
European Journal of Pharmacology, 58 (1979) 217--223 217 
© Elsevier/North-Holland Biomedical Press 

6-HYDROXYDOPAMINE DURING DEVELOPMENT: RELATION BETWEEN OPPOSITE 
REGIONAL CHANGES IN BRAIN NORADRENALINE * 

LUIS MARI~A ZIEHER and GUILLERMO JAIM-ETCHEVERRY ** 

Instituto de Biologla Celular and C~tedra de Farmacolog[a, Facultad de Medicina, Paraguay 2155, 1121 
Buenos Aires, Argentina 

Received 24 January 1979, revised MS received 28 March 1979, accepted 11 June 1979 

L.M. ZIEHER and G. JAIM-ETCHEVERRY, 6-Hydroxydopamine during development: relation between opposite 
regional changes in brain noradrenaline, European J. Pharmacol. 58 (1979) 217--223. 

The perinatal injection of the neurotoxic compounds 6-hydroxydopamine and 6-hydroxydopa, persistently 
alters the ontogenesis of central noradrenergic neurons in rats, i.e. there is a long-lasting elevation of  noradrena- 
line (NA) in the brain stem and the cerebellum and a reduction in the cortex and spinal cord NA. The latter has 
been interpreted as due to the destruction of NA-containing terminals while the increase of NA in the brain stem 
seems to result from a neuronal outgrowth thought to be the response to forebrain denervation. To study the 
importance of  this process for the increase of brain stem NA, various doses of  6-hydroxydopamine were given 
intraventricularly at birth. Small amounts of the compound (12.5--50 pg) produced the expected effects but 
75 pg, while similarly depleting cortical and spinal NA, failed to increase NA levels in the brain stem and the 
cerebellum. This dissociation could be due to the fact that the high dose of  6-hydroxydopamine altered the 
noradrenergic neurons to such an extent as to prevent their sprouting when stimulated by the denervation. How- 
ever, the systemic injection of 6-hydroxydopa given at 3 days of age, increased brain stem NA to a comparable 
extent in non-treated rats and in those that received 75 pg of 6-hydroxydopamine at birth. These results suggest 
that forebrain denervation is not the sole stimulus responsible for triggering the processes leading to the increase 
of NA in the brain stem. 
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1. Introduction 

It has been repeatedly shown that the 
perinatal administration to rodents of the 
neurotoxic compounds 6-hydroxydopamine 
(6-OH-DA) or its precursor amino acid 6-hy- 
droxydopa (6-OH-DOPA), produces marked 
alterations in the development of their central 
noradrenergic neurons. The most characteristic 
effect of this treatment is a marked depletion 
of noradrenaline (NA) from the forebrain and 
the spinal cord and an elevation of NA levels 
in the brain stem and in the cerebellum. The 
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increases in NA content are markedly depen- 
dent on the period of maturation in which the 
developing neurons are injured by the neuro- 
toxic agent (for references see Jaim-Etcheverry 
and Zieher, 1975, 1977; Kostrzewa and Garey, 
1976; Sachs and Jonsson, 1975a,b}. 

Little is known about the nature of the 
stimuli leading to the long-lasting NA 
increases in the brain stem and the cerebellum 
or of the mechanisms responsible for these 
specific changes. There is evidence suggesting 
that they are due to the outgrowth of nor- 
adrenergic neurons (Sachs et al., 1974; Sachs 
and Jonsson, 1975a,b; Bendeich et al., 1978) 
although some recent observations challenge 
this view (Peters et al., 1977). It has been also 
suggested that the decrease of NA in the fore- 
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brain is due to the denervation of  this terri tory 
and that this constitutes one of  the main 
stimuli for the proximal outgrowth of the 
neurons responsible for NA elevation in the 
brain stem and the cerebellum (Sachs et al., 
1974; Sachs and Jonsson, 1975a,b; Jonsson 
and Sachs, 1976). However,  some experimen- 
tal findings conflict with this interpretation. 
For example, after 6-OH-DOPA was injected 
to pregnant rats on day 14 of  gestation, NA 
increased in the brain stem of the adult off- 
spring wi thout  the expected accompanying 
decrease of  telencephalic NA (Jaim-Etche- 
verry and Zieher, 1975; Zieher and Jaim- 
Etcheverry, 1975a).  This dissociation was 
recently confirmed when similar experiments 
were performed in mice (Kostrzewa et al., 
1978) and was also observed in serotonergic 
neurons of adult rats injected at 7 days of  age 
with 5,7~l ihydroxytryptamine (Sachs and 
Jonsson, 1975c). 

