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SUMMARY 

6-Hydroxydopa (6-OH-DOPA) administered to rats during their early develop- 
ment produces long-term modifications in the content of brain noradrenaline (NA) 
which have regional differences. An increase in brain stem NA is observed when the 
rats are exposed to the drug between the day 14 of gestation and the 9th postnatal day. 
When 6-OH-DOPA is injected subcutaneously on the 13th postnatal day or later, 
there is a decrease in brain stem NA. On the other hand, the content of NA in the tele- 
diencephalon is depleted for the first time in rats exposed to the drug during the day 16 
of gestation, the decrease is more evident when the injection is done on days 17 or 18 
and the effect is also marked when the drug is administered in the period between the 
day of birth and the 20th day of age. These results indicate that 6-OH-DOPA exerts 
different effects during the process of development and that the increase in brain stem 
NA is not solely dependent on the depletion produced in the forebrain because both 
phenomena are temporally dissociated. The adrenergic neurons injured by the drug, 
most probably respond in such a way that leads to an increase in brain stem NA only 
during the period in which they are under the influence of the factors controlling their 
physiologic development. 

INTRODUCTION 

6-Hydroxydopamine (6-OH-DA) produces a marked and selective destruction 
of central noradrenergic neurons in adult animals only when administered directly into 
the brain (refs. 22 and 35 for review). This route by-passes a blood-brain barrier 
which protects these neurons from the neurotoxic actions of the drug injected system- 
ically, a protection which is not complete2S, 2s. Unlike 6-OH-DA, the precursor 
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amino acid in its biosynthesis, L-2,4,5-trihydroxyphenylalanine (6-OH-DOPA), 
depletes brain noradrenaline (NA) when injected systemically to adult rats because it 
is transported through the blood-brain barrier to the brain parenchyma where it is 
enzymatically decarboxylated to 6-OH-DA, the active neurotoxic compound 1,7,14,18, 
23,27,29. 

Recent studies have shown that the systemic injection of 6-OH-DA or 6-OH- 
DOPA to newborn rodents produces a permanent and selective reduction in whole 
brain NA. However, the analysis of amine content in several brain regions indicates 
that while both drugs permanently decrease the NA content of the telediencephalon, 
they markedly increase brain stem NA 6,13,15,17,24,26,3°-32,36. Moreover, the injection 

of 6-OH-DOPA to pregnant rats at the end of gestation determines in their offspring 
similar modifications in the regional content of brain NA 36. 

It has been suggested that the increase in brain stem NA results from transmitter 
accumulation and also collateral growth in the adrenergic neurons whose cell bodies 
are in this region, both phenomena probably consecutive to the adrenergic denerva- 
tion of the forebrain15, 3°. However, this increase in brain stem NA following adminis- 
tration of these drugs seems to be characteristic only of the early period of develop- 
ment because this response is not observed in adult rats in which the adrenergic dener- 
vation of the forebrain is also producedl, 14 (see also ref. 22). 

It was considered of interest to analyze the relationship of the increase in the 
content of NA in the brain stem with the process of neuron development and with the 
damage of the endings in the forebrain. This approach is only possible by using 6-OH- 
DOPA because the amino acid, like L-DOPA, crosses the placental barrier 36 and its 
central effects are not limited by the formation of a blood-brain barrier which develops 
for 6-OH-DA between the 7th and 9th postnatal days2L The modifications in the 
content of NA observed in adult rats exposed to the drug either before birth or during 
their early postnatal life demonstrate that the increase in brain stem NA after 
chemical injury is closely related to the process of development. This remarkable 
response is not exclusively dependent on the damage of adrenergic terminals in the 
forebrain. 

MATERIALS AND METHODS 

Pregnant rats of the Wistar strain were maintained in separate cages and injected 
with L-2,4,5-trihydroxyphenylalanine (6-CH-DOPA) dissolved immediately before 
use in 0.001 N HC1 either on day 13, 14, 16, 17 or 18 of gestation. Two injections, each 
of 50 mg/kg i.v., were given on the same day with an interval of 4 h; thus, the total 
dose received by each pregnant rat was of 100 mg/kg. Parturition occurred on day 21 
of gestation and litter sizes were reduced to a maximum of 8 neonatal pups. The 
injected rats and their corresponding offspring weaned at 28 days, as well as the 
corresponding controls were killed 70 days after parturition. 

