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VAN EYS, G., H. RIGTER AND B. E. LEONARD. Time-dependent aspects o f  CO 2 induced amnesia and hippocampal 
monoamine metabolism in rats. PHARMAC. BIOCHEM. BEHAV. 3(5) 787-793,  1975. - The time course of amnesia 
for a one-trial passive avoidance response after treatment with carbon dioxide (CO2) was studied. Amnesia developed 
gradually over the first 4 hr following the amnesic treatment. Once established, amnesia remained during a 4 week test 
period. Previously, we reported that acquisition of the passive avoidance response was attended with a rise in the 
hippocampal concentration of serotonin 24 hr later and that this rise was not observed when acquisition was followed 
by amnesic treatment. In the present study, it was found that a rise in hippocampal serotonin parallelled the transient 
retention of the avoidance response 2 hr after amnesic treatment. However, 2 weeks after acquisition and amnesic 
treatment no changes in hippocampal monoamine metabolism could be detected. Hippocampal noradrenaline did not 
correlate with avoidance and amnesia. 
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IN previous  studies,  we showed  tha t  changes  in brain  
m o n o a m i n e  me tabo l i sm parallel led ca rbon  d ioxide  (CO2)  
induced  re t rograde  amnes ia  for  a passive avoidance  
response.  These changes  were mos t  p r o n o u n c e d  in the  
h i p p o c a m p u s ,  a region of  the  bra in  which  is t h o u g h t  to  be 
associa ted wi th  m e m o r y  conso l ida t ion  processes [21 ,30]  
and  behaviora l  i n h i b i t i o n  [6 ] .  Most consp icuous ly ,  acquisi-  
t i on  o f  the  passive avoidance  response  was a t t e n d e d  wi th  a 
rise in the  h i p p o c a m p a l  levels o f  s e ro ton in  24 hr  later.  This 
rise was no t  observed when  acquis i t ion  was i m med ia t e ly  
fo l lowed by the  app l ica t ion  of  CO2 [ 13 ,25] .  Subsequen t ly ,  
it was found  t ha t  as the  per iod  be t w een  acquis i t ion  and  
CO2 t r e a t m e n t  was increased the  degree of  amnes ia  
decreased.  This amnes ia  gradient  was also a t t e n d e d  wi th  
changes  in h i p p o c a m p a l  s e ro ton in  m e t abo l i s m ;  the  concen-  
t r a t i on  of  s e ro ton in  increased as the  in terval  be tween  
acquis i t ion  and  amnes ic  t r e a t m e n t  increased [ 2 5 ] .  

These data  suggest t ha t  a cor re la t ion  may  exist  be tween  
the  observed  changes  in h i p p o c a m p a l  m o n o a m i n e  me tabo -  
lism on the  one h a n d  and avoidance  and  amnes ia  on  the  
o t h e r  hand .  However ,  in these  s tudies  all behaviora l  and  
b iochemica l  m e a s u r e m e n t s  were made  24 hr  a f te r  acquisi-  
t ion.  The  present  inves t igat ion was u n d e r t a k e n  to  deter-  
mine  w h e t h e r  this  cor re la t ion  would  also ho ld  for o t h e r  
acquis i t ion- tes t  intervals.  In E x p e r i m e n t s  1 and  2, we 
s tudied  the  effect  of  var ia t ions  in the  acquis i t ion- tes t  
in terval  on  amnesia ;  in E x p e r i m e n t  3, the  ef fec t  o f  these 
var ia t ions  on  h i p p o c a m p a l  m o n o a m i n e  levels was assessed. 

