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BRENNER, E ,  M MIRM1RAN, F VAN HAAREN, B C THEUNISSE, M G P FEENSTRA, A A LAMUR, C G 
VAN EDEN AND J VAN DER GUGTEN Central notadrenahne depletzon dupmg development and tts eJJect on 
heha~toul PHYSIOL BEHAV 41~2) 163-170, 1987--Although early depletion ot noradrenahne is known to affect the 
morphological development of various structures in the brain ~t is not clear what ~mphcatlons this has for adult behavlour 
In the present study, 6-hydroxydopamme ~6OHDA) was rejected into the lateral ventricles of 12 day old rats, permanently 
destroying most of the noradrenerglc mnervanon of the spinal cord and of all the brain areas examined except for the 
pons/medulla, and reducing the dopamme content of the cerebral cortex considerably The noradrenahne content of the 
heart, as well as general developmental parameters such as food intake and body weight, were unaffected Despite the 
extensive noradrenahne depletion during development, these rats' spatml memory--as determined m a radml maze task-- 
was no worse than that of controls In a lever-pressing task the 6OHDA treated rats made no more errors than did controls 
but performed more slowly The results mdlcate that at least some aspects of learning, memory and sensory-motor abthty 
can develop normally when the noradrenerglc mnervat~on of the brain is largely destroyed 
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Operant behavlour 6-Hydroxydopamme 

NORADRENERGIC fibres project to a variety of brain 
structures--such as the neocortex--ear ly  dunng develop- 
ment [5,14], suggesting that noradrenallne may play an or- 
ganizing role in the development of these areas This is sup- 
ported by some studies on experience dependent changes in 
the organization of the kitten wsual cortex, which show that 
environmentally guided development depends on an intact 
noradrenerglc mnervatlon (reviewed in [25]) Moreover, 
several morphological studies also show that both the devel- 
opment of the rat's cerebellum [27] and of its cerebral cortex 
[6,10] are retarded by destroying the local noradrenerglc m- 
nervatlon shortly after birth It is still unclear whether norad- 
renerg~c denervation affects the development of specific as- 
pects of behavlour Neonatal depletion of noradrenalme in 
rats' brains has been reported to result in a generally im- 
paired abdity to learn (e g , [35]), but has also been reported 
to have no effect on behawour at all [20,36] 

In many studies, the function of certain projections are 
deduced from the deficits that occur when specific fibres are 
destroyed To do th~s, noradrenerglc projections are often 
destroyed w~th the neurotoxin 6-hydroxydopamme 
(6OHDA), which is taken up by both noradrenergic and 
dopaminergic terminals, and destroys these projections 

while leaving most other cells and fibres Intact During the 
first week after birth, systemic injections of 6OHDA destroy 
noradrenerglc projections within the rat brain [23,24] At 
later ages this is no longer so, presumably due to maturatxon 
of the blood-brain barrier, and 6OHDA has to be injected 
into the brain, which may cause non-specific damage [41] 
However,  systemic 6OHDA has the disadvantage of  de- 
creasing the adrenaline and noradrenahne contents of var- 
ious organs [13,47] Such chemical sympathectomy may also 
lead to v inous  functional abnormahties 

