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ROBERTS, D. C. S. AND H. C. FIBIGER. Evidence for interactions between central noradrenergic neurons and adrenal 
hormones in learning and memory. PHARMAC. BIOCHEM. BEHAV. 7(3) 191-194,  1977. - The role of ascending nor- 
adrenergic projections in the acquisition and retention of a passive avoidance step-down response was evaluated by means 
of bilateral stereotaxic 6-hydroxydopamine-induced lesions of these systems. Lesions of the dorsal NA bundle alone, or in 
combination with lesions of the ventral NA bundle, failed to influence either the acquisition or retention of the passive 
avoidance response. In contrast, animals subjected to dorsal and ventral NA bundle lesions and adrenalectomy exhibited 
severe deficits in both the acquisition and retention of this response, and this effect was of the same magnitude as was ob- 
served after posttrial injections of diethyldithiocarbamate (DDC, 300 mg/kg). Adrenalectomy by itself had a small but 
significant effect on retention but did not influence acquisition of the response. The results are discussed with reference to 
the possibility that interactions between adrenal hormones and central NA mechanisms may serve important roles in learn- 
ing and memory. However, the data provide no support for the hypothesis that central NA neurons are, by themselves, crit- 
ically involved in these phenomena. 
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KETY [11 ,12]  and  Crow [4,5]  have separa te ly  p roposed  
theor ies  on the  neura l  basis of  learning.  Bo th  theor ies  posi t  
t ha t  the  no rad rene rg i c  p ro j ec t i on  f rom the  nuc leus  locus 
coeru leus  (LC) to the h i p p o c a m p u s  and  cor tex  is funda-  
men ta l l y  involved in lea rn ing  and  in m e m o r y  conso l ida t ion .  
This h y p o t h e s i s  has  received s u p p o r t  f rom e x p e r i m e n t s  uti-  
l izing d i e t h y l d i t h i o c a r b a m a t e  (DDC),  a drug wh ich  inh ib i t s  
the  n o r a d r e n a l i n e  (NA) s y n t h e t i c  enzyme ,  d o p a m i n e -  
#-hydroxylase .  S u b c u t a n e o u s  in jec t ions  of  DDC before  or 
i m m e d i a t e l y  fo l lowing  t ra in ing  resul t  in a passive avoidance  
defici t  in mice and  rats  when  tes ted  2 4 - 7 2  hr  la te r  
[ 2 2 , 2 8 ] .  The fact  t ha t  this  e f fec t  can be reversed by  intra-  
ven t r i cu la r  a d m i n i s t r a t i o n  of  NA has  been  t aken  as evidence  
t ha t  DDC p roduces  i ts e f fec ts  via cen t ra l  as opposed  to peri- 
phera l  m e c h a n i s m s  [ 2 8 ] .  F u r t h e r m o r e ,  les ions of  the  
coeru leo- te lencepha l i c  NA pro jec t ion  have been  r epo r t ed  to 
p roduce  defici ts  in l ea rn ing  and  m e m o r y  [ 3 , 6 ] .  In m a r k e d  
con t r a s t  to  these  results,  however ,  several o t h e r  l abora to r ies  
have failed to observe def ic i ts  in the  acquis i t ion  and  re ten-  
t ion  of  a var ie ty  of  c o n d i t i o n e d  responses  a f te r  ex tens ive  le- 
sions of  this  p ro j ec t ion  [2, 14, 15, 24 ] .  At  p resen t  there-  
fore,  i f  the  NA pro jec t ions  of  the  LC serve any  f u n c t i o n  in 
learning and  m e m o r y ,  the i r  precise role remains  to be elu- 
c idated.  

