f  Cate~ holamme~ 

Goodman et al [33] reported that acetoxycyclohex~mide 
(AXM) caused an increase of 20-40% in cerebral catechola- 
mines for several hours after its administration followed by a 
decrease of nearly 40% at 17 hr after administration Flexner 
et al [20] using a smaller dose of AXM reported a 20% 
decrease in NE concentration from 4 to 17 hr later but no 
significant increase m concentration was observed at any 
time CYCLO caused moderate (10-30%) increases tn NE 
and DA one hour after admtnlstraUon, but no significant 
changes were reported at later t~mes No change was re- 
ported as a result of ANI administration Bloom et al [11] 
investigated the changes in NE and DA over a 6 5 hr period 
after administration of CYCLO, and reported only one sig- 
nificant increase of 23% in the concentration of DA, at 3 5 hr 
This group did not report the effects of ANI on catechola- 
mine concentration Freedman et al [31] have also con- 
cluded that CYCLO does not modify the concentration of 
DA or NE between 0 75 hr and 24 hr after admtmstratlon, 
whereas DDC reduces the concentration of NE by 30-40% 
between 2 and 4 hr after administration and does not modify 
DA concentration (These investigators also reported that 
both ANI and CYCLO mhlbited K + stimulated release of 
NE in vitro but only at high concentrations of CYCLO or 
ANI ) We did not find any significant change in the concen- 
tration of CAs following ANI administration, this was also 
the case even after a series of ANI injections given at 2 hr 
intervals On the other hand, as expected, we found the DDC 
lowered cerebral NE by about 50% but did not significantly 
modify DA concentration TB decreased drastically (70- 
90%) both DA and NE in brain, while AMPT produced mod- 
erate reduction of both DA and NE When ANI was com- 
bined with a CAI the action of the CAI prevailed We con- 
clude, therefore, that protein synthesis inhlbitors do not 
produce large changes In catecholamlne concentrations, 
especially when compared with the changes produced by 
well known CAIs 

Rate o f  Svnthe~t~ o f  Dopamlne and Norepmephrme 

Goodman et al [33] reported that mtracerebral adminis- 
tration of AXM in mice produced a severe and long-lasting 
depression of cerebral catecholamlne synthesis The 
minimum synthetic rate of about 10% of normal was reached 
3 hr after administration, and m the case of NE the synthetic 
rate remained depressed for 24 hr In a subsequent report, 
Flexner and Goodman [19] reported that the accumulation 
rate of DA was reduced by 65%, but they found only 35% 
(non-significant) reduction m the rate of NE synthes~s 
CYCLO led to a reduction of up to 50-60% in the accumula- 
tion rate of NE and DA, and this inhibition persisted for at 
least 12 hr ANI, 2 hr after administration, produced a com- 
parable inhibition (50-60%) of both NE and DA synthesis, 
data for longer time intervals were not reported 

Bloom et a! [11] reported inhibition of NE and DA syn- 
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T A B L E 6  

EFFECT OF ANI OR CYCLO ON TYROSINE CONVERSION TO DOPAMINE AND NOREPINEPHRINE* 

ANI ANI+ANI ANt CYCLO 
T~me Sahne 20 mg/kg 20 mg/kg 120 mg/kg 150 mg/kg 
(mm) c~ f~ % ,% 

10- 20 056 ± 0 10(14) 79 ± 11 (5) 79 ± 7(2) 68 ± 25 (3) 86 + 16 (3) 
40- 60 063 ± 006 (8) 84 ± 19 (4) 73 ~ 14 (3) 56 (1) - -  
90-120 061 ± 0 13 (10) 70 ± 14 (8) 82 ± 18 (2) 67 ± 10(2) 80 + 6(3) 

180-240 054 ± 0 I1 (3) 100 + 24 (6) 146 ± 15 (2) 80 ± 13 (3) 87 ± 24 (5) 

*The rate was measured l0 min after IP rejection of L-[14C(U)]-tyroslne The values for the 
sahne-mjected mice are/~g DA+NE syntheslzed/hr/g brain (mean _+ standard deviation) Values 
for the drug-rejected mice are expressed as the mean percentages of the control _+ the standard 
deviation The numbers in parentheses are the number of mouse brains assayed T~me ~s measured 
after the last drug administration 

thesis of  75-90% ove r  the first 3-5 hr after C Y C L O  admmts-  
trat lon,  while Lundgren  and Carr  [39] reported about  65% 
mb~bltmn of  both N E  and DA synthesis  2 hr after A N I  ad- 
mlmstra t lon Bloom et a! [11] also found that D D C  caused 
nearly comple te  inhibition of  N E  synthesis  for at least 2 hr 
after admmls t ra tmn with r ecove ry  to about  50--60% of  nor- 
mal rate dunng  the next  4--5 hr DA synthesis  was reduced to 
a m i m m u m  of  60% of controls  1 ~/2 hr after admlmstra t ion  of  
DDC,  but r ecovered  to nearly normal  5 hr  later It should be 
noted that the synthetic rates of  CA of  control  m~ce reported 
in these two papers  differ by a factor  of  6 to 10 

In view of  the hmlted data concerning the effects of  A N I  
on CA synthesis  reported by these invest igators ,  a pnnc~pal 
oblec t lve  o f  the present  b iochemical  s tudy was to invest igate  
the effects o f  A N I  on th~s synthetic rate A large number  of  
time intervals  was studied from 10 mm after drug adminis- 
tration up to 5 hr  after the mitml dose ( A N I + A N I ,  180 mln, 
Table 6) 