In other experiments, newborn rats from the Wistar strain and of both sexes 
were separated into experimental and control groups. 6-OH-DOPA was dissolved as 
indicated and injected subcutaneously in a volume of 50/,1. The initial dose of 50/tg/g 
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body weight was repeated 3 times with a 48 h interval between injections, i .e. the ani- 
mals were given the first injection and treated again 2, 4 and 6 days later. Therefore, 
the total dose of 6-OH-DOPA given during the entire period of treatment was 200 btg/g. 
In each of the experimental groups, the treatment was initiated at a different age: 
within the first 10 h after birth (day 0), or at 3, 9, 13, 17 or 20 days of age. Treated and 
control rats were reared together, weaned at 28 days and killed at 70 days of age. 

To determine the persistence of the effects of the drug, groups of animals, in 
which the administration of 6-OH-DOPA was initiated on the day of birth or on day 
20 as indicated above, were killed at 300 days of age. 

In all cases control animals were injected with the diluent under the same 
schedule described for the different groups. After decapitation, the brain was exposed 
and the olfactory tubercles, the pineal gland and the cerebellum were discarded. A 
coronal section between the anterior colliculi and the mammillary bodies separated 
the brain stem (medulla, pons, midbrain) from the telediencephalon. The concentra- 
tion of NA in both portions was determined fluorometrically 11 after isolation of the 
amine from perchloric acid extracts by cation column exchange chromatography z. 
For each experimental procedure, 3-5 groups each of 6-8 rats were studied. The 
significance of differences between values was determined by Student's t-test. 

RESULTS 

The content of NA in the different brain structures studied increases with the 
age of the animal and attains adult values approximately at 30 days 4,2°. Therefore, the 
concentration of NA in the brain of rats treated with 6-OH-DOPA before or after 
birth was studied at 70 days of age when NA levels are already stable4,19, z°, although 
the changes produced by the drug are observed very early after administration 17,36. 

Fig. 1 shows the concentration of NA in the whole brain, brain stem and tele- 
diencephalon in adult rats which received 6-OH-DOPA at different stages of their 
intrauterine development. Whole brain NA is not affected by the treatment in any of 
the experimental groups (controls, 380 -¢- 21 ng/g). Brain stem NA is not modified in 
rats treated on day 13 of gestation (C, 603 :~ 49 ng/g; 6-OH-DOPA, 639 4- 20 ng/g), 
it increases approximately 35~ in animals treated at 14-16 days of development 
(818 -4- 29 ng/g) and 75 ~o when the drug is injected on day 17 or 18 (1019 4- 132 ng/g). 
Telediencephalic NA is not modified in the adult offspring of pregnant rats injected 
on days 13-14 (C, 346 4- 7 ng/g; 6-OH-DOPA, 352 i 32 ng/g), is reduced by 13~ 
if the injection is performed on day 16 (299 -¢- 18 ng/g) and by 49~o when 6-OH- 
DOPA is injected during pregnancy on days 17 or 18 (180 4- 68 ng/g). 

The content of brain NA was assayed in the female rats injected during preg- 
nancy killed along with their offspring 70 days after parturition. In accordance with 
results of studies on the effects of 6-OH-DOPA injection to adult rats 1,14,~3, NA was 
depleted in all brain structures studied: 22 ~ in whole brain, 27 9/00 in the brain stem 
and 31 ~ in the telediencephalon. 

In each group of animals injected postnatally the determinations were performed 
separately, i .e.  those in which the treatment with 6-OH-DOPA was initiated at days 0, 
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Fig. 1. Modifications in the content of endogenous NA of whole brain, brain stem and teledienceph- 
alon in the offspring of rats injected with 6-OH-DOPA (100 mg/kg i.v.) at 13, 14, 16, 17 and 18 days 
of gestation. The animals were killed at 70 days of age. The results are expressed as percentages of un- 
treated control values. Absolute values of controls at day 70 are given in the text. Each value represents 
the mean -I: S.E. of 3-5 groups, each of 6 8 rats. *P < 0.05 ; **P < 0.001 ; ***P < 0.001 when com- 
paring values of treated groups with corresponding controls. 

3, 9, 13, 17 or 20. However, the statistical analysis, performed on the results obtained, 
demonstrated that the differences between values corresponding to animals in which 

the injections of 6-OH-DOPA were initiated at days 0, 3 or 9 were not significant. 
This was also found when comparing NA concentrations in rats injected at day 17 

with those from animals treated at day 20. Therefore, to  simplify the consideration 

of the data, it was pooled in 3 groups reflecting the changes in brain NA of rats injected 

at days 0, 3 or 9 (0-9), at day 13 and at days 17 or 20 (17-20). 

