
Pharmacology Biochemistry & Behavior, Vol. 5, pp. 117- I  2 I. Copyright (,_3 1976 by ANKHO International Inc. 
All rights of reproduction in any forrn reserved. Printed in the U.S.A. 

Effect of Two lnhibitors of Dopamine 
B-Hydroxylase on Maturation of 

Memory in Mice 

J O S E F A  B. F L E X N E R  AND LOUIS B. F L E X N E R  

Department o f  Ana tomy  and Insti tute o f  Neurological Sciences, School o f  Medicine, 
University o f  Pennsylvania, Philadelphia, PA 19174, U.S.A. 

(Received  9 Feb rua ry  1976) 

FI.I.XNt.ZR, J. B. AND I.. B. I.LEXNER. Effect of  two inhihitors of  dopamine t3-hydrox),lase on maturation of memory in 
mice. PIIARMA('. BIOCIII']M. Bt'HAV. 5(2) 117-121,  1976. -- Bitcmporal injections of puromycin that 
primarily affect the hippocampal-entorhinal cortical areas suppress memory of maze-learning in mice for 3 days after 
training but are ineffective 6 or more days after training. At these later times, injections affecting widespread areas of the 
brain in addition to the hippocampal-entorhinal area are necessary for amnesia. These observations are interpreted to 
indicate that the locus of the memory trace has enlarged at 6 days to include other parts of the central nervous system in 
addition to the hippocampal-entorhinal area. To produce an imbalance of neurotransmitters and so to test their importance 
in enlargement of the memory trace's locus, we treated mice for 7 days after training with inhibitors of dopanfine 
~-hydroxylase. These mice, unlike untreated controls, developed amnesia after bitemporal injections of puromycin. In view 
of additional control experiments, we interpret these results to suggest that an imbalance of transmitters suppresses the 
normal enlargement of the locus of the memory trace. 
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WE R E P O R T E D  [8,9]  tha t  p u r o m y c i n  in jected b i t empora l -  
ly up to 3 days a f te r  t ra in ing  (90  ug / in j ec t ion ;  total ,  180 
ug) cons i s t en t ly  caused a pers is tent  amnesia  of  avoidance  
d i sc r imina t ion  learning (Y-maze)  in our  inbred Swiss- 
Webster  mice. Thcse inject ions,  as judged  by the  dis t r ibu-  
t ion of  a f luorescen t  dye and by the degree and du ra t i on  of  
inh ib i t ion  of  p ro te in  synthes is  [ 9 , 1 1 ] ,  pr imari ly  af fected 
the  h i p p o c a m p u s  and e n t o r h i n a l  cor tex.  In jec t ions  of  the  
an t ib io t i c  tha t  pr imari ly  af fec ted  thc  neocor tex ,  t ha l amus  
and corpus  s t r i a tum but  largely spared the  h i p p o c a m p u s  or  
en to rh ina l  cor tex  were no t  amnes t i c  [8 ] .  At 4 and 5 days 
af te r  t ra in ing  the  b i t e m p o r a l  in jec t ions  were incons i s ten t ly  
amnes t ic  and at 6 or more  days they  were cons i s ten t ly  
w i thou t  effect  on  re t en t ion .  At these later  t imes,  amnesia  
was ob t a ined  on ly  by making  6 in jec t ions  of  p u r o m y c i n  (30 
ug / in j ec t ion ;  total ,  180 ug) des ignated  as b i t empora l ,  
b iven t r icu la r  and b i f ron ta l  in jec t ions  [81. These  6 injec- 
t ions  pr imar i ly  a f fec ted ,  in add i t i on  to the h i p p o c a m p u s  
and en to rh ina l  cor tex ,  all of  the  ncocor t ex  and to a 
subs tan t ia l  but  lesser degree the t ha l amus  and corpus  
s t r a i tum [ 1 0 ] .  Results  cons i s ten t  with  these came f rom a 
reversal e x p e r i m e n t  [8] in which  mice were init ial ly t ra ined 
to one  arm of  a Y-maze, 3 weeks later  re t ra ined  to the  
oppos i t e  arm,  and one  day la ter  in jected b i t empora l ly  wi th  
pu romyc in .  These  mice, unl ike  the i r  cont ro ls ,  forgot  the i r  
most  recent  t ra in ing  and rever ted wi th  a high level of  
pe r fo rmance  to the i r  first behav io r  pa t te rn .  These several 
obse rva t ions  led to the  suggest ion tha t  in our  mice and in 