Dunng  this t ime interval A N I  at the 20 mg/kg dose inhib- 
ited CA synthesis  by an average of  15-20% As is apparent  
from the data  presented  m Table 6, the varlablhty in the 
de termined  CA synthetic rate was relat ively large (coeffi- 
cient of  vanaUon was approximate ly  20%) It should be 
noted that coefficients  of  variat ion of  35% or more were  
f requent ly  observed  for these same measures  by previous  
invest igators  Consequent ly ,  we do not feel it Js possible to 
discern a valid t ime course  for the lnhlbitmn of  CA synthesis  
from the avadable data  C Y C L O  (150 mg/kg) p roduced  a 
modera te  inhibition of  CA synthes~s, comparable  to that of  
A N I  The Inhibition p roduced  by a large dose o f  A N I  (120 
mg/kg) was about  30% In view of  the exper imenta l  hmlta- 
tlons of  the method,  which are discussed more fully under  
the Method  sectmn,  the convers ion  rates repor ted  by 
F lexner  and Goodman  [19] and Goodman ,  F lexner  and 
F lexner  [33] and those we found are m fair agreement  

In l imited studms using DDC,  we did not  find a s~gmficant 
reduct ion m the convers ion  of  ty rosme to the combined  cat- 
echo lammes  Since the main effect  of  D D C  Is on N E ,  and 
N E  comprises  only about  20% of the combined  catechola-  
mines,  this result  is expected  On the o ther  hand, TB 
produced  a marked (80%) but relat ively short-act ing inhibi- 
tion of  the convers ion  of  tyrosine into both DA and NE,  as 
anticipated A N I  dM not modify thin Inhibition 

Uptake and Utdlzatum o f  Tyrosme 

As noted earlier,  the uptake o f  labeled tyrosme is approx- 
imately hnear  for about  15 rain after its administrat ion 
Linear  uptake of  labeled tyroslne was also found in mice 
adminis tered A N I  H o w e v e r ,  httle or  no tyrosme was used 
for the dlmimshed protein synthesis In mice admlmstered 
A N I  Consequent ly ,  the amount  of  free radioact ive tyroslne 
in inhibited animals was 5-30% greater  than m control  mice 
(Table 5) Never the less ,  due to the large increase in free 
cerebral  tyrosme when protein synthesis is inhibited, the av- 
erage specific act ivi ty o f  the cerebral  tyrosine Is frequently 
51)% or less than that of  the control  Goodman et al [33] and 
F lexner  et al [20] did not  address the effects of  mhibitors on 
tyroslne uptake Howeve r ,  Bloom et a/ [l l] noted that 
C Y C L O  (as well as DDC,  and DDC plus amphetamine)  all 
s lgmficantly elevated the specific act ivi ty of  the precursor  
tyrosme by a factor  up to 6 to 7 times that of  the control 
m~ce, up to 3 5 hr after drug administrat ion This e levat ion of 
tyrosme specific act ivi ty occur red  together  w~th an increase 
in the amount  of  ty rosme present  It can be calculated that 
Bloom et al [ l l ]  report  l0 times as much soluble labeled 
tyrosme m the CYCLO- t r ea t ed  mtce dunng  the interval  from 
0 5 hr to 3 5 hr after drug administrat ion as m the controls 
Although no data are given,  Lundgren  and Carr  [39] reported 
that the specific act ivi ty  of  3H-tyroslne was increased by all 
drug [ANI] t reatments  at 2 hr due to a greater  increase m 
3H- tyrosme concent ra t ion  than in endogenous  levels of  
ty rosme Since the tyroslne level of  the exper imental  anlmats 
at this t tme was a mlmmum of  175% of  the controls ,  this 
suggests that they found at least 100% increase m labeled 
tyrosme uptake This unexplained discrepancy be tween  their 
results and ours regarding the effects of  PSls  on the precur-  
sor tyrosme specific acav l ty  may  be the basis for our  dwer-  
gent conclus ion regarding the effects of  PSIs on catechola-  
mine synthesis  Falhng to consider  the effect of  changing 
precursor  pool  size results m a significant overes t imat ion  of  
CA mhlbi tmn 

lnhtbttlon o f  Protein Synthesl.s 

The present  study conf i rmed that A N I  is an effect ive in- 
hibitor of  brain protein synthesis  Of  the CAIs  tested, DDC 
is the most  effect ive inhibitor of  protein synthesis,  but even  
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three consecutive doses of DDC produced less than 50% 
lnhlbltmn Bloom et al [11] also reported that DDC 
produced moderate inhibition of protein synthesis The 
combination of ANI and a CAI produced about the same 
Inhibition as ANI alone 

Summary of  Btoc heml~ al Studies 

These studies have confirmed that the predominant 
biochemical effect of ANI is the inhibition of protein syn- 
thesis, with relatively minor effects on catecholamlne me- 
tabohsm On the other hand, the predominant effects of the 
CAI are, as expected, on concentrations and synthesis rates 
of catecholammes, with relatively minor effects on protein 
synthesis When combined, the predominant effect of each 
drug is observed, that is, the inhibition of protein by ANI is 
not significantly modified by CAIs, and the inhibition of CA 
synthesis by the CAIs is not markedly changed by the pres- 
ence of ANI 

BEHAVIORAL EXPERIMENTS 

Ratmnale 

The hypothesis that mhlb~tors of protein synthesis affect 
memory retention by inhibiting the synthesis of CA neuro- 
transmitters [19] should predict the CAIs and PSIs would 
have similar effects on memory retention test performance 
and that one should be able to substitute CAIs for PSIs and 
obtain similar results Assuming a unitary theory of memory 
processing, the hypothesis that PSIs and CAIs cause am- 
nesia by different mechanisms [16,47] predicts that one can- 
not substitute CAIs for PSIs and obtain similar results 

METHOD 

The mice and chemicals are as described in the Biochemi- 
cal Experiments 

Step-Through Pa~ ~tve Avo:dan~ e 

The procedure for tratmng and testing mice for the one- 
tnal, step-through passive avoidance task was described 
previously [24] In brief, the apparatus consisted of a black 
start compartment joined to a white shock compartment by a 
partition containing a mousehole through which the mice 
could enter the white compartment In the white compart- 
ment, footshock was given until the mouse returned to the 
black compartment Acquisition lS influenced by the 
latencles-to-enter and latencles-to-escape the shock com- 
partment and by the footshock intensity Only mice entenng 
in two or three sec and escaping in two or three sec were 
used, the use of these narrow performance criteria has 
proved successful in reducing between-subject varlabihty 
On the average, we reject less than 15% of the mice To test 
retention, each mouse was again placed into the black com- 
partment and the time required for the mice to enter the 
white compartment was taken as a measure of retention A 
latency-to-enter the white shock compartment on the test 
day of 20 sec or less was defined as amnesia since this repre- 
sents the range of latencies-to-enter of experimentally naive 
mice singly housed for one week Percent forgetting is de- 
fined as the percentage of the mice having an entry time at 
testing of 20 sec or less Most trained non-amnestlc mice did 
not enter the white compartment wIthin the three-minute test 
period Training and testing were done between the hours of 
0700 and 1400 