Recen t ly  Ogren and  Fuxe [21]  ob t a ined  evidence for  
func t iona l  i n t e r ac t i on  be tween  the coeru leo- te lencepha l i c  
NA sys tem and  the  p i tu i t a ry -adrena l  axis dur ing  learning.  
These workers  f o u n d  t h a t  while n e i t h e r  a d r e n a l e c t o m y  no r  
6 - h y d r o x y d o p a m i n e  ( 6 - O H D A )  l e s i o n s  of  the  
coeru lo-cor t ica l  NA p a t h w a y  p r o d u c e d  a defici t  in condi-  
t ioned  avoidance  r e spond ing  (CAR)  by  themselves ,  these 
t r e a t m e n t s  in c o m b i n a t i o n  marked ly  impai red  the  r e t e n t i o n  
of  t h a t  response.  In add i t ion ,  rats  which  had received b o t h  
t r e a t m e n t s  were also comple t e ly  unab le  to relearn the  
avoidance  response.  In the p resen t  s tudy ,  the  effects  of  cen- 
tral  6-OHDA in jec t ions  a lone,  and in c o m b i n a t i o n  wi th  
ad rena l ec tomies  were inves t iga ted  in a passive avoidance  
s t e p d o w n  task. For  compara t ive  purposes ,  the  amnesic  pro- 
per ty  of  DDC was also e x a m i n e d  in the same e x p e r i m e n t a l  
paradigm.  Final ly,  i n a s m u c h  as DDC has recen t ly  been  
d e m o n s t r a t e d  to p roduce  a c o n d i t i o n e d  taste aversion [ 23] 
pos t acqu i s i t i on  in jec t ions  of  l i t h ium chlor ide  (LiC1) were 
ut i l ized to examine  the  poss ibi l i ty  t h a t  sickness or malaise 
may  have been  suff ic ient  to  p roduce  the  DDC-induced  re- 
t e n t i o n  deficits.  

METHOD 

Male Wistar rats  (Wood lyn  Farms,  Gue lph ,  On ta r io )  

1Supported by the Medical Research Council. D.C.S.R. is an MRC Student, H.C.F. is an MRC Scholar. We thank B. Richter for her 
excellent technical assistance. 
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weight ing  3 0 0 - 3 3 0 g  were anaes the t i zed  wi th  sod ium 
p e n t o b a r b i t a l  (50  mg/kg)  and  p repa red  for  surgery in a 
Kopf  s t e reo tax ic  appara tus .  One group received 6-OHDA 
in jec t ions  a imed  at the  dorsal  c o m p o n e n t  of  the  ascend ing  
noradrenerg ic  sys tems  (DB). Bilateral  s te reo tax ic  in fus ions  
of 6 -OHDA h y d r o b r o m i d e  (4 tag/2 M, expressed as the  free 
base) dissolved in i so ton ic  saline were p e r f o r m e d  via a Ham- 
i l ton  microsyr inge  at  the  rate of  2 ~1/5 min.  Coord ina te s  
f rom s te reo tax ic  zero were: AP + 2 . 6 m m ;  ML ± 1.1 m m ;  
DV + 3.7 mm.  The  ra t ' s  head  was held in the  p lane  used in 
the  atlas o f  K/Snig and  Klippel  [ 13] .  A n o t h e r  group of  rats  
received bi la tera l  in fus ions  of  6-OHDA aimed at b o t h  the  
dorsal  and the  ven t ra l  ascending  no rad rene rg ic  sys tems 
(DVB).  Coord ina t e s  used for  these  in jec t ions  were as above  
plus A P +  1.4; ML-+ 1 . 3 r a m ;  D V + 0 . 7 m m .  A th i rd  group 
was bi la tera l ly  ad r e na l ec t om i zed  ( A D R E X ) .  A f o u r t h  group 
(DVB + A D R E X )  received t r e a t m e n t s  as descr ibed  for  b o t h  
DVB and A D R E X .  One con t r o l  group received b o t h  sham 
s te reo tax ic  and  a d r e n a l e c t o m y  opera t ions ,  where  the  adren-  
als were exposed  bu t  no t  removed .  S te reo tax ic  ope ra t ions  
were p e r f o r m e d  3 - 4  weeks,  and  ad r ena l ec t om i e s  were per- 
fo rmed  7 - 1 0  days, pr ior  to behav ioura l  test ing.  All an imals  
were m a i n t a i n e d  on food  and  wa te r  ad l ib,  excep t  in the  
case of  a d r e n a l e c t o m i z e d  an imals  which  were given access 
to n o r m a l  saline.  Each ra t  was indiv idual ly  housed  in a rat  
co lony  u n d e r  a 1 2 hr  l ight-dark  cycle at  20 ° C. 