These findings prompted an analysis of  the 
contr ibution made by  the denervation of the 
forebrain to the elevation of  NA in the brain 
stem and the cerebellum. In the experiments 
to be reported,  the dissociation found was 
opposite to that  just described. Forebrain NA 
was reduced in adults rats after a high dose of 
6-OH-DA given at birth wi thout  a simulta- 
neous increase of  NA in the brain stem. The 
neurons however conserved their capacity to 
respond with such an increase when they were 
injured at 3 days of  age with 6-OH-DOPA 
given systemically. 

2. Materials and methods 

2.1. Treatment of  animals 

Within 12 h after birth, rats of the Wistar 
strain and of both  sexes received an injection 
aimed at the right lateral ventricle and given 
free hand. To insure its penetration into the 
ventricle the length of  the tip of  the needle 
was  determined in preliminary trials by  
injecting 5/zl of India ink. Animals receiving 
5 pl of saline containing 0.5 mg/ml ascorbic 
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acid served as controls while several groups of 
rats received, in the same diluent, various 
doses of  6-hydroxydopamine (6-OH-DA) (2,4, 
5-trihydroxyphenylethylamine hydrobromide,  
Hoffmann-La Roche & Co.): 12.5 pg; 25 pg; 
50 pg and 75 pg (doses are expressed as free 
base). In each group some animals were given 
72 h later, i.e. at 3 days of age, a subcutaneous 
injection of  100 pg/g of 6-hydroxydopa (6- 
OH-DOPA) (L-2,4,5-trihydroxyphenylalanine, 
Hoffmann-La Roche & Co.) dissolved in 0.1 
ml of  0 . 0 0 1 N  HC1. The controls for this 
t reatment received a subcutaneous injection 
of the vehicle alone. 

2.2. Tissue sampling 

At 30--40 days of  age when changes in 
central noradrenergic neurons after neuro- 
toxic compounds  are already established 
(Zieher and Jaim-Etcheverry, 1973),  rats 
were killed by  decapitation, their brains were 
exposed and the olfactory tubercles and the 
pineal gland were discarded. The cerebellum 
was removed and the brain stem {medulla, 
pons, midbrain) was isolated by  a coronal 
section between the anterior colliculi and the 
mamillary bodies and a section of the most 
caudal margin of  the cerebellum. The cerebral 
cortex was dissected away from the rest of  
the hemispheres. 

2.3. Noradrenaline assay 

The amine was extracted from the cerebral 
cortex, brain stem, cerebellum and spinal cord 
in 0 . 4 N  perchloric acid containing 0.2% 
EDTA and 0.05% Na2S2Os. From these 
extracts, NA was isolated by  cation column 
exchange chromatography (Bertler et al., 
1958} and the content  of  the amine in the 
eluate from the column was determined 
fluorimetricaUy (H~iggendal, 1963). The 
results were not  corrected for recovery which 
was 87.3-+ 2.5%. The significance of  dif- 
ferences between values was determined by 
means of  Student 's  t-test. 
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3. Results 

3.1. Effects o f  neurotoxic compounds  on NA 
levels in the cerebral cortex and the spinal 
cord 

The concentrat ion of  NA in the cerebral 
cortex of  control  adult  rats was 256 + 12 ng/g. 
This was depleted by  an average of  93% 30-- 
40 days after the neonatal injection of  the 
various doses of  6-OH-DA; by  88% when 
6-OH-DOPA was given alone at 3 days of  age 
and by  an average of 95% when 6-OH-DOPA 
was given to 6-OH-DA-injected animals. All 

these changes were statistically significant 
(P < 0.001). 