T-Maze Active Avoidance 

The T-maze apparatus and training were descnbed previ- 
ously [23] The apparatus consisted of a black plastic start 
alley with a start box at one end and two goal boxes at the 
other, a brass glad floor ran throughout the entire maze 
Each goal box was fitted with a slotted, transparent plastic 
liner (the bottom of which went below the shock gnd) which 
was used to remove the mice from the goal box The start 
box was separated from the start alley by a black plastic 
guillotine door which prevented the mouse from moving 
down the start alley until training started The conditioned 
stimulus was a doorbell-type buzzer The mice were given 5 
training trials, the intertnal interval was about 45 sec 

Mice were not permitted to explore the maze prior to 
training A training trial started with a mouse placed into the 
start box The guillotine door was then rinsed and the buzzer 
sounded simultaneously Five sec later footshock was 
apphed The goal box that the mouse first entered on this 
trial was designated as " incorrec t"  and the footshock was 
continued until the mouse entered the other goal box, which 
on all subsequent trials was designated "co r rec t "  for the 
particular mouse At the end of each trial, the mouse was 
removed from the goal box by hftmg the plastic hner and 
carefully returned to its home cage A new trial began by 
raising the guillotine door, with footshock beginning 5 sec 
later tf the mouse had not moved into its correct goal box As 
training proceeded, a mouse could make one of two types of 
responses I fa  mouse failed to reach the correct goal box in 5 
sec or less it was considered an escape, otherwise, it was 
classed an avoidance response 

Statistic al Erahtatton 

Because step-through passive avoidance test latencles in 
drug and saline injected mice are bimodally distributed [24], 
a measure of central tendency such as the mean or mode 
would be an inappropriate descriptive statistic In passive 
avoidance experiments, s~gnificance levels were determined 
by the Chl-Squre Test using the number of mice classed as 
forgetting or remembenng original training When the N for 
any one of the four theoretical frequencies was less than 7, 
the Fisher Exact ProbabIhty Test [35] was used to obtain the 
p value In Experiment 5, T-maze active avoidance was used 
and distribution of the number of trials to make the first 
avoidance response was approximately normal To faclhtate 
comparison with the other experiments, the percent forget- 
tmg score was included 

EXPERIMENT 1 EFFECT OF TRAINING FOOTSHOCK INTENSITY 
ON THE EFFECTIVENESS OF AMNESTIC AGENTS 

The purpose of this experiment was to compare the am- 
nestlc effectiveness of a 60-mln pretralnmg injection of 
AMPT (160 mg/kg) or DDC (250 mg/kg) with that o f a  15-min 
pretralnlng injection of ANI (20 mg/kg) at two footshock 
intensities (0 32 and 0 36 mA) The one-trial passive 
avoidance responding (PAR) task was used The N per group 
was 20 The retention test was given one week after training 

It was found that at the lower footshock intensity both 
CAIs and ANI caused a significantly greater percentage of 
amnesic mice than did a saline injection (p<0 01) At the 
higher footshock intensity, neither CAIs nor ANI yielded 
retention scores that differed significantly from the saline- 
injected group (Table 7) This confirmed our previous result 
that as the training strength increases, the effectiveness of an 
amnestlc treatment decreases [24] However,  this experl- 
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T A B L E  7 

AMNESTIC EFFECT OF CA AND PROTEIN SYNTHESIS INHIBITORS 
a,T TWO TRAINING FOOTSHOCK INTENSITIES 

Forgetting (9~) 

Footshock Intensity 
Drug 
Treatment 0 32 mA 0 36 mA 

Sahne 20 20 
DDC 75 20 
AMPT 85 20 
TB 70 25 
ANI 75 20 

The values are the percent of m~ce classed as forgetting original 
training Subjects were trained on the one-trial passive avoidance 
task at 2 different shock intensities The CAIs and sahne were ad- 
ministered 60 mm prior to training, ANI was administered 15 mm 
pnor  to training Retention was tested one week after training 
N=20 per group 

T A B L E  8 

PERCENT AMNESIA AS A FUNC'IION OF I'HE INTERVAL 
BETWEEN DRUG ADMINISTRATION AND TRAINING 

Interval Interval Intelval 
Drug N 0 25 hr N 1 hr N 2 hr 

Sahne 20 25 20 20 17 24 
ANI 15 73 14 64 18 33 
DDC 14 57 12 58 14 64 
AMPT 15 27 13 54 15 67 

The values are the percent of mice classed as forgetting original 
training Shock intensity was 0 34 mA Drug was administered to 
separate groups of mice 0 25, I, or 2 hr prior to training Mice ~ere 
tested one week after tralmng 

m e n t  did not  p rov ide  ev idence  that  the  effect ive  mode  of  
ac t ion  of  CAIs  and  PSIs  dtf fered 