The disadvantage of  local application of  6OHDA is evi- 
dent from studies on experience dependent changes m the 
organization of the kitten wsual cortex Plastic properties of 
the kitten visual cortex are lmpaxred by local perfusion of 
6OHDA [4,25], but not by systemic injections [4] or reJec- 
tions into the locus coeruleus [1] Contradictory results were 
obtained w~th intraventrlcular mject~ons [1, 15, 25] All these 
methods of application reduced the noradrenahne content of 
the visual cortex substantially In a recent study m which 
several doses of  6OHDA were infused into the visual cortex, 
it was shown that the observed decrease in plasticity is prob- 
ably the result of  non-specific effects of large doses of 
6OHDA [49] Our own studies on a possible role for norad- 
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r enahne in the growth and plasticity of the developing rat s 
cerebral cortex, however, demonstrated that other problems 
are encountered when interpreting effects of neonatal pe- 
l~pheral 6OHDA treatment [10] Exposing young rats to 
enriched environments stimulates the development of then 
cerebral cortex This increased cortical growth appeared to 
be reduced by systemic injections of 6OHDA, but a reduc- 
tion in body weight, possibly due to disruption of peripheral 
noradrenerglc functions, interfered w~th the lnterpretaUon of 
differences between 6OHDA treated and control rats When 
the study was repeated using mtraventrtcular treatment, we 
found no difference in susceptlblhty to enriched rearing 
conditions between lesioned and control rats [ 11] Sunda~ly 
lesions of noradrenerg~c pathways caused by a second 
neurotoxin, DSP4, were found to have quite different effects 
on behaviour than do 6OHDA lesions [3] Systemic mjec 
tions of DSP4 destroy central noradrenergic pathways m 
adult rats, but some of the behavioural effects of th~s treat 
ment may be due to changes outside the central nel~ous 
system [22,39] In order to avoid such problems, we decided 
to inject 6OHDA into rats" lateral ventricles, thus reducing 
the chance of both peripheral noradrenergic denervatlon and 
local, extensive non-specific damage at specific mjecnon 
s~tes As the neonatal subcutaneous treatment ~s based on 
the permeability of the blood-brain barrier to 6OHDA, ~t ts 
unlikely that injecting the toxin into the ventricles at that age 
will leave peripheral noradrenerg~c function unaffected so 
that we chose to walt until the rats were 12 days old 

In behav~oural studies using adult rats les~ons of spet.ihc 
noradrenerg~c pathways have been demonstrated to cause 
specific deficits m behavlour (reviewed in [21,28]), so that 
even hawng decided to reject 6OHDA d~rectly into the brain 
~t is unportant to determine precisely which projections have 
been destroyed We determined the extent of the les~ons m 
seveial ways, choosing the noradrenahne content of the 
heart as a measure for peripheral noradrenahne levels 
I 1 :L47] We also kept record of rats' body weights and dafl~ 
food intake, as measures of general development We used 
an eight-arm radial maze to test the 6OHDA treated ~,tls' 
~patial working memory, an aspect of behav~our that ha~ 
been ~eported to be affected by adult 6OHDA treatment 
~[2,30] but see [12,19]) Furthermore, we examined whether 
this form of noradrenahne depletion affects rats" abdlt} to 
learn a lever-pressing task 

Reducing the cortical noradrenahne content w~th 6OHDA 
has been reported to increase the noradrene~gic receptor 
density [16, 24, 40, 46] This may compensate for some func- 
tional abnormaht~es that would otherwise occur after ~uch 
lesions, and may mask behavloural effects of the depletion 
w~thout there being substantml regeneration of noradrener- 
gic fibres If the loss of noradrenahne ~s indeed compensated 
lot by changes m receptors, 6OHDA treated rats' sen- 
sit~vit~es to the sedative effects of noradrenerg~c agomst, 
should have increased Neonatal noradrenerg~c denervatlon 
has been shown to cause behavloural supersensitivity to 
both alpha and beta adrenergtc agonlsts [26,44] In order to 
check whether receptor supersensitivity could be masking 
behavioural effects of the denervat~on, we determined the 
sens~tivay of the rats' performance m the lever-pressing task 
to adrenerg~c agomsts for which pilot studies had shown 
sedative effects 

METHOD 

All the rats used in th~s study were W~star rats born in our 

ammal colony, cross-tostered at bu-th, and raised In groups 
of 5 male and 3 female pups per mothex Only the male rats 
were used m the present study On postnatal day 12 2/xl of 
saline contaunng 50 ~g of 6OHDA (HBr, Sigma, freshly dl~ 
solved for each rat) was injected into each lateral ventNck 
[7,8] under ether anaesthesia Control~ received the same 
treatment except for omission of 6OHDA After weamng the 
male rats were housed m groups of fotn per cage ,it 21°C : 
humidity of 50-60°/~ and a 12 hr llght/I ~ hr dark cycle with 
hghts on at 1 30 p m 