our  t ra in ing  s i tua t ion ,  recent  m e m o r y  (up to 3 days af te r  
t ra in ing)  is suppo r t ed  by the h i p p o c a m p u s  and en to rh ina l  
cor tex  and tha t  the  locus of  the effect ive m e m o r y  trace of  
longer- te rm m e m o r y  (6 days or more  af te r  t ra in ing)  is 
enlarged to include wide areas of  the  cent ra l  nervous  sys tem 
in add i t ion  to the  h i p p o c a m p u s  and en to rh ina l  cortex.  

This  view is suppor t cd  by the  f indings of Uretsky and 
McCleary [ 19] on  cats t ra ined in a one-way avoidancc  task. 
At 3 hr  a f te r  t raining,  thc  cats received a c o m b i n e d  
en to rh ina l - fo rn ix  lesion ( h i p p o c a m p a l  i sola t ion)  or one  of  
these 2 lesions alone. Only the  c o m b i n e d  lesion led to a 
r e t en t i on  deficit .  At 8 days af ter  t ra in ing  the  c o m b i n e d  
lesion had no effect  on r e t en t ion ,  cons i s ten t  with  the 
p u r o m y c i n  results. 

The present  e x p e r i m e n t s  were made  to test  the  possibili- 
ty tha t  the  normal  en la rgemen t  of  the  locus of  the  m e m o r y  
t race might  be suppressed by creat ing an imba lance  of  
neu ro t r ansmi t t e r s .  To this  end,  the  synthes is  of no rep ineph-  
rine was inh ib i t ed  by  daily in jec t ions  for 7 days of one or 
a n o t h e r  i nh ib i to r  of  dopamine /3 -hydroxy la se .  Our  observa- 
t ions  indica tc  tha t  this  t r e a t m e n t  res t r ic ts  thc  m e m o r y  tracc 
to the  h i p p o c a m p a l - e n t o r h i n a l  area, p reven t ing  thc  normal  
en la rgement  of  its locus. 

METHOD 

Animals and Procedure 

Male and  female Swiss-Webster mice (30- -35  g) f rom our  
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inbred co lony  were housed 4 to a cage at room t e m p e r a t u r e  
and were placed in individual  cages the  day before  use. 
They  were t ra ined in a single session in a Y-maze to a 
cr i ter ion of  9 ou t  of  10 correc t  responses.  The  maze was 
cons t ruc t ed  of  wood pa in ted  dull gray and consis ted of  3 
equal ly  sized arms, 20 cm long, 11 cm wide and 15 cm 
deep,  jo ined  to an equi la teral  t r iangular ly  shaped cen te r  
c o m p a r t m e n t  wi th  sides of  11 cm. The f loor  of  the  maze 
was composed  of  brass rods, 3 mm in dia., spaced 1 cm 
apart .  Each c o m p a r t m e n t  could be separa ted  from the  
cen te r  by  a gui l lot ine door.  Each of  the arms had a hinged 
lid of  clear Plexiglas. I n t e r m i t t e n t  foot -shock manual ly  
applied (0.2 0.4 mA from a d.c. source;  2 sec on, 2 sec off)  
was given for failure to  move f rom the  s tem of  the  Y wi th in  
5 sec and for errors  of  left-r ight  d i scr imina t ion .  Shock was 
adjus ted wi th  individual  mice to the  min imal  level (no t  less 
than  0.2 mA)  that  p roduced  the  desired behaviora l  re- 
sponse.  After  en te r ing  the  correct  arm of  the  maze and 
remain ing  there  for 10 sec, the  mouse  was al lowed to c l imb 
up a ladder  and was r e tu rned  to its h o m e  cage for 30 sec 
before  s tar t ing the  next  trial. The  same p rocedure  was used 
in tests  for r e t en t i on  of  m e m o r y  of  the  t ra in ing  exper ience.  
A final test  of  r e t en t i on  of  re learning was made 1 2 weeks 
af te r  the  first r e t e n t i o n  test. The  large major i ty  of  mice had 
good r e t en t i on  on this final test ;  the  8 excep t ions  were 
cons idered  unre l iable  and were discarded a l though  they did 
not  differ  f rom the i r  respect ive no rm in earlier tests. 