EXPERIMENT 2 COMPARISON OF EFFECTS OF ADMINISTRATION 
OF MULTIPLE DOSES OF CAI OR ANI ON MEMORY RETENTION 

TEST PERFORMANCE 

Prev ious  r e s e a r c h  s h o w e d  that  the  an t l - amnes t i c  effect  of  
i nc r ea sed  t r a m m g  s t reng th ,  such  as occu r red  at  the  h igher  
shock  level  m E x p e r i m e n t  1, could  be b locked  by increas ing  
the  dura t ion  of  p ro te in  syn thes i s  lnh lb t t ion  [25] The  pu rpose  
of  E x p e r i m e n t  2 was to c o m p a r e  the  amnes t i c  e f fec t iveness  
of  a ser ies  of  th ree  re jec t ions  of  each  C A I  wi th  a ser ies  of  
th ree  mjec t lons  of  A N I  usmg the  pass ive  a v o i d a n c e  task To 
b lock  the  amnes t l c  effect  of  one  or  two success ive  ln lec t tons  
of  ANI ,  the f o o t s h o c k  was  set at  0 36 m A  A M P T  (160 
mg/kg),  DDC (250 mg/kg) or  TB ( I0 mg/kg) was  admin i s t e red  
1 h r  pr ior  to t ra in ing and  at 2-hr in te rva ls  the rea f t e r  A N I  (20 
mg/kg) was  a d m i n i s t e r e d  15 m m  pr ior  to t ra in ing  and  at 2 hr  
in te rva ls  the rea f t e r  Con t ro l  mice  r ece ived  in jec t ions  of  
sal ine us ing the  s ame  in jec t ion  schedu le  as for  A N I - m j e c t e d  
mice The  N pe r  g roup  was 20 The  r e t en t ion  tes t  was  g iven  1 
week  af te r  t ra in ing 

Wi th  three  success ive  re jec t ions  o f  A N I  ( A N I +  
A N I + A N I ) ,  90% of  the  mice  we re  c l a s sed  as fo rge t t ing  
c o m p a r e d  wi th  10% fo rge t t i ng  for  the  c o n t r o l s  ( p < 0  01) 
A N I + A N I + A N I  also p r o d u c e d  a s ignif icant ly  g rea te r  per- 
cen tage  of  mice  c lassed  as forge t t ing  c o m p a r e d  to those  mice  
rece iv ing  three  success ive  re jec t ions  of  A M P T ,  DDC or TB 
(30%, 10% and  10% respec t ive ly )  N o n e  of  the CAIs  resu l ted  
in a s ignif icant ly  g rea t e r  pe rcen t age  of  forget t ing  than  the  
sal ine con t ro l  Thus ,  at  this  h tgher  level  of  pass ive  a v o i d a n c e  
t ra ining,  mul t iple  in jec t ions  o f  CAIs  did not  have  the  same  
a m n e s t t c  effect  on  r e t en t i on  tes t  p e r f o r m a n c e  as mult iple  
in jec t ions  of  A N I  

EXPERIMENT 3 AMNESTIC EFFECT AND TIME OF DRUG 
ADMINISTRATION 

A single in jec t ion  of  A N I  inhibi ts  p ro te in  syn thes i s  by 
80% or more  for 2 hr  Since the  amnes t l c  effect  of  A N I  is 
genera l ly  b e h e v e d  to be  re la ted  to the  dura t ion  of  mhlb t t ton  

o f  pro te in  syn thes i s  fol lowing t ra in ing [25], then  orle would 
pred ic t  tha t  the  amnes t i c  effect  would dec rease  the longer  
before  t ra in ing the A N I  fs admin i s t e r ed  since this would 
sho r t en  the du ra t ion  of  p ro te in  syn thes i s  inhibi t ion af ter  
t ra in ing  The  pu rpose  of  the  e x p e r i m e n t  was to de t e rmine  ff 
CAIs  and  A N I  s h o w e d  the  same  type of  t i m e - d e p e n d e n t  ef- 
fect  on  re t en t ion  tes t  pe r fo rmance ,  us ing the pass ive  
avo idance  task  A M P T ,  DDC,  or  A N I  was admin i s t e r ed  at 
the  s ame  dose  as in E x p e r i m e n t  2 at 2, 1 or 0 25 hr  p n o r  to 
t ra in ing  The  f o o t s h o c k  level was  0 34 mA The  N per  group 
was  14--20 Re t en t i on  was  tes ted  one  week  af ter  t ra ining 

The  t tme of  an re ject ion pe r  se had  no effect  on re ten t ion  
s ince the sahne  con t ro l  g roup  showed  20--25c~ forget t ing 
ac ross  the in lect lon t imes (Table  8) A N I  yielded an amnes t l c  
g rad ien t  wi th  s lgmficant ly  g rea te r  forget t ing w~th A N I  ad- 
m lms t r a t t on  0 25 hr  r a the r  than  2 hr  pr ior  to t ra lnmg 
( p < 0  05) The  group  rece iv ing  A N I  2 hr  pr ior  to t ramlng  did 
not  differ significantly f rom the control ,  DDC adminis tered  2 hr 
pr ior  to t ra ining did not  differ  s ignif icant ly  f rom the  cont ro l  
DDC yielded a near ly  c o n s t a n t  pe rcen t  forget t ing ove r  the 
t ime pe r iod  A M P T  was clear ly more  effect ive  as ~n amnes-  
ttc agen t  w h e n  admin i s t e r ed  2 hr  pr ior  to t r a tmng  than 0 25 hr  
pr ior  to t ra in ing  ( p < 0  05) The  resul t s  in Table  8 d e m o n s t r a t e  
tha t  the  th ree  agents  differed sharp ly  in the  t empora l  course  
of  the i r  amnes t t c  e f fec t iveness  

EXPERIMENT 4 EFFECT OF SUBSTITUTION OF CAI FOR ANI 

In E x p e r i m e n t s  1 and  2 and  m prev ious  repor t s  [23,25]. it 
was  found  that  a ser ies  of  three  A N I  in ject ions  g iven  at 2 hr  
in te rva ls  inc reased  the amnes t l c  effect  If  the second  rejec- 
t ion  were  omi t ted ,  then  the  amnes t i c  effect  was  absen t  [22]. 
smce  the  omis s ion  a l lowed r ecove ry  of  p ro te in  syn thes i s  dur- 
ing the m e m o r y  conso l ida t ion  per iod If  the  mode  of  ac t ion  
of  a PSI as an  amnes t l c  t r e a t m e n t  ~s a resu l t  of  its inhib i t ion  
of  CA syn thes i s ,  t hen  one  should  be  able to replace  an rejec- 
t ion of  A N I  with an  in jec t ion of  a CAI  and still ob ta in  a high 
p e r c e n t a g e  of  mice  c lassed  as forget t ing in the  PAR task  