In the spinal cord of  adult  rats, the concen- 
tration of  NA was 237-+ 10 ng/g and this 
was not  altered 30--40 days after the intraven- 
tricular injection of 12.5 pg of 6-OH-DA at 
birth. At that  time, all other  doses of  6-OH- 
DA injected at birth reduced spinal cord NA 
by  an average of 86%. 6-OH-DOPA injected 
at day 3 of  age, reduced spinal cord NA by  
85% in adult rats and when given in combina- 
tion with 6-OH-DA, it reduced NA levels by  
an average of  88%. All these changes were 
statistically significant (P < 0.001). 
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Fig. 1. Modifications in the content  of  endogenous NA of the brain stem (left) and the cerebellum (right) of  30-- 
40 day old rats that received either different doses of  6-OH-DA intraventricularly on the day of birth (open bars) 
or 6-OH-DOPA 100 #g/g at 3 days of  age (shaded bars) alone or after 6-OH-DA. Results are expressed as percent- 
ages of the untreated control values (ng NA/g weight): brain stem 499 -+ 16; cerebellum 200 -+ 6. Each value 
represents the mean -+ S.E.M. from 4--6 groups of 6--8 rats each. ** P < 0.01; *** P < 0.001 when compared 
with controls; A p < 0.05 when compared with either 6-OH-DA (12.5 #g) or 6-OH-DOPA alone; B p < 0.001 
when compared with 6-OH-DA alone; c p < 0.01 when compared with 6-OH-DA alone. 
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3.2. Effects o f  neurotoxic compounds  on N A  
levels in the brain stem 

In 30--40 day old rats injected intraventri- 
cularly at birth with either 12.5 #g, 25 pg 
or 50 pg of  6-OH-DA, there was a marked 
elevation of  the NA content  in the brain 
stem (fig. 1). The injection of  7 5 p g  of  
6-OH-DA however, did not  produce long- 
term changes in NA levels in the brain stem. 

The effects on brain stem NA of 100 pg/g 
of 6-OH-DOPA injected systemically at 3 
days of  age either to normal or to 6-OH-DA- 
treated rats, are also shown in fig. 1. The 
amine levels increased in normal rats as well 
as in those that  received various doses of  
6-OH-DA at b i r th ; the  combinat ion of  12.5 pg 
of  6-OH-DA with 6-OH-DOPA 3 days later 
increased NA levels more than either 6-OH- 
DA or 6-OH-DOPA alone. The elevation of 
brain stem NA produced by 6-OH-DOPA in 
animals treated with 25 #g or 50 #g of  6-OH- 
DA was similar to that produced by 6-OH-DA 
or by 6-OH-DOPA alone. Finally, the injec- 
tion of 6-OH-DOPA to rats previously treated 
with 75 pg of 6-OH-DA, markedly increased 
brain stem NA. This elevation, not  seen after 
6-OH-DA alone, was of the same magnitude 
as that  produced by 6-OH-DOPA injected at 
day 3 either to normal rats or to animals 
treated with 25 #g or 50 tzg of  6-OH-DA. 

3.3. Effects o f  neurotoxic compounds  on NA 
levels in the cerebellum 

NA increased in the cerebellum of  rats 
injected at birth with 12.5 tzg, 25 ttg or 50 
#g of  6-OH-DA but  not  in those receiving 
75 pg of  the compound  (fig. 1). 