Total  errors  were the  sum of  la tencies  greater  than  5 sec 
and of  incorrec t  choices,  i.e., all mis takes  were added unti l ,  
in 10 consecut ive  runs in the  maze,  the mouse  had 
pe r fo rmed  cor rec t ly  in 9 of  them.  Memory  was evaluated in 
the  r e t en t i on  tests  in te rms of  the  percentage  savings in 
errors. This  percen tage  was calculated by sub t rac t ing  the 
n u m b e r  of  errors  to cr i ter ion in the r e t en t i on  tests  f rom the 
n u m b e r  to cr i ter ion in t raining,  dividing by the n u m b e r  in 
t ra in ing and mul t ip ly ing  by 100. Negative savings were 
scored as zero. Savings of  100% indica te  perfect  m e m o r y ;  
zero savings, comple t e  loss of  memory .  

The in t racerebra l  in jec t ion  t e chn ique  has been descr ibed 
[8] .  Mice were l ightly anes the t i zed  wi th  evipal (150  
mg/kg).  T r e a t m e n t  wi th  p u r o m y c i n  was l imited,  per  mouse,  
to a to ta l  of  180 ug of  the d i hyd r och l o r i de  neut ra l ized  wi th  
NaOH. Each of  the b i t empora l  in jec t ions  con ta ined  9 0 u g  
dissolved in 12 ul of  water.  B i tempora l  plus b ivent r icu la r  
plus b i f ron ta l  in jec t ions  con ta ined ,  per  in jec t ion site, 30 ug 
of  p u r o m y c i n  in 12 ul of water.  Each in jec t ion  required 
abou t  2 sec for del ivery;  in ject ions  were made wi th  an 
interval  of  less than  one  m i n u t e  be tween  them.  

f ;kA-63 [5] and U 1 4 6 2 4  [14] were used to inhib i t  
d o p a m i n e  ~-hydroxylase .  A minimal  a m o u n t  of  IN HCI was 
used to dissolve ELA-63 (bis (4 -methy l - l -homopiperaz in l -  
t h i o c a r b o n y l )  d isulphide:  Regis Chemical  Co.), the pt l  
adjus ted to 5 wi th  NaOH and water  added to the desired 
volume.  U14 ,624  (1 -phenyl -3(2- th iazo ly l ) -2 - th iourea ;  Al- 
drich Chemical  (7o.) was prepared as a suspens ion  in 12°/. 
gelatin. Both  inh ib i to r s  were injected in t raper i tonea l ly  in a 
vo lume of  0.2 ml. FLA-63 in a dosage of  13 mg/kg was 
given daily at 9 a.m.: all mice survived in excel lent  
condi t ion .  This dose was chosen  af te r  doses of  13 and 25 
mg/kg given on a l te rna te  days caused an unaccep t ab ly  high 
rate of  mor ta l i ty  (31%). U14 ,624  in a dosage of 200  mg/kg  
was given twice daily at 9 a.m. and 5 p.m.: the mor ta l i ty  
rate was 10%. Surviw)rs were in excel lent  cond i t ion .  

Norep inephr ine  of the  cerebral  hemispheres  was deter-  
mined accord ing  to An ion  and Sayre [ 2 ] :  dopamine ,  

accord ing  to Adler ' s  unpub l i shed  m e t h o d  [1 ] ,  which 
employs  e thanol ic  iodine for ox ida t ion ,  a basic so lu t ion  of 
sodium sulfi te for r educ t ion ,  and acetic acid for pH 
ad jus tmen t .  