Behawoural testing started when the ,,,ts ~e,e  thlec 
months old They were tested at the beginning of the light 
pel lod, after which they were allowed ~,~.cess to food fol one 
hour Sixteen rats' spat,al memory wd- tested m an 8 drm 
radial maze and another group of 16 zat, was tested on ,, 
fixed-consecutive-number IFCNI tevet-pres,mg task with ~, 
discriminative stunulus [331 The lattei took place u~ 
Grason-Stadlei ~model l l l l -L~  ~ondinonmg chamber~ 
equipped with a lever and a lamp on e~thel srde ot a pellet 
retneval umt The radial maze was m a room wrth ample 
wsual cues, and sound from a radio at ,~ hxed position The 
conditioning chambers were reside ~model 1101) reseaich 
chests with fans providing masking noise and flesh ,m 

Eight 6OHDA treated rats and 8 connols were tested m ,t 
radial maze with 8 arms (85 cm long ~m wide', radiating 
from a central platform Access to these arms could be 
obstructed by a door (for more details ~ee [5t]) On the fi~st 
day, groups of four rats were placed wahm the ladlal maze 
for t5 minutes with ample food spread all over the flool 
During 3 more pre-trainmg session, the door~ remained 
open. and food pellets were placed (1 pel arm) at an mcreas 
mg distance from the central platform "lhereaftei a >rngte 
pellet (Noyes, 45 rag) was placed m a hollow at the end oi 
each , u r n ,  s o  that rt was not visible from the cenn at platform 
Individual rats were placed m the central platform ,rod the 
doors were opened simultaneously so that the rat could ente~ 
,in arm Once the rat entered an arm (all 4 legs off the central 
platform I, all doors were closed except fol that of the ,um 
that the rat had just entered This last door wn~ closed as 
soon as the l at reentered the central plattorm, and there was 
a S second inte~-tnal interval betole the ttoo~ s opened a g a i n  

Rats remained in the maze until they had e~ther obtained atl 8 
pellets or had failed to do so within 10 minutes Rats were 
subjected to 20 training sessions during 4 weeks 

E~ght other 6OHDA treated rats and ~ more controls were 
tested on the FCN schedule w~th ,~ x~sual discriminative 
stunulus [33] Rats had to press the telt hand le~er 10 tunes 
lor the lights to go on, and then to pres~ that on the right m 
order to get the food pellet reward Sessions were terminated 
e~ther after 45 minutes or when the rat, had obtained 60 food 
pellets On the first session the hght~ ~emamed on, and iat~ 
were trained to press the right lever During the next ten 
days the number of left-lever presses that were reqmred to 
turn on the light was increased by one per day We detel- 
mined the number of tunes that the ~,tts pressed the wrong 
lever and the time it took them to obtain a food pellet Once 
performance had stabdlzed, we recorded the mean ume that 
elapsed between tl) the first and tenth press on the left 
lever, (2) light onset and the response on the right levei, and 
13) the rewarded right-lever press and the next press on the 
left lever To test for impairments due to metabolic or ap- 
petitive factors, we measured the body weights and food 
retake of the ~ats that were tested on the FCN task once a 
week during the 11 weeks of testing 

During the next three weeks, we examined how the rats 
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T A B L E  1 

MEDIAN NORADRENALINE AND DOPAMINE CONTENTS OF VARIOUS REGIONS AS 
DETERMINED BY DIFFERENT METHODS 

Noradrenahne Dopamlne 

Area Control 6OHDA Control 6OHDA 

HPLC ng/mg Tissue (8 rats per group) 
Occipital cortex 0 45 <0 05* 
Parietal cortex 0 32 <0 01 ~ 
Frontal cortex 0 51 0 03* 
Hlppocampus 0 37 0 03* 
Amygdala 0 67 <0 30* 
Thalamus 0 61 0 49 
Hypothalamus 1 60 0 77* 
Cerebellum 0 24 0 04* 
PondMedulla 0 79 1 01 