The  mice  were  t r a m e d  on  PAR So that  a c o m p a r i s o n  of  
the e f fec t iveness  of  th ree  m lec t lons  o f A N I + A N I +  ANI with 
A N I + C A I + A N I  could be made .  the  foo t shock  level was  set 
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FIG 3 The effect of substituting cyclohexlmide or catecholamine 
mhlbltors for ANI on memory for the one-trial passive avoidance 
task The figure shows that three successive injections of ANI 
yielded a high percent of mice classed as forgetting If saline were 
substituted for the second ANI rejection, the amnestlc effect was 
lost due to recovery of protein synthesis CYCLO could be substi- 
tuted for the second injection of ANI. and yield a high percentage of 
mice classed as forgetting DDC, AMPT or TB, substituted for the 
second rejection of ANI. did not give an amnesic effect The N per 
group was 20 

T A B L E  9 

EFFECT OF THE COMBINATION OF D-AMPHETAMINE WITH 
AMPT OR ANI 

Forgetting 
Drug Treatment (%) 

Sahne (Sahne) 
AMPT (Sahne) 
Saline (d-Amphetamine) 
AMPT (d-Amphetamine) 

Saline (Sahne)+Sahne+Sahne 
ANI (Sahne)+ANI+ANI 
ANI (d-Amphetamine)+ ANI +ANI 
Saline (d-Amphetamine) + Saline + Saline 

10 
25 
0 

90 

20 
80 
20 

0 

Mice were trained on the T-maze active avoidance task with a 
footshock intensity of 0 33 mA Because of the dlffenng times re- 
qmred to exert known pharmacological effects, ANI and AMPT 
were administered under different mjectlon schedules AMPT (160 
mg/kg) and its corresponding saline control were administered sub- 
cutaneously l hr pnor  to training The three successive injections of 
ANI required to cause amnesm and the corresponding saline control 
injections were given 0 25 hr pnor to and l 75 and 3 75 hr after 
training D-Amphetamine or saline marked in parentheses was ad- 
ministered intrapentoneally immedmtely after tralmng The N per 
group was 20 Retention was tested one week after training 

at 0 36 mA,  as m E x p e r i m e n t  2, so tha t  ne i the r  one  or two 
in jec t ions  of  ANI  would not  cause  a m n e s i a  All mice re- 
c e w e d  3 m.lections The  first  re jec t ion was g iven  15 rain pr ior  
to t ra in ing  and  was e i the r  A N I  or  sal ine T he  second  reJec- 
t ion was g iven  e i the r  1 hr  a f te r  the first  in jec t ion  (DDC,  
A M P T ,  or  TB) to give the  mhlb i to r s  t ime to r educe  C A  levels  
m bra in  t i ssue  or  2 hr  la te r  (ANI ,  C Y C L O ,  or  sahne)  The  
th i rd  re jec t ion of  A N I  was g iven  4 hr  af ter  the first  in jec t ion  
This  resu l ted  in the  fo l lowing groups  A N I + A N I + A N I ,  
A N I + C Y C L O + A N I ,  A N I + S A L I N E + A N I ,  A N I + D D C -  
+ A N I ,  A N I + A M P T + A N 1 ,  A N I + T B + A N I  One  g r o u p r e -  
ce lved  three  success ive  In lect]ons of  sahne  at 2 hr  in tervals  
s ta r t ing  15 m m  pr ior  to t ra in ing ( S A L I N E + S A L I N E  
+ S A L I N E )  to con t ro l  for  the effect  of  the mult iple  in jec t ions  
pe r  se on re tenUon tes t  p e r f o r m a n c e  

If PSIs  impai r  r e t en t ion  tes t  p e r f o r m a n c e  by  a m e c h a n i s m  
similar  to tha t  of  CAIs ,  then  A N I + D D C + A N I ,  
A N I + A M P T + A N I  and  A N I + T B + A N I  should  have  as high 
a p e r c e n t a g e  of  mice c lassed  as forge t t ing  as 
A N I + A N I + A N I  and A N I + C Y C L O + A N I  and  all g roups  
should  have  s ignif icant ly  h igher  pe r cen t ages  of  mice  c lassed  
as forget t ing  than the  A N I + S A L I N E + A N I  On the o the r  
hand ,  if the  m e c h a n i s m s  of  amnes t l c  ac t ion  differ,  we would  
pred ic t  tha t  subs t l tuUon of  a CAI  for  a PSI would  not  lead to 
a m n e s i a  

The  p e r c e n t  mice  c lassed  as forget t ing  did not  differ  sig- 
ni f icant ly  be tween  A N I + S A L I N E + A N I  and  S A L I N E +  
S A L I N E + S A L I N E  (15% and 10%) Bo th  A N I + A N I + A N I  
and  A N I + C Y C L O + A N I  yielded a high p e r c e n t a g e  of  mice  
c lassed  as forget t ing  (85% and 90%) Bo th  g roups  differed at  
p < 0  001 (Chl Square  Test )  f rom A N I + S A L I N E + A N I  
Subs t i tu t ing  DDC,  A M P T  or  T B  for  the  s econd  A N I  injec- 
t ion  did not  resu l t  in a h igh p e r c e n t a g e  of  mice c lassed  as 
forget t ing  (15%, 20%, 25% respec t ive ly ,  Fig 3) In fact ,  none  
of  the A N I + C A I + A N I  groups  dif fered s igmficant ly  f rom 

A N I + S A L I N E + A N I  Thus ,  whde  C Y C L O ,  an  inh ib i to r  of  
pro te in  syn thes i s ,  could  be  subs t i t u t ed  for  A N I  and  resul t  in 
a high p e r c e n t a g e  o f  forget t ing,  the c a t e c h o l a m m e  mhlb l to r s ,  
DDC.  A M P T  or TB,  could not  