Fig. 2 shows the variations of the NA content in the whole brain, brain stem and 
telediencephalon of adult rats injected with 6-OH-DOPA when 0-9, 13 and t7-20 
days of age. Whole brain NA is diminished in all treated groups in comparison with 

values from corresponding controls. In the rats in which the treatment with 6-OH- 
DOPA was initiated at days 0-9, the depletion of whole brain NA is 30 % (C, 443 :~: 40 

ng/g; 6-OH-DOPA, 311 :~: 12 ng/g), in those injected at day 13 the decrease is 44% 
(246 ± 12 ng/g) and in group 17-20, the reduction is 52% (211 ± 12 ng/g). 1he 
concentration of whole brain NA in rats of the group 0-9 is significantly different from 
that of groups 13 and 17-20 (P < 0.01 and P < 0.1301 respectively). However, the 
difference between the values corresponding to groups 13 and 17-20 is not significant. 

The concentration of NA in the brain stem is increased by 57 ~,~ in rats of the 
group 0-9 (C, 602 ± 33 ng/g; 6-OH-DOPA, 949 ~ 38 ng/g), but is similar to control 
values in animals injected at day 13 (609 :k 21 ng/g). When the injections of 6-OH- 
DOPA were initiated at days 17 or 20, there is a depletion of 37 % in brain stem NA 
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Fig. 2. Modifications in the content of endogenous NA of whole brain, brain stem and teledienceph- 
alon of adult rats which received a total dose of 200 #g/g of 6-OH-DOPA in their early lives as 
described in the text. The groups in the abscissa correspond to the age in days of the animals when 
injected for the first time; 0-9 (days 0, 3 and 9), 13 and 17-20 (days 17 or 20). Results are expressed 
as percentages of untreated control values. Absolute values of control and treated groups as well as 
the significance of the differences between values from treated groups are given in the text. Each 
value represents the mean ± S.E. of 3-5 groups of 6-8 animals each. ***P < 0.001 when comparing 
values of treated groups with corresponding controls. 

(374 4- 30 ng/g). The differences between the values corresponding to these treated 

groups are statistically significant (P < 0.001). 
In the telediencephalon of adult rats treated early in their lives with 6-OH- 

DOPA, the content of NA is almost similarly depleted by 60 % in all groups studied 

(C, 412 ± 33 ng/g; 6-OH-DOPA, 0-9, 149 5 : 9  ng/g; 13, 150 4- 6 ng/g and 17-20, 

164 ± 12 ng/g); the differences between these values are not significant. 
Previous studies have shown that the content of  NA in the brains of rats treated 

with 6-OH-DOPA is stable during a prolonged period, indicating the long-term 
persistence of the effects of the drugtT, a6. To study the evolution of the changes 

reported above, groups of rats were treated with 6-OH-DOPA initiating the injections 
either on day 0 or 20, and the content of brain NA in these animals was determined at 

70 and 300 days of age. Fig. 3 shows that the decrease in the concentration of NA in 
the whole brain and telediencephalon produced by the injection of 6-OH-DOPA on 

the day of birth as well as its increase in the brain stem are of a similar magnitude 
both at 70 and 300 days of age. In rats injected at day 20, the concentration of NA 

in the whole brain, brain stem and telediencephalon is persistently reduced. A slight 
increase in whole brain and telediencephalic NA is observed between days 70 and 300 
in this group (P < 0.05). 

The differences in the content of brain NA between the groups injected at 0 and 
20 days were also analyzed. Whole brain NA is slightly higher in group 0 than in 
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Fig. 3. Modifications in the content of endogenous NA of whole brain (WB), brain stem (BS) and 
telediencephalon (TD) of rats in which the administration of 200 ttg/g of 6-OH-DOPA as described 
in the text was initiated on the day of birth (day 0) or at 20 days of age (day 20). The animals were 
killed at the ages of 70 or 300 days. Results are expressed as percentages of  untreated control values, 
Absolute control values at day 70 are given in the text and those corresponding to control rats of 300 
days do not differ significantly from them. The significance of the differences between the values found 
in treated groups are also given in the text, Each value represents the mean ± S.E. of 3-5 groups of 
6--8 animals each. **P < 0.01; ***P < 0.001 when comparing values of treated groups with corre- 
sponding controls. 

group 20 at 70 days (P < 0.05) but such difference is not significant at day 300. Both 
at 70 and 300 days, the content of NA is increased in the brain stem of rats belonging 
to group 0 and decreased in those injected at 20 days; these striking differences are 
statistically significant (P < 0.1301). Finally, in the telediencephalon the depletion is 
more marked at both ages in the group injected on day 0 (P < 0.01 at 70 days and 
P < 0.001 at 300 days). 