EXPERIMENT 1 

One p r o m i n e n t  t h e o r y  s ta tes  tha t  amnesia  results  f rom a 
d i s rup t ion  of  the  m e m o r y  conso l ida t ion  process.  Accord ing  
to  this  t heo ry ,  an amnesic  t r e a t m e n t  of  suff ic ient  in tens i ty  
will p revent  conso l ida t ion  of  m e m o r y  i tems,  t he reby  
causing p e r m a n e n t  amnes ia  [9, 15, 16, 17] .  However,  the  
results  o f  o t h e r  inves t igat ions  do no t  subs tan t i a t e  this  view. 
Thus ,  in a n u m b e r  o f  s tudies  it has been  found  tha t  m e m o r y  
recovers fo l lowing amnes ic  t r e a t m e n t  [11,  19, 22, 29 ] .  
E x p e r i m e n t  1 was u n d e r t a k e n  to s tudy  possible changes  in 
amnesia  over  a 4 week period.  

Me th od 

Animals. One h u n d r e d  and  f i f ty  male  rats of  an inbred  
Wistar s t ra in  weighing 2 2 0 - 2 2 5  g were used. They  were 
ob t a ined  f rom TNO-Zeis t ,  t he  Nether lands ,  2 weeks before  
the  s tar t  of  the  expe r imen t .  The  animals  were t ra ined  in a 
s t ep - th rough  passive avoidance  appara tus  of  the  type  
descr ibed by  Ader  et al. [ 1 ]. 

Procedure. The animals  were r a n d o m l y  divided in to  15 
groups  o f  10 rats. They  were t ra ined  accord ing  to  the  pro- 
cedure  descr ibed by  Leonard  and  Rigter  [ 1 3 ] .  They  were 
given 3 p re t r a in ing  trials on Day 1 of  the  e x p e r i m e n t  and  a 
single acquis i t ion  trial  on Day 2. Dur ing the  acquis i t ion  trial  
a 0.5 m A  foo t  shock  (FS)  was given for 3 sec to 10 groups  
of  rats (FS  groups).  Five FS groups  were sub jec ted  to  

1 Reprint requests should he sent to H. Rigter, Pharmacology Department, Scientific Development Group, Organon, Oss, the Netherlands. 
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amnesic t rea tment  with CO2 immedia te ly  on te rminat ion  
of  the acquisit ion trial (FS-CO2 groups) whereas the o ther  
5 groups received sham amnesic t rea tment  (FS-NoCO2 
groups). The method  of admin i s t r a t ion  of  CO2 was 
described previously [13,24] .  The rats were treated with 
100 percent CO2 for 3 0 - 3 5  sec. Rats receiving sham 
amnesic t rea tment  were placed in an air-filled box. The 
remaining 5 groups were not  subjected to foot shock at the 
time of  acquisit ion and did not  receive the CO2 t rea tment  
(NoFS-NoCO2 groups). 

The retrieval test was given ei ther 24 hr, 48 hr, 1 week, 2 
weeks or 4 weeks fol lowing acquisit ion.  For  each acqui- 
sition-test interval one NoFS-NoCO2,  one FS-COz and one 
FS-NoCO2 group were used. The results were analyzed by 
means of  the Yates test [28] .  The test scores were divided 
into 3 classes: (1) latencies of  0 - 1 0 . 0  sec (no avoidance);  
(2) latencies of  10 .1 -299 .9  sec ( incomplete  avoidance);  (3) 
latencies of  300.0 sec (complete  avoidance).  

R esu lts 

Figure 1 shows that the s tep-through latencies of  all 
NoFS-NoCO2 rats were shorter than 10.0 sec irrespective of  
the durat ion of  the acquisit ion-test  interval. However,  a 
slight but significant increase of these latencies was 
apparent af ter  an interval of  2 and 4 weeks (p<0.02 ,  
compared to the NoFS-NoCO2 groups tested after 24 or 48 
hr; two-tai led Mann-Whitney U test). The mean latency was 
2.0; 1.6; 1.7; 3.2; and 2.9 sec for groups which received the 
test 24 hr; 48 hr; 1 week; 2 weeks and 4 weeks fol lowing 
acquisit ion. 