Radloenzymatlc+ ng/mg Tissue (5 control and 4 6OHDA-treated rats) 
Neocortex 0 57 0 09* 0 28 0 12" 
Cerebellum 0 57 0 17" 
Spinal cord 0 29 0 04 ~ 0 04 0 03 

Radloenzymauc ng/mg Protein Inumber of rats per group in brackets) 
Parietal cortex 1 22 0 36 ~ 0 34 0 18" 
Frontal cortex 1 79 0 21" 6 56 1 08* 
Hlppocampus 1 95 I 00" 0 63 0 56 
Amygdala 2 33 0 58* 0 31 0 24 
Thalamus 2 39 1 23* 0 81 0 77 
Hypothalamus 3 30 2 11" 1 16 1 16 
Cerebellum 1 83 0 25 ~ 0 02 0 03 
Pons/Medulla 5 22 5 79 0 20 0 24 
Spinal cord 3 7~ 0 39* 0 25 0 23 
Heart 3~ 6 33 1 

[131 
151 
141 
151 
ISj 

I l q  
t51 

1131 
ISl 
ISt 

*Slgmficantly different from controls ¢Mann Whitney U-test 5% le,,eb 
tRats tested on the FCN task 
<Medmn content less than given detection hmlt 

p e r f o r m a n c e  on  the  F C N  task  was  affected by var ious  doses  
o f  ~soprenahne,  m o rde r  to d e t e r m i n e  w h e t h e r  r ecep to r  
supersens i t iv i ty  could  have  c o m p e n s a t e d  for  the  ch romca l ly  
r educed  level of  n o r a d r e n a h n e  To do so, we re jected rats  
wi th  0, 5, 10, 20 or  40 tzg/kg of  l s o p r e n a h n e  ( subcu taneous ly  
m 0 1 ml saline) ha l f  an  hou r  before  the sess ion  Each  dosage 
was g iven  once  a week ,  doses  be ing  p r e s e n t e d  in a r a n d o m  
orde r  within each  week  Af ter  tes t ing  for  supersensl t lvzty  to 
per iphera l ly  in jec ted  l sop renahne ,  s ta inless  steel 
c a n n u l a e - - f o r  cen t ra l  i n j e c t i o n s - - w e r e  Implan ted  into the 
ra ts '  r ight  lateral vent r ic les  (under  f en tany l  anaes thes ia )  
Af te r  severa l  days  o f  unhmi t ed  access  to food,  the  rats  were  
food-depr ived  as before ,  and  then  t e s t ed  for  two more  
weeks  All ra ts  tha t  had  rega ined  the i r  p re -opera t lve  level of  
p e r f o r m a n c e  then  r e c e w e d  the  same doses  of  ~soprenallne (In 
0 5/~1 o f  saline),  in jec ted  di rect ly  into  the i r  vent r ic les  5 min-  
utes before  behav lou ra l  tes t ing  The  p rocedu re  was o ther -  
wise  ident ical  to tha t  desc r ibed  a b o v e  A l though  It is unusua l  
to reject cen t ra l  doses  pe r  um t  body  weight ,  th is  was done  m 
o rde r  to ease  the  c o m p a r i s o n  w~th pe r iphe ra l  admin i s t r a t ion  
Pilot s tudies  had  a l ready  suggested  tha t  In t ra -ven t r l cu la r  in- 
j ec t ions  are less e f fec twe  Final ly ,  the  alpha-2 agonls t  
c lomdine  (40 ~g/kg)  was  reJected into the  vent r ic le  on  two 
sess ions  and  subcu t aneous l y  on  two s u b s e q u e n t  sess ions  
This  drug IS k n o w n  to affect  cent ra l  neuro t ransm~ss lon  w h e n  

a I , . .  