EXPERIMENT 5 ANTI-AMNESIC EFFECT OF D-AMPHETAMINE 

D - a m p h e t a m i n e  and  o t h e r  sUmulants  b lock  the  amnes t i c  
effect  of  p ro te in  syn thes i s  inh lb l tors  [26,28] The  purpose  of  
this e x p e n m e n t  was to d e t e r m i n e  if d - a m p h e t a m i n e  had  the  
same  an t i - amnes t l c  effect  agains t  A M P T - m d u c e d  a m n e s i a  as 
agains t  A N I - i n d u c e d  amnes i a ,  us ing  an ac t ive  a v o i d a n c e  
task  A M P T  was c h o s e n  because  it b locks  bo th  d o p a m l n e  
and  n o r e p m e p h r l n e  syn thes i s  and  d - a m p h e t a m i n e  is be l ieved 
to act  p n m a n l y  on  d o p a m m e r g l c  synapses  [13, 37, 48] 

Mice were  t ra ined on  the T - m a z e  ac t ive  a v o i d a n c e  task  
with a f o o t s h o c k  in tens i ty  of  0 33 m A  Because  of  the  differ- 
lng t imes  requ i red  to exer t  k n o w n  pha rmaco log ica l  effects ,  
A N I  and  A M P T  were  a d m l m s t e r e d  u n d e r  d i f ferent  in jec t ion 
schedu les  A M P T  (160 mg/kg) or sal ine for  its c o r r e s p o n d i n g  
con t ro l  was in jected l hr  pr ior  to t ra in ing The  th ree  succes-  
s ive in jec t ions  of  ANI  (each  20 mg/kg) requ i red  to cause  
a m n e s i a  and  the  c o r r e s p o n d i n g  sal ine con t ro l  re jec t ions  were  
g iven  0 25 h r  p n o r  to t ra in ing  and l 75 and  3 75 hr  af ter  
t ra in ing D - a m p h e t a m i n e  or  its sal ine cont ro l  was  in jec ted  
immedia te ly  af ter  t ra in ing  The  second  pos t - t ra in ing  rejec- 
t ion is ind ica ted  by  placing p a r e n t h e s e s  R e t e n t i o n  was 
t es ted  I week  af te r  t ra in ing 

Bo th  A N I  and A M P T  as well as the c o m b i n a t i o n s  of  A N I  
+ d - a m p h e t a m i n e  and  A M P T  + d - a m p h e t a m i n e  g iven  a lone  
had dif ferent ia l  effects  on  r e t en t i on  tes t  p e r f o r m a n c e  (Table  
9) A M P T  had  no  s ignif icant  effect  on  r e t en t ion  c o m p a r e d  to 
the sal ine in jec t ion  con t ro l ,  S a h n e ( S a h n e )  T h r e e  success ive  
in jecUons of  A N I  resu l ted  m 80% of  the mice be ing  c lassed  
as forget t ing  ongIna l  t ra lmng,  this  differed s ignif icant ly  
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T A B L E  10 

EFFECT OF CATECHOLAMINE AND PROTEIN SYNTHESIS 
INHIBITORS AND ELECTROCONVULSIVE SHOCK ON RETENTION 

Forgetting 
Treatment Group N (%) 

ANI+ANI/ECS 12 92 
ANI+ANI/P-ECS 14 14 

DDC + DDC/ECS 14 14 
DDC+DDC/P-ECS 14 7 

AMPT + AMPT/EC S 14 29 
AMPT + AMPT/P- ECS 15 0 

Saline + Sahne/ECS 15 7 
Saline + Sallne/P-ECS 13 15 

Mice were trained on the passive avoidance task The footshock 
intensity was 0 40 mA m order to provide strong training, the 
latency-to-enter and escape was within the range of l 0 to 3 0 sec 
ANI was administered 0 25 hr prior to training and 1 75 hr after 
training DDC, AMPT, or saline were admlmstered 1 hr prior to 
trmnlng and 1 75 hr after trmnlng ECS was administered trans- 
corneally 3 hr after trmnlng at 8 mA for 0 2 sec at 60 Hz Mice given 
pseudo-electroconvulsive shock (P-ECS) were handled m the same 
manner as the ECS mice except no current was delivered 

( p < 0 0 1 ,  Chi  Square  Tes t )  f rom the  con t ro l  group,  
S a h n e ( S a h n e ) + S a l i n e + S a l l n e  (20% forget t ing)  D-amphe t -  
amine  b locked  the  a m n e s t t c  effect  of  A N I  (20% forget t ing)  
bu t  c a u s e d  a m n e s i a  (90% forget t ing)  w h e n  a d m m l s t e r e d  to 
mice  tha t  r ece ived  A M P T  Both  the  dLfferenttal ef fects  o f  the 
A N I  and  A M P T  g iven  a lone  and  in c o m b i n a t i o n  with 
d - a m p h e t a m i n e  sugges t  d i f ferent  m e c h a n i s m s  of  ac t ion on  
m e m o r y  p rocess ing  

EXPERIMENT 6 INTERACTION OF INHIBITORS WITH 
ELECTROCONVULSIVE SHOCK 

C Y C L O  and A N I  can  grea t ly  l eng then  the  g rad ien t  for  
r e t rograde  a m n e s i a  caused  by  e l ec t roconvu i s tve  shock  
(ECS)  ECS  g iven  a lone  was  an  ef fec t ive  amnes t t c  t r e a t m e n t  
for  pass ive  a v o i d a n c e  t ra in ing up  to 30 mln but  not  60 m m  
af ter  t ra in ing  The  a d m m i s t r a t l o n  of  C Y C L O  pr ior  to t r amlng  
e x t e n d e d  the  l eng th  of  the E C S  grad ien t  to at  leas t  3 hr  [21] 
Us ing  l ,  2, or  3 success ive  Inject ions  of  A N I  at 2 hr  inter-  
vals ,  it was  s h o w n  tha t  the length  of  the  E C S  grad ien t  was 
d i rec t ly  re la ted  to the dura t ion  of  p ro te in  syn thes i s  l n h i b m o n  
such  tha t  E C S  was an  ef fec t ive  agen t  up to 3 hr  a f te r  a single 
A N I  in jec t ion ,  5 hr  af ter  two in jec t ions  and  up to 7 hr  a f te r  
th ree  succes s ive  in jec t ions  of  A N I  T he  pu r pos e  of  this  ex- 
p e r i m e n t  was  to d e t e r m i n e  if A M P T  or D D C  would  similar ly 
ex t end  the  length  of  the  E CS  re t rog rade  amnes i c  g rad ien t  
us ing  pass ive  a v o i d a n c e  