All FS-NoCO2 groups showed passive avoidance: the 
differences between these and the corresponding NoFS-  
NoCO2 groups were significant (Table 1). Passive avoidance 
slightly decreased as the interval between acquisit ion and 
test increased: the FS-NoCO2 groups which were tested 
after 2 and 4 weeks significantly differed from the 
FS-NoCO2 groups which were tested after 48 hr: z = 2.23, 
p<0 .05 .  

All FS-CO 2 groups displayed amnesia: the differences 
between these and the corresponding FS-NoCO2 groups 
were significant (Table 1). Spontaneous  recovery of 
memory  could not  be detected : the FS-CO2 groups which 
were tested between 48 hr and 4 weeks after acquisit ion did 
not  significantly differ f rom the FS-CO2 group which was 
tested after an interval of  24 hr (z ~ 1.49, p>0 .05) .  

EXPERIMENT2 

In most studies on amnesia, retrieval is tested 24 hr after 
acquisit ion and the applicat ion of  the amnesic agent. Under  
these circumstances,  amnesia is generally apparent.  
However,  there are several reports that animals which are 
tested within a few hours after acquisit ion and amnesic 
t rea tment  show adequate retrieval. Comple te  amnesia only 
appears between 1 - 6  hr after acquisit ion and amnesic 
t rea tment  [2, 4, 7, 10, 18, 20] .  The present exper iment  
was under taken to see whether  this occurred when CO2 was 
used as the amnesic agent. 

M e t h o d  

One hundred and seventy male Wistar rats ( 2 1 0 - 2 4 0  g) 
were used. The animals were randomly divided into 17 
groups of  10 rats each. They were trained in the passive 
avoidance task according to the schedule described in 
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FIG. 1. Absence of spontaneous recovery of memory following 
treatment with CO 2 . The figure shows the latencies of groups of rats 
(10/group) at the test trial which was given 24 hr, 48 hr, 1 week, 2 
weeks or 4 weeks after acquisition. The scores were divided into 3 
classes: (1) 0-10.0 sec (no avoidance); (2) 10.1-299.9 sec 
(incomplete avoidance); (3) 300.0 sec (complete avoidance). FS: 
foot shock; NoFS: no foot shock; CO~ : CO 2 treatment; NoCO 2 : no 

CO 2 treatment. 

Exper iment  1. Two  groups received nei ther  foot shock nor 
amnesic t rea tment  (NoFS-NoCO2 groups). Four  groups did 
not  receive foot shock but were subjected to COz treat- 
ment  immedia te ly  on terminat ion of  the acquisit ion trial 
(NoFS-CO2 groups). Seven groups were given foot  shock 
immedia te ly  fol lowed by CO2 t rea tment  (FS-CO2 groups) 
whereas the remaining 4 groups received foot shock 
fol lowed by sham amnesic t rea tment  (FS-NoCO2 groups). 
The NoFS-NoCO~ groups were tested 30 or 1440 min after 
acquisi t ion;  the NoFS-CO2 groups, 30, 120, 240 or 1440 
min, respectively;  the FS-CO2 groups 30, 60, 120, 180, 
240, 300 or 1440 min, respectively, while the FS-NoCO2 
groups received the retrieval test 30, 120, 240 or 1440 rain 
fol lowing acquisition. 

R e s u l t s  

The step-through latencies of  the NoFS-NoCO2 and 
NoFS-CO2 groups are given in Table 2. At the retrieval test,  
all animals in the two NoFS-NoCO2 groups entered the 
chamber  within 10.0 sec; the t ime between the acquisit ion 
and the test trial did not  affect the latencies of these groups 
(the NoFS-NoCO2 30 rain vs the NoFS-NoCO2 1440 rain 
group: U = 37, not  significant, two-tai led Mann-Whitney U 
test). The locomoto r  behavior of  NoFS-CO2 rats was 
disturbed 30 rain after CO2 t rea tment :  the s tep-through 
latencies of  these animals were significantly increased (the 
NoFS-CO2 30 min vs the NoFS-NoCO2 30 rain group : U = 
3.5, p<0 .002) ;  l ocomoto r  behavior had recovered 120 rain 
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TABLE 1 