The injection of  6-OH-DOPA at 3 days of 
age did not  modi fy  NA levels in the cerebel- 
lum of adult  rats (fig. 1). The administration 
of  the amino acid to rats treated 3 days 
earlier with either 12.5 #g, 25 tzg or 50 tzg 
of 6-OH-DA interfered with the increase in 
cerebeUar NA produced by  these treatments.  
The administration of  6-OH-DOPA to rats 
treated with 7 5 p g  of  6-OH-DA did not  

markedly change the NA content  of the 
cerebellum. In all cases, NA levels in the 
cerebellum of rats receiving both  compounds  
were slightly higher than those of  controls 
and of  animals injected with 6-OH-DOPA 
alone. 

4. Discussion 

The permanent elevation of  NA levels in 
the brain stem and the cerebellum after the 
perinatal administration of  neurotoxic com- 
pounds could result from an increased 
accumulation of  neurotransmitter  in nor- 
adrenergic axons and/or an outgrowth of  
noradrenergic neurons in the vicinity of the 
cell bodies. There is convincing evidence 
suggesting that the number of noradrenergic 
terminals is in fact increased (Sachs et al., 
1974; Sachs and Jonsson, 1975a,b).  It has 
also been proposed that this outgrowth of the 
neurons in the proximity of their cell bodies 
is elicited by the destruction of  the long 
projections of  the nerve cells of the locus 
coeruleus (for references see Introduction).  
Because of  this so~alled "pruning-effect" 
the total number  of  nerve terminals of the 
growing neuron would remain almost un- 
affected (Jonsson and Sachs, 1976). This 
interpretation is supported by  experimental 
evidence such as the product ion of  similar 
changes in noradrenergic neurons after hemi- 
section of  the brain in newborn rats as well 
as the parallelism found between the extent  
of  decrease of  3H-NA uptake in the cortex 
and its increase in the pons-medulla after 
neonatal 6-OH-DA (Sachs and Jonsson, 
1975a,b).  However, in some cases in animals 
treated perinatally with neurotoxic com- 
pounds the depletion of  NA in the forebrain 
and its increase in proximal territories are dis- 
sociated. One of these cases is the increase of 
NA that occurs in the brain stem of adult 
rats (Zieher and Jaim-Etcheverry, 1975a; Jaim- 
Etcheverry and Zieher, 1975) and in the 
cerebellum of adult mice (Kostrzewa et al., 
1978),  wi thout  an accompanying depletion 
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of forebrain NA, when the rodents had been 
injected with 6-OH-DOPA at days 13--14 of 
gestation. In serotonergic neurons there is a 
similar dissociation between a normal sero- 
tonin uptake in the cerebral cortex and its 
increased uptake in the pons-medulla of 
adult  rats which had been injected at 7 days 
of age with the neurotoxin 5,7<iihydroxy- 
t ryptamine (Sachs and Jonsson, 1975c). 

Another example of such a dissociation, 
albeit of an opposite nature, can be found 
in the present experiments. Low doses (12.5 
pg to 50 pg) of 6-OH-DA given intraventricu- 
larly at birth produced long-term elevations 
of NA levels in the rat brain stem and in the 
cerebellum and were accompanied by a 
marked depletion of NA in the cortex and 
in the spinal cord. The lack of effect of the 
lowest dose on spinal NA may have been due 
to an insufficient amount  of  6-OH-DA 
reaching the spinal cord. On the contrary, 
a high dose of 6-OH-DA (75pg) that  
markedly reduced cortical and spinal NA did 
not  modify  NA levels in the brain stem or 
the cerebellum. These findings can be inter- 
preted as indicating that  the neurotoxic agent 
impaired the functioning of  central nor- 
adrenergic neurons to such an extent as to 
make them incapable of  responding with an 
increase in NA levels to a reduction of fore- 
brain NA, most probably reflecting its 
denervation. However, this does not  seem to 
be the case because the systemic injection of 
6-OH-DOPA at 3 days of age to rats treated 
at birth with a high dose o f  6-OH-DA (75 
pg), determined a long-term increase in brain 
stem NA in spite of the fact that  it did not 
enhance the depletion of  cortical NA pro- 
duced by 6-OH-DA. 