Experimental Plan 

We first conf i rmed  our  earlier f indings [8] that ,  at 8 
days af ter  maze-learning,  m e m o r y  is insensit ive to b i tem- 
poral in ject ions  of  p u r o m y c i n  whereas  b i t empora l  plus 
b ivent r icu la r  plus b i f ron ta l  in jec t ions  of  the  an t ib io t i c  
p roduce  p r o f o u n d  amnesia ,  previously found  to persist for 
at least 3 m o n t h s  [9 ] .  We next  observed that  FLA-63 and 
U14 ,624  given one  day af te r  t ra in ing  and c o n t i n u e d  for 7 
consecut ive  days was w i thou t  effect  on r e t en t ion  of  
memory .  With this  background ,  we p lanned  expe r imen t s  to 
answer  the  fol lowing ques t ions :  (1) Do b i t e m p o r a l  injec- 
t ions of  p u r o m y c i n  cause amnesia  in mice t reated for 7 
days af te r  t ra in ing  with the  inh ib i t io rs  of d o p a m i n e  
/3-hydroxylase? These  t rea ted  mice, unl ike the i r  cont ro ls ,  in 
fact developed amnesia  fo l lowing b i t empora l  in jec t ions :  (2)  
Might the inh ib i to r s  enhance  the amnes t ic  ac t ion  of  
p u r o m y c i n  and so accoun t  for the  a b n o r m a l  effect iveness  
of  b i t empora l  in ject ions  no ted  above? To test this possibili- 
ty the  beginning  of  the  7 days of  drug t r e a t m e n t  was 
delayed unt i l  the e ighth  day af ter  training. Pu romyc in  was 
given one clay later. Delay of  drug t r e a t m e n t  according  to 
this schedule  pe rmi t t ed  deve lopmen t  of the  enlarged locus 
of  the  m e m o r y  trace. If the ac t ion  of p u r o m y c i n  was 
unaf fec ted  by the  inhib i tors ,  it would be expec ted  that  the 
6 c o m b i n e d  inject ions,  but  not  b i t empora l  inject ions,  
would be amnes t ic :  (3) Since the enlarged locus of the 
m e m o r y  trace apparen t ly  failed to develop dur ing  7 
consecut ive  days of  t r e a t m e n t ,  would it appear  wi th in  an 
ex t ended  period of  t ime  af te r  t e r m i n a t i o n  of t r e a t m e n t ?  To 
test  this possibi l i ty,  mice were injected b i t empora l ly  with 
p u r o m y c i n  on the  14th day ( twice the  normal  t ime for 
deve lopmen t  of  the  enlarged locus) af ter  t r e a t m e n t  was 
t e rmina t ed :  (4)  What  was the  magn i tude  and dura t ion  of  
the  effect  of the  inh ib i to r s  on the  c o n c e n t r a t i o n s  of 
no rep ineph r ine  and d o p a m i n e  and did to le rance  to the 
inh ib i to r s  develop dur ing  t r e a t m e n t ?  These  ques t ions  were 
answered by assaying cerebral  ca t echo lamines  dur ing the  
first and seventh days of  t r ea tmen t .  Addi t iona l  assays were 
made  14 days af ter  t raining,  co r respond ing  to the t ime of 
re ten t ion- tes t ing .  

RF.SUI/I'S 

Behavioral 

Mice t rea ted  wi th  FLA-63 and U 1 4 6 2 4  were, with  few 
except ions ,  no rmal  in appearance  and cage behavior .  
T r e a t m e n t  wi th  p u r o m y c i n  gave the same s y m p t o m s  as in 
o therwise  un t r ea t ed  mice -. abou t  2 days of  lethargy,  
reduced in take  of  food and water  and occasional  convul-  
sions. 