STATISTICAL EVALUATION OF STEP-THROUGH LATENCIES OF GROUPS OF RATS TESTED 
AT DIFFERENT TIMES AFTER ACQUISITION 

Acquisition Test Statistical Value 
Group Interval (z) 

NoFS-NoCO2 24 hr f 1.49:~ I 

FS-CO2 24 hr 4.36 t 
4.1M 

FS-NoCO 2 24 hr 

NoFS-NoCO 2 48 hr 1 0.00:~ I 

FS-CO: 48 hr 4.46 t 
4.46 t 

FS-NoCO 2 48 hr 

NoFS-NoCO 2 1 week } 1.87" I 

FS-CO2 1 week 4.36t" } 4.02"~ 
FS-NoCO2 1 week 

NoFS-NoCO2 2 weeks } 0.00:~ I 

FS-CO~ 2 weeks 4.t0 t 
4.10 t 

FS-NoCO2 2 weeks 

NoFS-NoCO2 4 weeks ~ } 1.02* I 

FS-CO2 4 weeks X 4.00t 
3.86t 

FS-NoCO2 4 weeks 

FS = foot shock NoFS = no foot shock COs = CO2 treatment 
Statistical values are computed by means of the one-tailed Yates test. 
*p<0.05 tp<0.0001 :~not significant 

NoCO 2 = no CO2 treatment 

after CO2 treatment (the NoFS-CO2 120 vs either NoFS- 
NoCO2 group : U~>37.5, not significant)(Fig.  2). 

All FS-NoCO2 groups showed passive avoidance, irre- 
spective of the time of test (Fig. 2): the differences 
between these groups were not significant (z,~ 1.53). The 
FS-CO2 group which was tested 1440 rain after acquisition 
displayed amnesia (compared to the FS-NoCO2 1440 min 
group: z = 4.00, p<0.0001) .  Amnesia decreased as the time 
between acquisition and test decreased. The FS-CO2 groups 
which were tested 240 and 300 min after acquisition did 
not significantly differ from the FS-CO 2 1440 min group (z 
= 1.53 and 0.52, respectively). However, the FS-CO2 

groups which were tested 30, 60, 120 or 180 min after 
acquisition showed less amnesia than the FS-CO2 1440 min 
group (z = 2.26, p<0.05;  z = 2.00, p<0.05 and z = 2.69, 
p<0.01,  respectively), although some degree of amnesia was 
present (FS-CO2 30 rain vs FS-NoCO2 30 rain : z = 1.92, 
p<0.05;  FS-CO2 120 minvs FS-NoCO 2 120 min : z = 2.39, 
p< 0.01). 

EXPERIMENT 3 

Previously, we showed that CO2 induced amnesia for the 
step-through passive avoidance response was attended with 
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TABLE 2 

S T E P - T H R O U G H  L A T E N C I E S  O F  G R O U P S  O F  R A T S  N O T  S U B J E C T E D  T O  F O O T  S H O C K  

Acquisition Test Latency at Trial* 
Interval 

Group (min) Acquisition Test 

NoFS-NoCO2 30 1.6 -+ 0.2 1.8 ± 0.2 

NoFS-NoCO2 1440 1.7 -+ 0.2 1.7 ± 0.2 

NoFS-CO 2 30 1.4 + 0.1 7.1 ± 1.Tt 

NoFS-CO 2 120 1.4 +- 0.1 3.3 -+ 1.5 

NoFS-CQ 240 1.5 ± 0.2 1.9 -~ 0.2 

NoFS-CO2 1440 1.7 -+ 0.2 1.6 ± 0.1 

*Mean seconds ± standard error of the mean 
~Significant increase compared to the corresponding NoFS-NoCQ group (p<0.002, Mann 