Mice  were  t r a ined  on  the  pas s ive  a v m d a n c e  t a sk  Train-  
ing was m a d e  s t rong  e n o u g h  to b lock  the  amnes t ]c  effect  of  
A N I ,  A M P T  or  DDC w h e n  a d m i n i s t e r e d  a lone  This  was  
accompl i shed  by  inc reas ing  the  f o o t s h o c k  in tens i ty  to 0 40 
m A  All mice  r ece ived  two mjec t lons  A N I  was  adm i n i s t e r ed  
0 25 hr  p n o r  to  t ra in ing and  1 75 hr  a f te r  t r a m m g  DDC,  
A M P T ,  or  sal ine was a d m m t s t e r e d  1 hr  p r io r  to t r a lmng  and  
l 75 hr a f te r  t ra in ing  E C S  was adm i n i s t e r ed  t r ansco rnea l l y  3 

hr  a f te r  t ra in ing at 8 mA for 0.2 sec at  60 Hz  Only  a few mice  

TRANSIENT AMNESIA 
24 HR RETENTION TEST 1 WK RETEN17ON TEST 

FORGETTING (%) FORGETTING ( % I 
20 4.0 60 80 100 0 20 40 ~,0 8r~ ~' :u 

I ' DDC RETFST a_,j.~_ j 
DDC . . . . . . . . . . .  I ................. 1 INDEPENDENT 

~"-~[ /.: :IL:'II: Hi:,:]] AN, ~ R E T F S T ~ , ,  . . . . . . . . . . . . . .  ] 
ANI-2 / I ANI-2 RETEST' 1 

sAL ~ SAL RFTEST 

' 'NDEPENOENT 3T3TTI Illl 

FIG 4 Persistence of amnesm reduced by ANI and DDC Mice 
were administered DDC or ANI prior to passive avoidance training 
ANI-2 and ANI-3 groups received one or two additional rejections 
l 75 or 3 75 hr after training Retention was tested 24 hr or l week 
(independent), or both 24 hr and l week (retest), after training 
D D C ,  ANI-2 and ANI-3 resulted in a slgmficantly greater number of 
mice being classed as forgetting at 24 hr At the 1 week retest, the 
ANI injected groups forgot, whereas the DDC groups were not am- 
nestlc ~rrespect~ve of whether retested or independently tested 

( < 5 % )  were  d i sca rded  for  falling to show both  tonic and 
clonJc convu l s ions ,  and severa l  mice  died as the resul t  of  
ECS admin i s t r a t ion  No  resp i ra to ry  ass i s t ance  was given to 
mice rece iv ing  ECS  Mice g iven  p seudo -e l ec t roconvu l s l ve  
shock  (P-ECS)  were  hand led  in the  same m a n n e r  as ECS 
t r ea ted  mice  excep t  no  cu r r en t  was d e h v e r e d  Re ten t ion  was 
tes ted  1 w e e k  af te r  t ra in ing 

As s h o w n  in Table  10, the A N I + A N I / P - E C S  group  was 
not  amnes t l c  (14% forget t ing)  c o m p a r e d  to the cont ro l .  
S A L I N E + S A L I N E / P - E C S  (15% forget t ing)  There fore ,  any 
amnes t t c  effect  of  A N I  and ECS  t r e a t m e n t  could not  be due 
to admin i s t r a t i on  of  the  pro te in  syn thes i s  inh ib i tor  a lone  
S A L I N E + S A L I N E / E C S  did not  resul t  in amnes i a  showing  
tha t  ECS given a lone  3 hr  a f te r  t ra in ing  does  not  cause  am- 
nes ia  But  w h e n  A N I  and  ECS were  combined ,  92% of  the  
mice were  c lassed  as amnes i c  ( A N I + A N I / E C S  v~ 
S A L I N E + S A L I N E / E C S ,  Chl Square Tes t  p < 0  001) Nei ther  
the D D C + D D C / E C S  nor  the A M P T + A M P T / E C S  treat-  
men t s  s ignif icant ly  l eng thened  the  grad ien t  of  ECS retro- 
grade  a m n e s i a  H o w e v e r ,  A M P T + A M P T / E C S  was close to 
the 0 05 level  of  s ignif icance ( p < 0  10) As expec ted  from the 
high level  of  foo t shock ,  none  of  the drug and P-ECS condF  
t]ons showed  apprec iab le  forget t ing 

EXPERIMENT7 PERSISTENCE OF AMNESIC EFFECT 

Q u a r t e r m a l n  et al [41, 42, 44] r epor t ed  that  CAIs  under  
ce r ta in  cond i t ions  of  t ra in ing and  tes t ing  induce  a t r ans ien t  
amnes i a ,  that  is, mice  a p p e a r  to forget  t ra ining w h e n  tes ted  
24 hr  af ter  t ra imng but  show normal  recall  when  re tes ted  at a 
la te r  t ime The  pu rpose  of  this  e x p e r i m e n t  was  to de t e rmine  
if A N I  and DDC d e m o n s t r a t e  the same p h e n o m e n o n  of  in- 
duc ing  t r ans i en t  a m n e s i a  