The  s t ep -down appa ra tu s  was a 27 x 27 x 30 cm h igh  
Plexiglas box  equ ipped  wi th  a 7.5 x 26.7 cm shelf  9.5 cm 
above the  grid floor.  A mic roswi t ch  u n d e r  the  shelf  cont ro l -  
led a t imer  and  shock  sc ramble r  (Lehigh  Val ley)  which  de- 
l ivered 1 m A  foo t  shock t h r o u g h  the grid floor.  Each  rat  
was p laced on  the  shelf  and the  l a tency  to step down  was 
recorded.  Upon  releasing the  mic roswi t ch  by s tepping  off  
the  shelf,  the  rat  received sc rambled  foo t  shock  un t i l  re- 
tu rn ing  to the  safe p la t fo rm.  The n u m b e r  of descents  was 
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recorded  unt i l  the  rat  r ema ined  on the  shelf  c o n t i n u o u s l y  
for  3 min,  at wh ich  t ime  it was r emoved  f rom the appara-  
tus. The to ta l  t ime  to reach  this  cr i ter ion was recorded.  
T w e n t y - f o u r  h r  later ,  each  rat  was again placed on  the  shelf  
and the  l a t ency  to step d o w n  measured  to a m a x i m u m  of 
180 sec. The  p rocedu re  was adap ted  f rom San tos -Ander son  
and R o u t t e n b e r g  [ 2 6 ] .  In add i t ion  to the  les ioned animals,  
two groups  of  ra ts  were inc luded  which  received drug in- 
j ec t ions  immed ia t e ly  fo l lowing training.  One group received 
d i e t h y l d i t h i o c a r b a m a t e  (DDC) (300  mg/kg,  SC). The o the r  
group received LiC1 (0.15 M, 2 m l / 1 0 0  mg; IP). 

Af te r  c o m p l e t i o n  of  behav ioura l  test ing,  all les ioned ani- 
mals were killed by  cervical f rac ture  be tween  9 :00  and  
11 :00  a.m. The i r  bra ins  qu ick ly  removed ,  and the  hypo-  
tha lamus ,  h i p p o c a m p u s  and cor tex  was dissected out  on ice 
as previously  descr ibed  [ 2 5 ] .  NA was measured  spectro-  
p h o t o f l u o r o m e t r i c a l l y  by  the  m e t h o d  of  McGeer  and  
McGeer  [ 1 7 ] .  

RESULTS 

Table  1 shows t ha t  near  to t a l  dep le t ions  ( 9 6 - 9 7 % ) o f  
cort ical  NA were achieved in b o t h  the  DB and  DVB groups.  
Dorsal  bund le  lesions reduced  h y p o t h a l a m i c  NA by 57% 
while c o m b i n e d  dorsal  and  vent ra l  bund le  lesions (DVB) re- 
duced  h y p o t h a l a m i c  NA by  78%. Table 1 also shows the  
group means  on  each  of  the  acquis i t ion  measures .  No differ- 
ences  were observed  b e t w e e n  any of  the  groups on the  ini- 
tial l a t ency  to step of f  the  p l a t f o r m  (col. 2). A s ignif icant  
d i f fe rence  was observed when  the  group wi th  adrena-  
lec tomies  plus dorsal  and ven t ra l  6-OHDA in jec t ions  
( D V B - 6 - O H D A - A D R E X )  was c o m p a r e d  to the  appro-  
pr ia te  sham ope ra t ed  con t ro l s  on b o t h  the  n u m b e r  of  de- 
scents  and  t ime  to cr i ter ion.  No o t h e r  group di f fered f rom 
the i r  con t ro l  group on  any  of the  measures  of  acquis i t ion.  

1 
CONTENT OF THE VARIOUS TREATMENT GROUPS 

N 

Measures of acquisition 
of a passive avoidance response 

to a criterion of 3 min 

Initial Total No. Total time (sec) 
step-down step-downs to reach 

latency to criterion criterion 

NA content of brain regions 
following various 

6-OHDA treatments 

Cortex and 
hippocampus Hypothalamus 

NE (ng/g) NE (ng/g) 