Therefore, the noradrenergic neurons that  
did not respond with an increase in NA as a 
consequence of the depletion of forebrain 
NA, have an intact capacity to respond in 
such a way after a new chemical lesion. 
Alternatively, the increase in brain stem NA 
could be due to the survival after 6-OH-DA 
of  some neurons that  did not  respond at the 
time of  the initial injury but could do so after 

the injection of 6-OH-DOPA. The likelihood 
of this is weakened by the observation that  
the increase in brain stem NA produced by 
the systemic injection of 6-OH-DOPA at day 
3 was of a similar magnitude in both rats 
injected at  birth with 75 pg of 6-OH-DA 
and non-treated animals. This suggests that  
the same neurons respond with a similar 
intensity in both situations. 

Unlike what occurs in the brain stem, 6-OH- 
DOPA given at 3 days of age does not  produce 
the same long-term increase in cerebellar NA 
as it does when given earlier in development 
(Zieher and Jaim-Etcheverry, 1975b; Kostrze- 
wa and Garey, 1977). Because of this it was 
not feasible to study the possible occurrence 
of a phenomenon similar to that  observed in 
the brain stem. An interesting finding made in 
the course of this s tudy was that  while there 
were normal levels of NA in the cerebellum of 
adult rats injected with 6-OH-DOPA at 3 days 
of age, this t reatment  counteracted to a 
certain extent  the elevation of cerebellar NA 
produced by 12.5 pg to 50 pg of 6-OH-DA 
given at birth. These results are unexpected 
if it is assumed that  the normal levels of NA 
found in the cerebellum of non-treated rats 
given 6-OH-DOPA at 3 days of  age reflect the 
lack of effect of  the compound on the nor- 
adrenergic innervation of  the cerebellum. 
Therefore, such a "normal i ty"  of  cerebellar 
NA probably results from the balance of op- 
posed processes increasing and decreasing NA 
levels, most probably in neuronal groups with 
different degrees of maturation. This pheno- 
menon deserves further investigation. 

In summary, although denervation of the 
forebrain may play a role in triggering the 
outgrowth of noradrenergic neurons in other 
regions, denervation does not  seem to be the 
exclusive stimulus for this process. But if the 
present knowledge of the nature of  these 
stimuli is very limited, even less is known 
about the possible mechanisms responsible for 
the observed effects. In connection with this 
problem, the finding that  brain stem NA was 
not elevated after a high dose of 6-OH-DA 
which produced cortical NA depletion in spite 
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of the fact that the neurons were still able 
to respond, could suggest the participation of 
some processes perhaps activated by low con- 
centrations of  6-OH-DA and inhibited by  
higher doses. Some time after a high inhibiting 
dose the presence of  a lower concentration of  
6-OH-DA in the brain, such as that probably 
attained after systemic 6-OH-DOPA, may 
again activate the mechanism leading to the 
elevation of  NA levels. While this might be a 
direct effect of high and low concentrations of  
6-OH-DA, the compound  could also act 
by making available to the neuron either 
a high or a low concentration of a factor(s) 
which in turn would cause the effect. Inter- 
estingly, it is known that the outgrowth 
of  fibers determined by nerve growth fac- 
tor (NGF) in peripheral ganglia is depen- 
dent  on an optimal concentration of NGF 
(Levi-Montalcini and Angeletti, 1968). The 
intensity of  the response gradually dimin- 
ishes on either side of  that optimal con- 
centration (Fenton,  1970). However, in view 
of the inconclusive evidence available, it 
seems premature to imply the involvement of  
NGF in the response of central noradrenergic 
neurons to the perinatal administration of  
neurotoxic compounds  (unpublished observa- 
tions; Konkol et al., 1978). 
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