The  effects  on r e t en t i on  of  m e m o r y  of  the basic con t ro l  
p rocedures  are given in Table  1. In Table  1, a r rows separate  
sequent ia l  p rocedures  with the  t ime be tween  2 procedures  
given over  the  arrows. Thus,  in G r o u p  lc,  mice were t ra ined 
and 1 day later,  in t raper i tonea l  in ject ions  of  saline were 
s tar ted  and were con t inued  for 7 consecut ive  days. On the 
day af te r  this  t r e a t m e n t ,  the  mice were injected b i t empora l -  
ly with  pu romyc in .  Six days later  they were tes ted for 
r e ten t ion .  The series of  con t ro l s  subs t an t i a t ed  previous  
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T A B I . E  1 

EFFECT OF FLA-63 ANt) UI4,624 ON PUROMYCIN-INDUCED AMNESIA 

Groups and Procedures 

Medians _+ SEM 
Errors to % Savings 
Criterion Errors 

Saline and puromycin controls 
a. Train 1 day) Saline i.p. for 7 days 7 & 20 days)Test (n =8) 

b. Train 

c. Train 

d. Train 

FLA-63 

a. Train 

b. Train 

c. Train 

d. Train 

e. Train 

U 14.624 

a. Train 

b. Train 

c. Train 

d. Train 

8 days Saline i.p. for 7 days 7 days Test in =8) 

1 day) Saline i.p. for 7 days 1 da.v_) Puro (T) 6 day~ Test (n = 13) 

1 day) Saline i.p. for 7 days 1 day) Puro (T+V+F)  6 days Test (n=6) 

1 da)'  FLA for 7 days I day) water (T&T+V+F)  6 daysTest  (n=8) 

1 da~,) FLA for 7 days I day) Pur o (T) 6 days)Test (n=161 

8 days FLA for 7 days 1 day) Puro (T) 6 days Test (n=6) 

8 days FLA for 7 days I day)Pur o (T+V+F)  6 daysTest  (n=6) 

1 day) FLA for 7 days 14 days pur o (T) 6 days)Tes t (n=7) 

.1 day) u14,624 for 7 days 1 day)water (T&T+V+F)  6 daysTes  t (n=8) 

1 day) U14.624 for 7 days 1 day~ Put o IT) 6 daysTes t  (n=12) 

8 days) u14.624 for 7 days 1 day)Pur o (T) 6 daysTes t  (n'-61 

8 days U14,624 for 7 days 1 day) Pur o (T+V+F)  6 dayS)Tes t (n=61 

11.5 _+ 2.16 I(XI.0 _+ 19.7 

8.0 _+ 0.74 82.5 _+ 6.35 

11.0 ± 0.98 91.0_+ 2.68 

11.0 +_ 1.71 0.0 _+ 0.0 

10.0 ± 0.83 95.0 _+ 5.12 

9.0 +_ 11.69 0.0 _+ 6.60 

I(1.0 ± 1).31 95.11 _+ 8.82 

8.5 _+ 0.99 (1.0 _+ 0.0 

8.5 _+ 1.19 0.0 _+ 11.7 

9.1) _+ 1.28 100.0 - 14.3 

9.(J ± 1.09 0.0 ± 11.2 

10.0 ± 2.67 93.0 +_ 14.4 

II.0 _+ 2.08 0.0 _+ 6.15 

Time between procedures indicated over arrows. Puro = puromycin 2 HCI neutralized with NaOH. T = bitemporal, T + V + F = 
bitemporal -+ biventricular + bifrontal injections, IP = intraperitoneal. Savings were not significantly different in Group la at 7 (n = 4) and 20 
days (n = 4) after IP saline nor were they significantly different in Groups 2a and 3a, respectively, after water ( I ;  n = 4) and water ('IV * V + F, 
n = 4). Negative savings scored as zero. 

exper ience  [7 ] .  Mice re ta ined  a high level of  m e m o r y  of  
maze- t ra in ing  up to 28 days af te r  t ra in ing  ( G r o u p  la  and 
b). B i tempora l  in jec t ions  of  p u r o m y c i n  9 days af te r  t ra in ing  
had no appa ren t  effect  on  m e m o r y  ( G r o u p  I c) whereas  
c o m b i n e d  b i t e m p o r a l  plus b iven t r i cu la r  plus b i f ron ta l  
in jec t ions  of the  an t ib io t i c  at this  t ime were severely 
amnes t i c  (Group  ld) .  