- -  con t ro l  

L 

5 10 15 20 
sessions 

FIG 1 Number of consecuuve correct responses Median number 
of arms entered before the first error m the radml maze 

a d m l m s t e r e d  per iphera l ly  Af te r  the  last  e x p e r i m e n t  we ver-  
Ified tha t  the in jec t ion  p rocedure  had  re leased  the  drugs in to  
the  vent r ic le  by  in jec t ing 0 5/xl of  dye t h rough  the  cannu lae  
of  four  rats  

Af te r  behav ioura l  tes t ing,  ca techolamzne  concen t r a t i ons  
were  d e t e r m i n e d  in var ious  areas  o f  the  b ra in  The  norad-  
r e n a h n e  con t en t s  of  the group tha t  had  been  tes ted  m the  
radial  maze  were  m e a s u r e d  by  r eve r sed  phase  high p ressu re  
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rats to obtain a reward after performance m the FCN task had 
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FIG 3 Medmn body weight and dmly food retake d u n n g  the period 
that  the rats were performing the FCN task 

hqmd chromatography (HPLC) with electrochemical detec- 
tmn, using a 15 cm Nucleosfl 5C18 column and a Metrohm 
656 detector operated at 700 mV against a Ag/AgCI reference 
electrode The mobtle phase (0 1 M acetate buffer pH 3 5 
with 0 2 mM heptanesulphomc acid) was dehvered at 0 8 
ml/mm by a Hewlett-Packard 1090 pump Noradrenahne was 
isolated from homogenates on Sephadex G10 [53] The 
" thalamus" in the employed dissection procedure corre- 
sponds to the midbram in [18] (excluding colhcuh) 

The noradrenahne and dopamme of brains of the rats that 
had been tested in the operant condmonmg chambers were 
determined ra&oenzymatically [50] In this case the contents 
were determined for the neocortex, cerebellum and spinal 
cord The secUon called "neocortex" consists of all oI the 
dorsal part of the cerebral cortex ldlssected as in [24]) Fur- 
thermore, the contents of various brain areas of a third group 
of rats (that had not been tested behawourally) were also 
determined using this method For th~s third group we also 
determined the noradrenahne content of the heart Parietal 
cortex, amygdala, thalamus, and hypothalamus were dis- 
sected from a brain slice starting at the level of the optic 
chmsm and ending 4 mm caudally 

Retrograde tracing with wheat germ agglutmln- 
horseradish peroxidase (WGA-HRP) was used to demon- 
strate that the noradrenerg~c fibres had actually been de- 
stroyed by the 6OHDA treatment, as this method does not 
depend on the noradrenahne content of the fibres Nine ad- 
ditional rats from the same breeding, cross-fostering and 
treatment series received injections of 0 2 ~1 of a 3% WGA- 
HRP solutxon into thetr occipital cortex The WGA-HRP was 
d~ssolved in Tns  (pH 7 4) and rejected 2 5 mm lateral to the 
sagittal sinus, 2 mm anterior to lambda and 1 mm downwards 
from the brain surface of (fentanyl) anaesthetized rats At 
least one 6OHDA treated and one control rat were always 
rejected with WGA-HRP on the same day, and their brains 
were processed simultaneously Four days after mjectmg the 

WGA-HRP, the rats were anaesthetized with 10°A urethane 
(ethyl carbamate, 13 ml/kg body weight) and perlused with 
1 25°~ glutaraldehyde and t°A paraformaldehyde Seventy 
txm sections of the brain-stem were treated wah tetra- 
methyl-benzldme (TMB) [31], after which all stained cells m 
the locus coeruleus were counted 

In no part of this study did the experimenter know which 
ammals had been treated wah 6OHDA and which were con- 
trols The behawoural effects of 6OHDA were evaluated 
with Kruskal-Walhs H-tests, except for the drug sensalvlty 
data that were evaluated with group by dose analyses of 
varmnce on log-transformed data with rats nested w~thm 
groups 