Whitney U test) 
NoFS = no foot shock CO2 -- COz treatment NoCO 2 = no CO2 treatment 
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FIG. 2. Delayed onset of amnesia following treatment with CO 2. 
The figure presents the latencies of groups of rats which were tested 
30, 60, 120, 180, 240, 300 or 1440 rain after acquisition. The 
scores were divided into 3 classes: (1, vertical bars) 0-10.0 sec (no 
avoidance); (2, diagonal bars) 10.1-299.9 sec (incomplete avoid- 
ance); (3, solid bars) 300.0 sec (complete avoidance). FS: foot 
shock; NoFS: no foot shock; CO 2 : CO 2 treatment; NoCO 2 : no CO: 

treatment. 

changes in h ippocampal  monoamine  metabol ism [13] .  In 
Exper iment  1 it was shown that  this amnesia  remained 
present  over a 4 week period.  In Exper iment  2 it appeared 
that  the amnesia only gradually developed after  applicat ion 
of  the amnesic  t rea tment .  The present  expe r imen t  was 
under taken  to examine if changes in h ippocampal  
m o n o a m i n e  metabol ism parallelled these behavioral 
phenomena .  Groups of  rats were killed ei ther  2 hr, 24 hr or 
2 weeks after  the acquisi t ion trial. The interval of  2 hr was 
chosen since it was shown in Exper iment  2 that  af ter  this 
t ime lapse most  FS-CO2 rats still displayed some degree of 
retrieval. However,  af ter  24 hr and 2 weeks amnesia was 
present  (Exper iment  1). 

M e t h o d  

Twelve groups of  20 male Wistar rats ( 2 0 0 - 2 3 0  g) were 
used. The exper iment  was run in 5 randomized  blocks. 
Each block conta ined  48 rats, 4 in each group. The animals 
were trained in the s tep- through passive avoidance appara- 
tus as described in Exper iment  1. At the time of acquisi t ion 
trial, 3 groups were subjected to foot  shock fol lowed by 
sham amnesic t r ea tmen t  (FS-NoCO2 groups) and 3 groups 
were given foot  shock immedia te ly  fol lowed by CO2 
t r ea tmen t  (FS-CO2 groups).  The remaining 6 groups did 
no t  receive foot  shock: 3 of  these groups were subjected to 
CO2 t r ea tmen t  (NoFS-CO2 groups) whereas the o ther  3 
groups were given sham amnesic t r ea tmen t  (NoFS-NoCO2 
groups). The rats were no t  subjected to a retrieval test  but  
instead were killed by decapi ta t ion  ei ther  2 hr, 24 hr or 2 
weeks following acquisit ion. For  each t ime interval, one 
NoFS-CO2, one FS-CO2 and one FS-NoCO 2 group were 
used. The behavioral  part of  the expe r imen t  and the killing 
of  the rats took  place be tween  09:30 and 11:00 hr a.m. to 
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T A B L E  3 

CHANGES IN THE CONCENTRATIONS OF HIPPOCAMPAL SEROTONIN AND NORADRENALINE IN GROUPS OF 
RATS KILLED AT DIFFERENT TIMES AFTER ACQUISITION AND/OR AMNESIC TREATMENT 
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Group 

Time Killed NoFS-NoCO 2 NoFS-CO2 FS-CO2 FS-NoCO2 

Serotonin 

2 hr 2.46 

24 hr 2.01 

2.51 2.92* 3.12" 

+2% (-9, +13) +19% (+6, +32) +26% (+13, +41) 

1.89 1.73 2.30* 

-5% (-19, +11) -14% (-27, +2) +16% (0, +34) 

2 weeks 1.89 1.95 1.92 1.85 

+3% (-15, +25) +1% (-17, +22) -2% (-19, +18) 

Noradrenaline 

2 hr 0.14 0.15 0.15 0.16" 

+7% (-6, +17) +7% (-7, +16) +14% (+1, +25) 