DB-6-OHDA 12 3.6 ± 1.1 3.7 -+ 1.0 289.6 ± 29.1 

DVB-6-OHDA 10 5.1 _+ 2.0 4.6 ± 0.6 321.9 ± 30.1 

BURR HOLE 12 4.3 ± 1.3 4.0 ± 0.8 312.6 ± 27.0 

DVB-6-OHDA+ADREX 16 7.0 ± 2.4 5.4 _+ 1.0" 440.0 ± 46.8* 

BURR HOLE+ADREX 20 7.1 ± 1.2 3.4 ± 0.4 318.0 ± 45.5 

BURR HOLE+SHAM 17 4.6 -+ 0.7 3.8 -+ 0.4 299.2 ± 26.0 

DDC 8 6.5 ± i.3 3.6 ± 0.8 286.4 ± 32.3 

LiCI 9 4.4 _+ 0.6 3.4 ± 0.6 280.7±28.9 

13 ± 2 1020 ± 181 
(3%) (43%) 

16 ± 2 512 ± 79 
(4%) (22%) 

408 _+ 20 2360 ± 140 

18 ± 3 420 ± 34 
(4%) (18%) 

*p<0.01, compared to Burr Hole + Sham; Student 's t-test. 
Data represent means ( ± SEM). DB-6-OHDA received bilateral 6-OHDA injections into the dorsal NA bundle. BVD-6-OHDA 

received two bilateral 6-OHDA injections into the dorsal and ventral NA bundles. Burr hole group were sham operated but 
received no injection. Some groups in addition received bilateral adrenalectomies (ADREX) or sham adrenalectomies (SHAM). 
Two groups of unoperated animals received either LiCI or DDC immediately following testing. 
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Figure 1 shows the mean (+- SEM) and median step down 
latency for each group on the 24 hr step down test. Three 
groups were significantly different from controls: ADREX, 
DVB + ADREX, and DDC. The retest step-down latencies 
for DVB + ADREX was significantly shorter than the 
ADREX group, and significantly longer than the DDC 
group. By contrast, sham operations, posttraining LiC1 in- 
jections, or 6-OHDA injections alone did not significantly 
impair the retention of the passive avoidance response. 

DB 6-OHDA 

DVB 6-OHDA 

BURR HOLE 

DVB 6-OHDA+ ADREX 

BURR HOLE+ ADREX 

BURR HOLE+ SHAM 

l I I I I I 

, , ,:;, : ~ , > 7 x / / / , / / , , : ~ / / / / / / / / 2 2 ~ ' / / / / / ~  

½. . 

D D C  

L iC I  

I I I I I I 
2 0  6 0  1 0 0  1 4 0  1 8 0  

24 HR RETEST L A T E N C I E S  (SECS)  

FIG. 1. Bars indicate median step-down latencies of various groups 
24 br after acquisition of a passive avoidance response. Mean (a 
SEM) response latencies are indicated by solid circles (o). See 
Table 1 and text for group abbreviations. *Significantly different 

from controls p<0.05 (Mann-Whitney U test). 

DISCUSSION 

Our finding that the acquisition and retention of the pas- 
sive avoidance task was unimpaired in rats with near total 
depletion of telencephalic NA stands in contrast to the 
findings of  Crow and Wendlandt [6]. These authors re- 
ported deficits in a passive avoidance step-down task after 
6-OHDA lesions similar to those reported here. At least two 
major procedural differences exist, however, which may 
account for this discrepancy. Crow and Wendlandt [6] used 
four times the amount of 6-OHDA, in a concentration 
which may produce considerable nonspecific damage 
[1,10]. Since comparable telencephalic NA deplections 
were achieved in both studies, the deficits reported by 
Crow and Wendlandt [6] may have been due to nonspecific 
effects of  their lesions unrelated to the destruction of the 
coeruleo-telencephalic NA projections. The studies also 
differ in behavioural test procedure. The animals in the pre- 
sent study were trained to a specific criterion. Crow and 
Wendlandt [6] utilized a one trial step-down procedure, 
and therefore may have measured retention of a partially 
trained response. It is possible that animals with extensive 
telencephalic NA depletion show a memory impairment 
when the response is not  fully learned. In any event, it is 
clear that rats with very extensive lesions of the ascending 
NA projections to the telecephalon can learn and retain a 
passive avoidance response. These projections do not, there- 

fore, appear to be critical neural substrates for learning and 
memory [2, 14, 15, 24]. 