The  mice were t ra ined on the pass ive  a v o i d a n c e  task  as in 
E x p e r i m e n t  2 us ing a foo t shock  level of  0 36 m A  Exper i -  
men t  2 and  pilot da ta  indica ted  that  wi th  f o o t s h o c k  levels  
be low 0 36 mA,  DDC resul ted  in amnes i a  w h e n  tes ted  l 
week  af te r  t ra in ing DDC might  have  induced  amnes i a  at 
0 36 m A  f o o t s h o c k  if the  r e t en t ion  tes t  had  been  g iven  at 24 
hr  DDC (250 mg/kg) was admlns t e r ed  3 hr  pr ior  to t ra ining 
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A senes of two or three injections of ANI were admmtstered 
startmg 15 min prior to trmnmg and at 2 hr intervals thereaf- 
ter (ANI+ANI ,  A N I + A N I + A N I )  Salme was administered 15 
mm prior to training Two groups of DDC injected mice and 
Saline controls were used One set was tested 24 hr after 
training and 1 week later, while the other set was tested only 
1 week later, so that we could determine the effect of  retest- 
lng the first group on retentton test performance It was nec- 
essary to run a control for repeated testing as repeated test- 
ing of mice can serve as a " reminder"  procedure that can 
improve weak memory [14] 

At the 24 hr retention test, DDC, A N I + A N I ,  and 
A N I + A N I + A N I  had poor retention (72%, 60%, 100% 
forgetting) compared to the saline control (20% forgetting) 
Of those mtce tested 1 week after training, only A N I + A N I  
and A N I + A N I + A N I  showed poor retention (75%, 100%) A 
comparison of 1-week independent retentton tests for DDC 
and saline versus retest retention test performance yielded 
no slgntficant dtfference (Fig 4) Thus these groups showed 
continued amnesia, whereas the DDC groups showed only 
transient amnesia 

DISCUSSION 

The present experiments were designed to test further the 
hypothesis that PSIs may produce a decrement m long-term 
memory trace formation by their possible side effects on 
cerebral tyrosine levels and on the rate of accumulation of 
newly synthesized catecholamlnes, rather than by their pri- 
mary effect on protein synthesis Three CAIs whtch have 
major but differing effects on tyrosme, NE and DA were 
tested along with ANI in a series of experiments to allow 
compartson of the btochemlcal effects on retention test per- 
formance 

Experiment 1 was the only experiment In whtch the CAIs 
had effects on retentton test performance which were simtlar 
to those of ANI ANI and all the CAIs caused comparable 
amnesia for passive avoidance training at low footshock m- 
tensitles and fatled to cause amnesta at a high footshock 
level The results are in accordance with those reported by 
Quartermain [44] Experiment 2 showed that CAIs did not 
cause amnesia for passive avoidance trammg, under condt- 
tions of increased training strength, even when a series of 
three injecttons was given, whereas ANI dtd In Experi- 
ment 3, the amnestlc effect of ANI and the CAIs did not 
show the same temporal relation between time of pretramlng 
injection and percent forgetting ANI was more effective 
when given 15 rain rather than 1 or 2 hr prior to training 
DDC was as effective at 15 mln as at 1 or 2 hr prior to 
training, and AMPT was decidedly more effective when 
administered 2 hr rather than 15 rain prior to training In 
Experiment 4, three successive injections of ANI caused 
amnesia When the second of three ANI injections was 
changed to CYCLO, another protein synthesis inhibitor, a 
high percentage of the mice were amnestic When the second 
ANI injectmn was changed to saline, amnesia did not occur 
However,  when DDC, AMPT or TB was substituted for the 
second ANI mjectlon, no s~gnificant amnestic effect was ob- 
served In fact. the CAI substitution for ANI had no greater 
effect on retention than a saline lnjectton administered at the 
same time In Experiment 5, ANI caused amnesia but AMPT 
did not for T-maze training D-amphetamine blocked the 
amnesia induced by ANI, but AMPT and d-amphetamine 

resulted in 90% forgettmg In Expenment  6, a single ECS at 3 
hr after passive avoidance training did not cause amnesia 
Two successive mjections of ANI followed by ECS at 3 hr 
was highly amnestlc However ,  two successtve mjecttons of 
neither AMPT nor DDC, followed by ECS at 3 hr, yielded 
significant amnesttc effects Experiment 7 showed that DDC 
induced transtent amnesia for passive avoidance training 
when the footshock intensity was high That is, DDC lm- 
parred retention test performance at 24 hr but not at 1 week 
The results were the same whether mice were retested at 1 
week or independent groups were tested ANI did not show 
transient amnesia under these conditions of  training, both 
A N I + A N I  and A N I + A N I + A N I  resulted in poor retention 
test performance at 24 hr and when retested 1 week later A 
single injection of ANI was not tested since tt was already 
known not to cause amnesia at this footshock level m passive 
avoidance tralnmg at 24 hr or 1 week 

The mare conclusion from our expenments ts that ln- 
hlbttors of  protein synthesis and inhlbttors of CA neuro- 
transmitter synthesis cause amnesia by different mech- 
amsms The btochemical studtes showed that, in general, 
ANI did not significantly reduce DA or NE levels m the 
bram and that CAIs did not inhibit protein synthesis to any 
great extent This suggests that these substances cause am- 
nesia in different ways The behavtoral results showed that 
in general CAIs were not effective amnesttc agents m 
paradigms m whtch protem synthesis mhlbttors were effec- 
tive and that CAIs could not be used interchangeably with 
protein synthesis inhibltors to obtain the same amnestlc ef- 
fects This also suggests different mechanisms of action on 
memory formation for protem and catecholamlne synthesis 
inhtbitors In addttlon, the anatomical substrate differs for 
AMPT and DDC versus CYCLO and ANI [30] If the mech- 
anism of actton were s~mtlar, then one would expect to find 
far greater similarity m their blochemtcal and behavtoral ef- 
fects 

We do not wish to suggest that neurotransmitters are not 
important for long-term memory formation, since evidence 
presented by ourselves and others mdtcates that interference 
with synapttc transmtssion of DA, NE, 5-HT, GABA, 
glutamlc acid, glyclne and ACh can alter memory process- 
ing We have found that whtle AMPT and DDC are only 
marginally effective amnestic agents when gtven subcutane- 
ously, they are highly effective when administered 
Intracerebrally into spectfic areas of the brain [30] The 
avadable evidence is still consistent with the hypothesis that 
synthests of brain proteins is requtred for long-term memory 
trace formation, and that ANI, and most likely CYCLO and 
acetoxycyclohexlmlde, are effective amnestlc agents due to 
their actton as inhibttors of protein synthesis [46,47] 
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