The  results  of  the  e x p e r i m e n t a l  p rocedures  are also given 
in Table  1. Stat is t ical  s ignif icance was calcula ted by 
Mann-Whi tney  U test ,  2-tailed. T r e a t m e n t  wi th  FLA-63 
s tar ted  1 day a f te r  t ra in ing  and  c o n t i n u e d  for 7 consecut ive  
days (Group  2a) had no  s ignif icant  ef fec t  on  the  normal ly  
high level of  savings (Group  la) .  T r e a t m e n t  wi th  FLA-63 
for  7 days fol lowed I day later  by b i t e m p o r a l  in jec t ions  of  
p u r o m y c i n  ( G r o u p  2b)  resul ted  in severe amnes ia  
(p<0 .0021 ,  suggest ing tha t  the  effect ive m e m o r y  t race  in 
these mice was res t r ic ted,  like recent  m em or y ,  to the  
h i p p o c a m p a l - e n t o r h i n a l  area. To test  the  possibi l i ty  tha t  
FLA-63 might  enhance  the  amnes t i c  effects  o f b i t e m p o r a l  
in jec t ions  of  p u r o m y c i n ,  t r e a t m e n t  wi th  FLA-63  was 
delayed unt i l  the e ighth day af te r  t ra in ing  (Groups  2c and 
d) when  longer- term m e m o r y  associated wi th  a widespread 
m e m o r y  t race could be assumed to be present .  As in the  
con t ro l  expe r imen t s  (Group  l c) b i t e m p o r a l  in jec t ions  of  
p u r o m y c i n  were not  amnes t i c  whereas  the  6 c o m b i n e d  
in ject ions  ( G r o u p  Id)  caused p r o f o u n d  amnesia  ( p < 0 . 0 0 2 ) .  
It consequen t l y  appeared  tha t  FLA-63 did not  modi fy  the  
amnest ic  effects  of b i t empora l  in jec t ions  of  pu romyc in .  

T r e a t m e n t  wi th  U 1 4 6 2 4  gave resul ts  like those  wi th  
FLA-63.  R e t e n t i o n  of  m e m o r y  was una f fec t ed  by 7 days 

t r e a t m e n t  wi th  U 1 4 6 2 4  (Group  3a). B i tempora l  in jecions  
of  p u r o m y c i n  one  day af te r  the  end of  the  period of  
t r e a t m e n t  led to amnesia  (Group  3b). There  was no  
evidence tha t  U 1 4 6 2 4  enhanced  the amnes t ic  effects  of  
b i t empora l  in jec t ions  of  pu romyc in .  As wi th  FLA-63 
b i t empora l  in jec t ions  were ineffect ive when  t r e a t m e n t  wi th  
U 1 4 6 2 4  was delayed unt i l  the e ighth  day a f te r  t ra in ing  
(Group  3c);  p r o d u c t i o n  of amnesia  required the  6 com- 
b ined  in jec t ions  ( G r o u p  3d). 

Finally,  mice were t rea ted  for 7 days wi th  FLA-63 and 
a f te r  an add i t iona l  14 days were in jected b i t empora l ly  wi th  
p u r o m y c i n  ( G r o u p  2e) to test  w h e t h e r  the  enlarged locus of  
the m e m o r y  trace would develop unde r  these c i rcumstan-  
ces. The small  savings fol lowing p u r o m y c i n  were not  
s ignif icant ly  d i f fe ren t  ( p > 0 . 1 )  f rom those mice that  had 
comple te  amnesia  (Group  ld) .  It t he re fo re  appeared  tha t  
wi th in  the  t ime l imits of  the  e x p e r i m e n t  longer- term 
m e m o r y  wi th  its enlarged locus failed to develop.  