RESUI ] g 

In locus coeruleus sections ot five control rats we round 
an average of 268 retrogradely WGA-HRP stained cells lp- 
sdateral and 14 corrtralateral to the Mte of mjecUon In 
6OHDA treated rats we counted 16 cells lpsdateral and none 
contralateral to the site of WGA-HRP rejection in the occipt- 
tat cortex This corresponds well with the reduction m the 
noradrenahne content of the occipital cortex (Table 1) The 
dramatic reduction m the number of stained cells is unlikely 
to be due to methodological flaws, because the raphe nuclei 
always did contain stained cells in the same sections The 
6OHDA treatment reduced the noradrenahne content ol 
many brain areas and of the spmat cord considerably, and 
also reduced the dopamme content of the cortex (Table 1) 
When the HPLC method was not sensmve enough to meas- 
ure the residual noradrenahne content, the detection hm~t m 
brain tissue was taken as the content value, and whenever 
th~s affected the median content, the latter was reported as 
being less than the detection lima (Table 1). The large deple- 
tion in spinal-cord noradrenahne is consistent w~th the ob- 
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served reduction, and often even complete absence, of a 
post-decapitation reflex [36] 

6OHDA treated rats needed as many trmls to obtain all 8 
food pellets in the radml maze, and performed this task as 
quickly as controls did In Fig 1, the median number of 
consecutive correct responses that the rats made on each 
session shows that the 6OHDA treated rats learned the task 
as readily as the controls did (even the dechne in the 6OHDA 
treated rats medmn performance on day 6 did not lead to a 
s~gnlficant difference between the two groups of rats on that 
day) Furthermore, we found no indications that lesioned 
rats adopt a different strategy for performing the task In the 
FCN task, 6OHDA treated rats learned to press the levers in 
the required order as quickly as the controls did, and at no 
stage did they make slgmficantly more mistakes (1 e , press 
the lever on what was the wrong side at that particular mo- 
ment) than the controls dM However, from the first day of 
testing, they took more time to obtain the food pellets On 
the 9th to l lth week of testing 6OHDA treated rats took 
s~gmficantly more t~me to (1) press the left lever 10 times 

H(1)=3 19, (2) respond to hght onset, H(1)=3 57, and (3) 
press the left lever again, after recelwng a food pellet, 
H(1)=3 57 (Fig 2) The 6OHDA-treated rats' body weights 
and food intake did not differ slgmficantly from those of the 
controls (Fig 3) 

The effects of central and pempheral injections of lSO- 
prenallne and clomdlne on peformance m the FCN task are 
summarized m Fig 4 Subcutaneous rejections of lsopren- 
aline, as well as both central and peripheral injections of 
clonldme, increased the amount of time that it took the rats 
to perform the sequence of actions leading to their obtaining 
a food pellet, Central rejection of lsoprenahne did not 
Analysis of variance showed that the 6OHDA treated rats 
still took significantly more time on the 1st and 3rd meas- 
ures i e ,  to press the lelt lever 10 times, F(1.14)=8 74, 
p<0  01. and to press the left lever after recewlng a food 
pellet, F(1,14)=4 97, p<0  05 Furthermore, there was a sig- 
nificant dose mare effect for all three measures, 
F(4,56)=21 24, 7 27 and 56 70 respectively all p<0  001 
The dose-by-group interaction for the time taken to start 
pressing the left lever after receiving a food pellet Just 
reached s~gnlficance at the 5% level, F(4,56)=2 56, but this 
parameter for evaluating group differences in drug senslt~vlty 
was clearly not significant for the other two behavloural 
measures Both subcutaneous and mtraventricular injections 
of clonldlne increased the time that it took the rats to obtain 
the food pellets, but Identical amounts of clonldlne had much 
less effect when administered centrally than when adminis- 
tered peripherally 