The injections of 6-OH-DOPA were well tolerated both by pregnant and new- 
born rats27, 36. The body weight of treated animals was slightly although not signifi- 
cantly reduced when compared with that of controls and injected animals did not 
display gross developmental or behavioral changes. 

DISCUSSION 

6-OH-DOPA administered prenatally and immediately after birth produces a 
persistent alteration of the distribution of NA in several brain regions. Since the effects 
of the drug are prevented by the inhibition of DOPA-decarboxylase, it has been 
concluded that the actions of 6-OH-DOPA are mediated by the amine formed after 
its decarboxylation, 6-OH-DA, which has characteristic neurotoxic properties 1,7,14, 
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18,23,27 (for review of neurotoxic effects of 6-OH-DA, see refs. 22 and 35). The results 
described confirm and extend previous observations on the effects of early injections 
of 6-OH-DA and 6-OH-DOPA6,1z,15,17,24,26,z0-z2, 36 and demonstrate that the modi- 
fications produced depend on the period of development in which the drug exerts its 
action. It is known that 6-OH-DOPA and 6-OH-DA must be transported and con- 
centrated by adrenergic neurons to produce their effects 16,22,35 and this explains the 
selectivity of the damage. This specificity has also been found after the neonatal 
administration of these drugs13,15,z6,a1,az, a6 indicating that the production of their 
pharmacological effects must be related to the differentiation of the adrenergic 
neurons, i .e.  the appearance of the capacity to transport and concentrate the normal 
transmitter and its precursor (as well as their analogs). Important stages of the bio- 
chemical and structural development of the adrenergic neuron take place during the 
period in which 6-OH-DOPA treatment was carried out. Sympathetic neuroblasts 
that form the major noradrenergic nucleus, the locus coeruleus, cease to divide be- 
tween days 12 and 14 of development and the cell bodies migrate to their definitive 
localization in the ponsS, ~1. This event is followed by the centrifugal outgrowth of 
neuronal processes which takes place in such a way that regions proximal to the cell 
bodies of adrenergic neurons appear to develop their innervation more rapidly than 
more distant areas 8,1o. 

The modifications in the content of NA observed in the brain stem of adult rats 
depend on the development attained by central neurons during exposure to 6-OH- 
DOPA because the level of NA increases only when the animals are treated between 
the day 14 of gestation and the 9th postnatal day. In animals treated as early as 14-16 
days after conception, the damage to the terminals, or alternatively to the growth 
cones of adrenergic axons proximal to the cell bodies in the brain stem, most probably 
elicits the changes responsible for the persistent increase of NA in this zone. When 
6-OH-DOPA injections are initiated after the 13th postnatal day, brain stem NA 
decreases, an effect which is also produced by the drug in adult rats1,14,as. The increase 
in brain stem NA is not directly related to the decrease of NA in the telediencephalon 
as shown by the temporal dissociation between the onset and the disappearance of 
both effects of the drug. Since the terminals of adrenergic neurons arrive at the tele- 
diencephalon at 17-18 days of gestationS, 9, the lack of effect of 6-OH-DOPA injection 
on day 14 after conception on telediencephalic NA is probably due to the absence of 
these endings. Confirming previous results, the outgrowth of the neurons which 
have not been affected does not seem to be impaired 25 as shown by the normal content 
of NA found in the forebrain when these animals are studied later in life. When the 
rats are exposed to the drug at 17-18 days of gestation, i .e. after the appearance of 
adrenergic terminals as revealed by the demonstration of the high affinity uptake 
mechanism for NA 9, there is a persistent depletion of telediencephalic NA revealing 
a permanent damage. A similar change is produced in all the groups injected post- 
natally. This long-term decrease of telediencephalic NA is most probably due to the 
degeneration of the noradrenergic terminals originated in the neurons of the brain 
stem and innervating the forebrain. Results from several studies are compatible with 
the assumption that 6-OH-DA formed by decarboxylation of 6-OH-DOPA is the 
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mediator of this destruction1,7,14,16,1s,2a, ~7, although there are some doubts on the 
nature of this damaging action 33. 