Biochemica l  

A single in jec t ion  of  FLA-63 (1 3 mg/kg)  on  the  first day 
of  t r e a t m e n t  depressed the  level of  n o r e p i n e p h r i n e  to a 
s ta t is t ical ly  s ignif icant  degree dur ing the  interval  f rom at 
least 3 to 8 hr  a f te r  the  in jec t ion  wi th  a m a x i m u m  
depress ion  of  50% at 3 hr  (Fig. 11. Much the  same pa t t e rn  
was found  on  the  seventh  day of  t r e a t m e n t .  C o n c e n t r a t i o n s  
of  d o p a m i n e  were not  s ignif icant ly  changed dur ing  e i the r  of  
these days. Both  n o r e p i n e p h r i n e  and d o p a m i n e  were at 
con t ro l  c o n c e n t r a t i o n s  7 days af te r  t e r m i n a t i o n  of  t reat-  
men t  when  r e t en t i on  tests  of  m e m o r y  were usually made.  
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FIG. 1. Effect of FLA-63 (13 mg/kg daily for 7 days) on cerebral 
levels of norepinephrinc (A) and dopamine (0) during Days 1 and 7 
of treatment. Injection time indicated by arrows. Values are 
averages of 2 - 4  mice. Solid symbols indicate statistically significant 
(,o<0.05) differences from controls; open symbols, insignificant 
differences (Mann-Whitney U test, 2-tailed). Control means , SEM 
n = 9) for norcpinephrinc and dopamine = 0.39 ~ 0.01 and 1.35 ) 

O. 11 pg/g, respectively (both corrected lor 75('; recovery). 

The twice daily in jec t ions  of  U 1 4 6 2 4  (200  mg/kg  per  
in jec t ion)  depressed no r ep i neph r i ne  levels to  a significant  
degree t h r o u g h o u t  the  24 hr  of  the  first day wi th  a 
m a x i m u m  depress ion of  45% (Fig. 2). The effects  of  the  
drug were more  p r o n o u n c e d  on the  seventh  day wi th  a 
m a x i m u m  depress ion  of 75%. Norep inephr ine  levels had 
re tu rned  to no rma l  7 days af te r  t r e a t m e n t  at the  t ime of  
r e t en t ion  tests  for m e m o r y  (Day 14 in Fig. 2). The  
var ia t ions  in c o n c e n t r a t i o n s  of d o p a m i n e  were not  statist ic-  
ally s ignif icant  at any time. 

I)ISCUSSION 

It appears  well es tabl ished in man tha t  the  h i p p o c a m p a l  
f o r m a t i o n  is cri t ical ly conce rned  in recent  memory .  Severe 
impa i rmen t  of  recent  m e m o r y  has been found  af te r  
bi lateral  surgical h i p p o c a m p e c t o m y  [16, 18, 20 ] ,  in cases 
of  senile demen t i a  with  p r o m i n e n t  lesions in the h ippocam-  
pus [ 1 2 ] ,  and in ins tances  of  inclusion-cell  encephal i t i s  
with  p r e d o m i n a n t  lesions of  the  h i p p o c a m p u s  [4 ] .  Distant  
m e m o r y  is not  impaired in these ins tances  nor  by a var ie ty  
of  o t h e r  cerebral  lesions indica t ing  that  wi th  t ime there  is a 
delocal iza t ion of  the  mechan i sms  tha t  suppor t  m e m o r y  and 
that  they become  more widely d i s t r ibu ted  in the  cent ra l  
nervous system. 

The n u m e r o u s  obse rva t ions  in l abora to ry  animals  on  the 
role of  the  h i p p o c a m p u s  in recent  m e m o r y  have not  led to 
the same general  agreement  as in man.  The  di f ference in 
v iewpoin t s  is exempl i f ied  in two recent  reviews. Kesner  and 
Wilburn [15]  suppor t  the  hypo thes i s  tha t  t h e h i p p o c a m p u s  
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FIG. 2. Effect of U14,624 (200 mg/kg twice daily for 7 days) on 
cerebral levels of norepinephrine (A) and dopamine (0) during Days 

I and 7 of treatment. Other details as in Fig. 1. 