DISCUSSION 

Injecting 6OHDA into rats' lateral ventricles on post- 
natal day 12 appears to be an efficient method for depleting 
the forebrain of noradrenahne Differences between the 
noradrenahne contents of some areas of the three groups ol 
rats" brains may partly be related to differences in the dis- 
section procedures However. we also observed some dif- 
ferences in local susceptibihty to 6OHDA between individ- 
ual rats A clear example was observed in two of the rats that 
were tested in the radial maze (performance similar to that of 
all others) that had almost normal noradrenahne contents in 
the cerebellum, although the contents of othe~ areas were 
severely depleted The similarity between the extent of de- 
pletion found in the occipital cortex, and the decrease in the 
number of retrogradely stained cells after injection ot the 
tracer into this area, confirms that the decrease in norad- 
renahne content can be used as a measure for the number of 
projections that have been destroyed Spinal cord and cere- 
bellar noradrenahne, as well as cortical dopamlne, were also 
drastically reduced In future studms, dopammerglc fibres 
may be protected by injecting a dopamme uptake blocker 
prior to the 6OHDA treatment [48] In contrast to what we 
found after neonatal subcutaneous 6OHDA treatment [10], 
the present treatment does not affect the rats' body weights 
Furthermore, the noradrenahne content of the heart re- 
mained unaffected and food retake was unlmpmred It ~s un- 
hkely, therefore, that behavioural effects found alter this 
treatment are due to changes in peripheral noradrenerglc 
functions [38] 

The 6OHDA treated rats performed as well as controls m 
the radial maze, confirming reports that rats do not need an 
intact noradrenerg~c lnnervatlon of the forebraln to perform 
this task [ 12] In the latter study adult rats were treated with 
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DSP4, which caused a considerably less severe depletion ol 
noradrenahne Furthermore, unhke results reported fo~ 
dopamme depletion [32], we found no md~cat~on of a d~ffer- 
ence in strategy between lesioned rats and controls The 
strategy of choosing adjacent arms ~s less likely to occur m 
our tests, because the rats were forced to wmt m the centre 
for 5 seconds between arm entnes During this Inter-trial 
interval the rats usually walked around The results support 
several reports of Intact spatial learning on other tasks afte~ 
adult 6OHDA lesions ([19,34] but see [2,29]) Rats that were 
treated w~th 6OHDA during early development have been 
found to be Impaired at performing a delayed spatial alterna- 
tion task m a Y-maze [30] Th~s could indicate that mta~.t 
noradrenerglc projections are essential for the development 
of mechanisms underlying spatial orientation and memory 
In a prewous study [9] we found that neonatal depletion ol 
cortical noradrenahne by subcutaneous injections ol 
6OHDA did not prevent rats from learning a delayed spatml 
alternation task The latter task was similar to that in the 
Y-maze, except for the fact that the response that was re- 
quired of the rat was to press the two levers of an operant 
condmonmg chamber However, the depletion of cortical 
noradrenahne m that study was rather modest (50°~) The 
present findings also do not support the developmental hy- 
pothesis the 6OHDA treated rats of the present stud} 
showed no deficit in spatml working memory when tested m 
a radial maze We conclude that noradrenerg~c projections 
are not crucially involved in spatial memory or m the devel 
opment of the mechanisms underlying It 

In the FCN task, the 6OHDA treated ~ats learned to pres~ 
the levers in the required order as readily as the controls did 
However, they were slower at performing the task Although 
adult dorsal noradrenerglc bundle les~oned rats were not 
slower at this task (unpublished observations), x~e 
cannot--a t  present--conclude that this must be a devel 
opmental effect, as it may be the result ot noradrenahne 
depletion in either the spinal cord or the cerebellum, and/ol 
of dopamme depletion Neonatal 6OHDA les~ons of spinal 
cord noradrenerglc terminals have been reported not to af 
feet rats' complex motor behavlour e~ther during develop- 
ment or as adults [36] Depletion of cerebellar noradrenahne 
during development has also been reported to leave motto 
performance unaffected [28] In adult rats, 6OHDA les~ons 
of the noradrenergic irmervation of the cerebellum have been 
reported to cause impaired acqulsmon of locomotor be- 
havtour, but there was no effect on post-acqmsittonal pei- 
formance 152] In the present study the 6OHDA treated rat~ 
still took more time to obtain a food pellet long after per- 
formance had stabilized The third suggested cause for the 
reduced rate at which the 6OHDA treated rats obtained the 
food pellets ~s the considerable reduction m cortical 
dopamine Central dopamlnerglc systems have often been 
implicated in motor performance [21 28, 37, 45] Further- 
more, dopamlne depletion has been reported to result m 
hyperactivity during development [35] We found no indica- 
tions of hyperactivity or Impaired motor performance after 
intraventncular 6OHDA on day 12, e~ther m the radial maze 
during this study (the 6OHDA treated rats retrieved the food 
pellets as fast as the controls did), or in a previou~ stud~, 