24 hr 0.18 0.19 0.18 0.20 

+6% (-6, +19) 0% (-13, +11) +10% (--2, +24) 

2 weeks 0.16 0.16 0.16 0.15 

-4% (-15, +8) -4% (-14, +7) -8% (-18, +3) 

All statistical comparisons made between the treated groups and the NoFS-NoCO 2 group. 
*p<0.05; the 95 percent confidence intervals are given in parentheses. All values expressed as pg/g wet weight of hippocampus. 
FS = foot shock NoFS = no foot shock CO2 = CO2 treatment NoCO 2 = no CO2 treatment 

min imize  any  d i f ferences  which  could  resul t  f rom changes  
in m o n o a m i n e  me tabo l i sm associated wi th  the  c i rcadian 
r h y t h m  [ 14] .  Fo l lowing  decap i t a t ion ,  the  h i p p o c a m p i  were 
rapidly  dissected and  f rozen  on  solid ca rbon  dioxide.  The  
h i p p o c a m p i  f rom 4 rats  of  the  same group were poo led  for 
the  b iochemica l  assays. The  tissue was h o m o g e n i z e d  in 7 ml  
0.01 N HC1 to which  0.7 ml 10 pe rcen t  ( w / v ) s o d i u m  edate  
had been  added.  Fol lowing  cen t r i fuga t ion  ( 8 0 0 x  g; 20 
min) ,  a l iquots  of  the  clear s u p e r n a t a n t  were r em oved  for  
the  d e t e r m i n a t i o n  o f  no rad rena l ine  [5 ] .  The pel let  and  the  
r ema inde r  o f  the  s u p e r n a t a n t  f rac t ion  were ex t r ac t ed  wi th  
b u t a n o l  for  the  d e t e r m i n a t i o n  of  s e ro ton in  [ 2 6 ] .  

Resul ts  

The results  are p resen ted  in Table  3. In ag reement  wi th  
our  previous  data [ 13,25] the  c o n c e n t r a t i o n  of  s e ro ton in  
was s ignif icant ly  raised in the  FS-NoCO2 group which  was 
killed 24 h r  a f te r  acquis i t ion.  This rise did no t  occur  in the  
co r r e spond ing  NoFS-CO2 and  FS-CO2 groups.  The/'e were 
no  s ignif icant  changes in the  c o n c e n t r a t i o n  of  no rad rena -  
line. 

The FS-NoCO2 group,  which  was killed 2 hr  a f te r  
acquis i t ion,  also showed  an increased c o n c e n t r a t i o n  of  
se ro ton in .  However,  in con t ras t  to the cor responding  24 hr  
group,  the  c o n c e n t r a t i o n  of  no rad rena l ine  was also raised. 
The FS-CO2 group  which  was killed 2 hr  a f te r  acquis i t ion  
had an increased c o n c e n t r a t i o n  of  s e ro ton in ;  the  concen t ra -  
t ion  of  no rad rena l ine  was unchanged .  

No changes  occur red  in e i ther  se ro ton in  or no rad rena l ine  
in any  of  the  groups  w h i c h  were killed 2 weeks af te r  
acquis i t ion.  