is i m p o r t a n t  in m e m o r y  consol ida t ion .  They  poin t  out  that  
in the  major i ty  of  s tudies  s t imu la t ion  of  the h i p p o c a m p u s  
at in tens i ty  levels below in i t i a t ion  of  seizure af ter-discharge 
has a disrupt ive  effect  on consol ida t ion .  Izquicrdo  [ 1 3 ] ,  
however ,  notes  tha t  h ippocampa l  injury in l abora tory  
animals  has no t  been  shown to cause de te r io ra t ion  of  all 
types of  learning but  r a the r  to show diverse degrees of 
impa i rmen t  depend ing  upon  the type  of  learning. Our  
results  [8,9] and those of  Ure tsky  and McCleary [ 1 9 ] ,  
presented above,  suggest tha t  in cer ta in  but  not  all types  of  
learning [ 3 ] ,  more  cons i s ten t  f indings  wi th  respect  to 
recent  m e m o r y  might  result  f rom e x t e n d i n g  lesions of  the 
h ippocampus  to include the  en to rh ina l  cortex.  The  results  
of  these invest igators  also provide evidence,  parallel ing that  
in man,  tha t  wi th  t ime the  effect ive m e m o r y  trace spreads 
f rom the  h i p p o c a m p a l - e n t o r h i n a l  area to include o the r  
parts  of  the  centra l  nervous  system. 

Our expe r imen t s  wi th  inh ib i to r s  of  dopaminc /3 -hyd roxy -  
lase are the  first e f for t  k n o w n  to us to gain insight in to  
neu rochemica l  mcchan i sms  that  may under l ie  the  dclocali- 
za t ion  of  mechan i sms  tha t  suppor t  memory .  The  evidence 
suggests tha t  de loca l iza t ion  can be suppressed by an 
imbalance  of  n e u r o t r a n s m i t t e r s  and tha t ,  consequen t ly ,  an 
appropr ia t e  balance of  t r ansmi t t e r s  is essential  for the 
normal  deve lopmen t  of  the  process. There  is, however,  the  
possibi l i ty tha t  t r e a t m e n t  with  the inh ib i to r s  for 7 days 
p roduced  u n k n o w n  b iochemica l  side-effects,  not  related to 
t ransmi t te rs ,  tha t  c o n t r i b u t e d  to the  suppression.  

The na ture  of  the  imbalance  of  t r ansmi t t e r s  canno t  be 
adequa te ly  defined.  Our  analyses indicate  that  levels of  
cerebral  no rep ineph r ine  were reduced by FLA-63 for at 
least 8 hr a day for 7 days and by U 1 4 6 2 4  for  the whole ot" 
the 7 days of  t r e a t m e n t  w i thou t  significant effects  on 
dopamine .  Corrodi  et al. [5 ] have also shown  in the rat that  
FLA-63 does not  affect  the s tores of scro tonin .  Impor t an t  
indirect  effects  of  the t r e a t m e n t ,  however ,  may well have 
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occurred.  There  is, for example ,  evidence that  no reph ineph-  
rine from adrenergic terminals  modula tes  the release of  
ace ty lchol ine  f rom cholinergic terminals  [17] suggesting 
that our t r ea tmen t  may have affec ted  the release of  
acc ty lchol ine  in addi t ion  to norep inephr ine .  It has also 
been found that  dep le t ion  of  the stores of  norep inephr ine  
in reserpine- t reated rats leads to a central  r ecep tor  super- 
sensitivity to norep inephr ine  that  persists for at least 7 days 
af ter  t r e a tmen t  [6] ,  suggesting that  a similar change might 
have occurred  in our exper iments .  Such a change, if it 
occurred,  was not  accompanied  by a change in foo t shock  
sensitivity of  individual mice. 

The failure of  delocal izat ion of  the memo ry  trace to 
occur  14 days af ter  cessation of  t r ea tmen t  may have been 
due to a pers is tent  indirect  effect  of  the t r ea tmen t ;  
al ternatively,  perhaps  delocal izat ion is restr icted to a 
critical period after  learning. For tuna te ly ,  me thods  are 
available to test somc of  the possibili t ies and to s tudy the 
effects  o f  t r ansmi t te r  imbalance produced  in o the r  ways. 
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