using a Y-maze [8] In the latte~ study we also round m~ 
deficits m performance We did find a ~lmdar reduction m 
the speed of performing a lever-pres,,mg task after lhe 
above-mentioned neonatal subcutaneous 6OHDA t, eatment 
that reduced the noradrenallne content by about halt, and 
which did not slgmficantly reduce the dopamme content ]9~ 
Fhe fact that noradrenahne lesioned rat, took more time u~ 
press the levers may therefore be ,~ ,peclfically devel- 
opmental effect, but further research wdl be needed to ~u~l~l~ 
th~s conclusion 

We faded to determine whethel compensatory changes m 
the sensttLvity of beta-adrenerglc recepto~ s were masking the 
behawoural effects of the les~on, because central admm~- 
trahon of lsoprenahne had no detectable effect on perform- 
ance m e~ther group Th~s was even so ~hen the amomlt ot 
the drug that was rejected was such that it clearly reduced 
the late of response when administered peripherally These 
~esults are s~mdaT to those obtained m ~tudies on drinking 
behawour, where much large1 doses ot l~oprenahne were 
needed to ehclt a response when admlm~tered centrally than 
when admimstered peripherally [17,421 We did nor use 
higher doses, because it would have been difficult to dectde 
whethel the drug was really affecting central receptors o~ 
simply leaking out of the brain and affecting penphel~d ~e- 
ceptors 

We may not trod ettects are] centl,q InJections ot ls~, 
pwenahne, because the drug is too rapidb metabohzed within 
the brain, ol is unable to reach the receptor~ when injected m 
the lateral ventricles These suggestions could not account 
Iol the ~esults of the above-mentioned studies on drinking 
behavlom In those studies tsoprenahne was reJected dJ- 
l ectly into the presumed sites of achon the lateral hypoth,d- 
amus I42l and the latelal septal area !1"7, t Mthough DSP4- 
reduced noradrenerg~c les~ons ha~e bee~, ,hown to me,ease 
the electrophyslologlcal responsiveness to lsoprenahne m 
hlppocampal slices [54], in which case peripheral effects can 
obwously be excluded, our findings that I 1) response Jate, 
,ue reduced by central injections o[ clonidme--whlch passe~ 
the blood-brain barrier more leadlly than does isoprenahne 
due to rots lipid solubility, and (2) central mject~ons ot 
clomdme are less effectwe than subcutaneous injections 
~upport the ~dea that the agonlsts muq enter the blood m 
o~de~ to affect behav~om This may he because th~s i- the 
only path by which they can reach theH ~arget areas m the 
b~am, but may also indicate that the target areas m¢ no! 
w~thm the brain It has been shown |o~ instance, that the 
increased blood glucose level after ~yqemlc injections ol 
clomdlne is not mediated by cent~ al effects [43] We behex e 
that the ewdence ~s m favom of interpreting the behav~oural 
effects of the adrenerglc agomsts of the present stud} a, 
being mediated by peripheral adrenmg~c receptors q he 
slight change in sensitivity to subcutaneous mject|ons of 
~soprenaline for one of the three measures of performance 
may, therefore, md~cate that not all peripheral projections 
have been left unharmed We conclude that at least some 
aspects of learnmg, memory and sensol }-motor performance 
can develop normally even when noradrenergic mnervation 
is largely destroyed 
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