The group which sustained bilateral adrenalectomies did 
show a significantly shorter retest step-down latency. This 
effect was unexpected• Weiss e t  al. [29] have reported that 
adrenalectomy does not affect a passive avoidance step- 
through task, and Moyer [19] has reported no effects of 
adrenalectomy on the acquisition and extinction of an es- 
cape response. In contrast, Dupont e t a l .  [7] have shown 
that plasma corticosterone concentrations correlate pos- 
itively with passive avoidance learning, an effect consistent 
with the present data. Also, Endro~zi [8] has demonstrated 
corticosterone injections facilitate passive avoidance be- 
haviour in adrenalectomized rats. The tasks employed, how- 
ever, differ in each of these reports. It appears, therefore, 
that the effects of adrenalectomy on avoidance learning 
may depend upon the behavioural requirements specified 
by different experimental paradigms. 

The major finding in the present experiment was that le- 
sions of  central NA neurons in combination with adrena- 
lectomy caused profound deficits in both the acquisition 
and retention of a passive avoidance response. These ani- 
mals stepped off the platform significantly more times dur- 
ing the initial learning phase of the experiment, and a signif- 
icantly longer time was required to reach criterion. On the 
24 hr retest, this group showed a significant memory im- 
pairment as measured by a shorter latency to step off the 
platform• Since all animals were trained to the same crite- 
rion, this shorter latency indicates a retention impairment 
in addition to the acquisition deficit observed during 
learning. These results complement those of Ogren and Fuxe 
[21], who reported severe impairments in the acquisition 
and retention of a conditioned avoidance response in ani- 
mals which had received both 6-OHDA lesions of the dorsal 
NA bundle and adrenalectomies. Both these and the present 
observations point to an interaction between the pituitary- 
adrenal axis and central NA mechanisms which is important 
in learning and memory. At present, the nature and ana- 
tomical location of this interaction are unknown. Further- 
more, to what extent loss of hormones from the adrenal 
cortex as opposed to the adrenal medulla may participate in 
these effects is an important question concerning which 
there is currently no information• It is of interest, however, 
that the DVB + ADREX group approached the same degree 
of retention deficit as was observed in the DDC group. This 
raises the possibility that the retention deficit produced by 
DDC is mediated via a combined inhibition of NA synthesis 
in both the periphery and the central nervous system. In 
this regard, it is noteworthy that either central or peripheral 
administration of NA can effectively reverse DDC-induced 
retention deficits [18]. On the other hand, the fact that 
corticosterone has recently been shown to increase the con- 
version of tyrosine to NA in brain [9] raises the possibility 
that the loss of certain interactions between adrenal corti- 
coids and cental NA neurons mediated the impaired acquisi- 
tion retention in the D V B - A D R E X  group• In this regard, 
perhaps it is not without significance that corticosterone 
has been shown to bind to the hippocampus [ 16], a struc- 
ture which is innervated by the dorsal NA bundle [30]. 
Additional studies will be required to discriminate between 
these alternatives. 

Using the conditioned taste aversion (CTA) paradigm, 
DDC has recently been shown to have significant punishing 
properties [ 23]. This raises the possibility that the amnesic 
effects of DDC may have been mediated at least in part by 
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its aversive proper t ies .  The LiC1 results clearly argue against 
this in t e rp re t a t ion  because a dose of  LiC1 which  p roduces  a 
CTA of  equal  or greater  magni tude  than  tha t  induced  by 
DDC (300 mg/kg)  [ 20 ,23 ] ,  had no ef fec t  u p o n  r e t en t i on  of  
the  passive avoidance response .  These results  are similar to  
recent  f indings by Squire et al. [27] who conc luded  that  
the amnesia  induced  by pro te in  synthesis  inhib i tors  could 
no t  be expla ined by their  aversive proper t ies .  

In summary ,  the present  observat ions  failed to suppor t  
the  hypo thes i s  tha t  ascending central  NA pro jec t ions  are, 

by themselves,  critical neural  subst ra tes  for learning and 
memory .  Lesions of  the ventral  and dorsal  NA bundles  af- 
fec ted ne i ther  the acquisi t ion nor  re ten t ion  of  a passive 
avoidance response.  In contras t ,  a combina t ion  of  adrena- 
l ec tomy and 6-OHDA lesions of  the ascending NA projec- 
t ions p roduced  severe acquisi t ion and re ten t ion  deficits. 
These observat ions  suppor t  previous suggestions that  inter- 
act ions be tween  the p i tu i tary-adrenal  axis and central  NA 
neurons  may be involved in some types  of  learning and 
memory .  
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