DISCUSSION 

In E x p e r i m e n t  l ,  s p o n t a n e o u s  recovery  of  m e m o r y  for  a 
passive avoidance  response  fol lowing t r e a t m e n t  wi th  CO2 
could not  be de tec ted  even up to 4 weeks af te r  the  
acquis i t ion  trial. This f inding does no t  exclude  the possibil- 
i ty tha t  u n d e r  d i f ferent  cond i t ions  recovery  of  m e m o r y  
may  occur.  It  fact,  i t  has been found  in this  and o t h e r  
labora tor ies  t ha t  some recovery of  m e m o r y  takes place 
when  the  animals  are subjec ted  to repea ted  tes t  trials [ l l ,  
23, 24, 29 ] .  
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In the  second expe r imen t ,  it was shown  tha t  CO2 
induced  amnesia  for  a passive avoidance  on ly  developed 
gradual ly  over  the  first 4 hr  a f te r  the  amnesic  t r e a t m e n t .  
A l though  CO2 af fec ted  l o c o m o t o r  behav io r  shor t ly  follow- 
ing t r e a t m e n t ,  it is i m p r o b a b l e  tha t  this  effect  in f luenced  
the  f inding of  delayed onse t  of amnesia :  l o c o m o t o r  
behav io r  of  NoFS-CO2 rats was no rma l  2 hr  a f te r  CO2 but  
at tha t  t ime FS-CO2 animals  still showed  re ten t ion .  The 
f inding of  delayed onse t  of  amnes ia  is in keeping  wi th  
n u m e r o u s  o the r  repor ts  [2, 4, 7, 10, 18, 20 ] .  The  basis of  
this  p h e n o m e n o n  is no t  known.  Recent ly ,  it was h y p o t h e -  
sized tha t  m e m o r y  conso l ida t ion  is compr ised  of  two 
parallel processes, one of  a shor t - t e rm and  the  o the r  of  a 
long- te rm na ture .  Amnes ic  t r e a t m e n t  may affect  the  long- 
t e rm bu t  no t  the  shor t - t e rm c o n p o n e n t  [ 1 0 ] .  

In E x p e r i m e n t  3, we d e t e r m i n e d  changes in h i p p o c a m p a l  
m o n o a m i n e  me tabo l i sm at d i f fe rent  intervals  fol lowing 
acquis i t ion  and  amnesic  t r e a t m e n t .  Previously,  we repor ted  
tha t  changes in h i p p o c a m p a l  s e ro ton in  levels parallel led the  
CO2 induced  amnesia  for the  passive avoidance  response.  
Acquis i t ion  of  the  passive avoidance  response  was a t t ended  
wi th  a rise in the  c o n c e n t r a t i o n  of  s e ro ton in  24 hr la ter  and  
this rise was no t  observed when  acquis i t ion  was immedia te -  
ly fo l lowed by  CO2 t r e a t m e n t  [ 13] .  In a subsequen t  s tudy,  
we showed tha t  a gradient  of  h i p p o c a m p a l  s e ro ton in  
concen t r a t i ons  parallelled the  amnes ia  gradient  24 hr  a f te r  
acquis i t ion  [ 2 5 ] .  E x p e r i m e n t  3 co r r obo r a t ed  the  previous  
f inding t ha t  acquis i t ion  of  the  passive avoidance  response  
was a t t e n d e d  wi th  a rise in h i p p o c a m p a l  s e ro ton in  24 hr  
la ter  and  tha t  this  rise did no t  occur  when  acquis i t ion  was 
fol lowed by amnesic  t r e a t m e n t .  A cor re la t ion  be tween  the  
behaviora l  and b iochemica l  measures  was also found  at an 
acquis i t ion- tes t  interval  of 2 hr:  FS-NoCO2 as well as 
FS-CO2 animals showed  passive avoidance  behav ior  2 hr  
a f te r  acquis i t ion  ( E x p e r i m e n t  2); at t ha t  t ime  b o t h  groups  
showed  a rise in the  c o n c e n t r a t i o n  of  s e ro ton in  (Experi-  
men t  3). Taken  toge ther ,  the  results  of  our  s tudies  indica te  
tha t  wi th in  24 hr  fol lowing acquis i t ion  and  amnesic  
t r e a t m e n t  a rise in h i p p o c a m p a l  s e ro ton in  is f ound  in 
con junc t i on  wi th  passive avoidance  ( in the  FS-NoCO2 
group [ 13] ; when  the  interval  be t w een  acquis i t ion  and the  
CO2 t r e a t m e n t  gets longer [25]  ; and  at an acquis i t ion- tes t  
interval  of  2 hr).  This rise in se ro ton in  does n o t  occur  in 
amnesic  animals.  However,  a rise in se ro ton in  does no t  
correla te  wi th  the  presence of  passive avoidance  behav ior  

per  se: 2 weeks af te r  acquis i t ion  changes in h i p p o c a m p a l  
levels of  s e ro ton in  could no t  be de tec ted  ( E x p e r i m e n t  3) 
a l t hough  FS-NoCO2 rats  still d isplayed passive avoidance  at 
t ha t  t ime  ( E x p e r i m e n t  2). 