The elevation in the content of NA in the brain stem following neonatal adminis- 
tration of 6-OH-DA or 6-OH-DOPA has been interpreted as due to regional differ- 
ences in the relative permeability of the blood-brain barrier 6,17, to the persistence of 
compensatory reflexes a3,24,z1, to accumulation of NA proximal to the site of lesion ~3, 
2~,31,32,36 or to sprouting of nerve fibers in the vicinity of the cell bodies 31,36. Some 
of these suggestions were supported by recent studies on the histochemical charac- 
teristics of noradrenergic cell bodies and their terminals in the brain stem, the proper- 
ties of the amine uptake mechanism and the subcellular distribution of amines in this 
zone, which have more clearly characterized the increase in brain stem NA as due to 
changes in the terminal portions of adrenergic neurons located in the vicinity of their 
perikarya15, 30. While cell bodies of immature adrenergic neurons are affected by 6- 
OH-DOPA when studied under the electron microscope early after injection 17, the 
histochemical fluorescence method does not reveal marked changes in the number or 
appearance of the perikarya in the locus coeruleus ~5,3°. On the contrary, marked 
changes were found in the noradrenergic nerve terminals of the brain stem which seem 
to be increased in number and to contain increased fluorescent material. To explain 
this increase in the intensity of fluorescence, it has been postulated that after damage 
to some collaterals of the adrenergic neuron, the NA storage granules which cannot 
find their way to the lesioned areas are redistributed and accumulate in the collaterals 
not affected by the drug. It should be taken into account that if the permanent in- 
crease in brain stem NA simply results from the mechanical accumulation of the trans- 
mitter and is independent of the developmental stage in which the drug acts, this 
elevation should accompany all the situations in which noradrenergic terminals are 
damaged. However, such an increase is not observed in animals injected with 6-OH- 
DOPA during the days 13-20 after birth nor in animals injected when adults~,14,3:~; 
the pregnant rats in this study being an example of this situation. Furthermore, the 
elevation of the intraneuronal concentration of NA does not seem to be a persistent 
phenomenon 30. 

Moreover, to interpret the apparent increase in the number of fluorescent end- 
ings, it has been proposed that the noradrenergic neurons which have lost part of their 
terminal arborization respond with an increased outgrowth of collaterals, a phenom- 
enon that could explain the persistence of the changes 15,3°. However, if such vigorous 
sprouting is produced, some recovery of the distant damaged areas should be expect- 
ed. Indeed, an almost complete recovery of amine levels in the forebrain has been 
described when 6-OH-DA is injected to developing rats between 9 and 28 days post- 
natally 28. However, in the present study using 6-OH-DOPA, there are no indications 
of such restoration in rats treated during this period, apart from a slight increase in 
forebrain NA between 70 and 300 days of age in animals treated during the 20th post- 
natal day. The fact that 6-OH-DA crosses the blood-brain barrier only during a 
limited period of the study, in contrast to 6-OH-DOPA, may explain this discrepancy. 
In rats injected with 6-OH-DA before day 9, there is no recovery in forebrain NA. 
Sachs and Jonsson 28 have suggested that in this case the intensity of the neuronal 
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lesion leads to a pronounced damage of NA axons close to the cell bodies, thus 
preventing the regrowth and reinnervation of denervated areas. However, at this time 
there is a marked increase in brain stem NA related to an apparent outgrowth of NA 
terminals in the proximal areas. Therefore, in spite of the fact that some adrenergic 
neurons seem to retain their capacity to sprout, there is no recovery of the more 
rostral damaged areas of the forebrain, a problem which merits further experimental 
analysis. 

The neurons injured due to a direct lesion to their cell bodies 17, to a diffuse im- 
pairment of their axonal organellesS, 29 or following the damage of the terminals 
located in their vicinity or more distally 15,a0, respond only during a limited period in 
such a way that leads to an increase in brain stem NA. This increase is no longer 
observed at the conclusion of this period in spite of the persistence of the potential 
stimulus: the damaging effects of the drug. This response to injury may be determined 
either by a peculiar effect of the drug during development or elicited by the usual 
actions of 6-OH-DOPA taking place when the neurons are under the influence of the 
factors controlling their physiologic growth and differentiation. 

Little is known about the nature of the mechanisms which control the develop- 
ment of central adrenergic neurons s. Recent studies indicate that regenerating neurons 
which in some respects seem to resume embryonic features, show an increased sprout- 
ing after administration of nerve growth factor a. Thus, it is possible that the develop- 
ment of these neurons during ontogeny as well as the phenomena described in chem- 
ically lesioned neurons may be under the influence of this trophic factor. This is most 
probably produced in the pregnant rat and acts in the fetus and early after birth 12. 
The interference with the possible control mediated by other nervous pathways, such 
as the participation of the cholinergic system observed during the differentiation of 
peripheral adrenergic neurons (see ref. 34 for review), also merits attention. The 
search for the causes of the persistent increase in brain stem NA produced by these 
neurotoxic compounds during a limited period in ontogeny may disclose some of the 
mechanisms which control the development of central adrenergic neurons. 
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