At least two  exp lana t ions  for our  data  can be offered:  
(1) A rise in h i p p o c a m p a l  s e ro ton in  is d i rect ly  or ind i rec t ly  
re la ted to passive avoidance  behav ior  and  the  absence of  
such a rise is associated wi th  amnesia .  The  fact tha t  this  
cor re la t ion  is found  wi th in  the  first 24 hr  fol lowing 
acquis i t ion  bu t  no t  2 weeks la ter  may be i n t e rp r e t ed  as 
ind ica t ing  t ha t  h i p p o c a m p a l  s e ro ton in  me tabo l i sm is direct-  
ly or indirect ly  associated wi th  m e m o r y  conso l ida t ion  
r a the r  t han  m e m o r y  retrieval.  This  would  be in accordance  
wi th  the  s t a t e m e n t  of  Allen et al. [3] tha t  se ro ton in  plays 
an essential  role in the  f o r m a t i o n  of  m e m o r y  for  passive 
avoidance responses.  However ,  such a conc lus ion  is prema- 
ture  as long as u n c e r t a i n t y  exists a b o u t  the  n u m b e r  and the  
na ture  of  the  processes involved in acquis i t ion  and  amnesia  
[10,  17, 22, 27 ] .  (2) The parallel  changes in h i p p o c a m p a l  
se ro ton in  me tabo l i sm on the  one h a n d  and passive avoid- 
ance on the  o the r  hand  may be pure ly  co- incidental .  It is 
possible tha t  the  foot  shock induces  a t rans ien t  rise in 
h i p p o c a m p a l  se ro ton in  and  t ha t  the  CO2 t r e a t m e n t  curtai ls  
this rise. However,  it is unl ike ly  tha t  stress induced  release 
of  ACTH and cor t icos te ro ids  causes the change in se ro ton in  
me tabo l i sm since admin i s t r a t i on  of  ACTH 1 hr  pr ior  to  
acquis i t ion  did no t  al ter  se ro ton in  me tabo l i sm in NoES or 
FS-CO2 rats [ 1 2 ] .  Moreover,  recent  pharmacolog ica l  
expe r imen t s  suggest tha t  the changes  in h ippocampa l  
se ro ton in  are indeed  cor re la ted  wi th  avoidance  and amne-  
sia. Thus,  A C T H .  1 a pept ide  which  a t t enua t e s  amnes ia  

. t 4 -  0 '  
when  admin i s t e red  pr ior  to  the  retr ieval  tes t  [ 2 4 ] ,  also 
induces  a rise in h i p p o c a m p a l  s e ro ton in  in FS-CO2 rats  
[121.  

In E x p e r i m e n t  3, h i p p o c a m p a l  noradrena l ine  levels did 
no t  corre la te  wi th  avoidance and  amnesia .  No changes 
occur red  in no rad rena l ine  in any  of the  groups  24 hr  or 2 
weeks af te r  acquis i t ion.  The FS-NoCO2 group which  was 
killed 2 hr  a f te r  acquis i t ion  had  a s ignif icant ly  increased 
c o n c e n t r a t i o n  of  noradrena l ine .  In the cor responding  
FS-CO2 group,  which  similarly showed  avoidance  (Experi-  
m e n t  2), this  rise did no t  occur.  Gold et al. [8] suggested 
tha t  no rad rena l ine  modu la t e s  the  f o r m a t i o n  of  m e m o r y  for 
a passive avoidance  response.  Our  data  do not  suppor t  this  
view. 
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