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SUMMARY 

6-Hydroxydopa (6-OH-DOPA), the precursor amino acid in the biosynthesis 
of 6-hydroxydopamine, traverses the blood-brain barrier and determines a perma- 
nent alteration of central adrenergic neurons after its systemic administration. When 
the drug is injected into newborn rats, it produces a long-lasting depletion of whole 
brain noradrenaline (NA). However, if different brain regions are separated for 
study, a marked and persistent increase in brain stem NA is observed, while in 
the tele-diencephalon the content of the amine is strongly reduced. A similar effect 
is observed in the offspring of rats injected with 6-OH-DOPA during gestation. These 
results most probably reflect either the impaired growth or the destruction of adrener- 
gic nerve terminals in the forebrain as well as the accumulation of NA in preterminal 
axons, anomalous sprouts or cell bodies in the brain stem region. 

INTRODUCTION 

The systemic injection of 6-hydroxydopamine (6-OH-DA) produces a selective 
degeneration of peripheral adrenergic nerve terminals, and therefore, a long-lasting 
depletion of noradrenaline (NA) from adrenergically innervated organs. Several 
weeks after the injection, the terminals regenerate because the cell bodies of sympa- 
thetic neurons are not irreversibly damaged by 6-OH-DA 2°,2°.32,34. Since the com- 
pound does not penetrate the blood-brain barrier in adult animals, the NA content 
of central adrenergic neurons is not affected 2°. However, when 6-OH-DA is directly 
injected into the brain parenchyma a5,3° or into the ventricular system 5,°,15,37, it in- 
duces a persistent degeneration of central adrenergic terminals. On the other hand, 
when 6-OH-DA is injected systemically into newborn rats or mice, peripheral NA 
is permanently depleted owing to the selective destruction of the entire adrenergic 
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neuron'-',s,~s,2~.29,3L In this experimental condition, the NA content of the central 
nervous system has recently been shown to be modified s,16,°-9,al. 

The precursor amino acid in the synthetic pathway of 6-OH-DA, 2,4,5-tri- 
hydroxyphenylalanine (6-OH-DOPA), is effective in depleting brain NA when 
systemically injected because it is transported through the blood-brain barrier. In this 
case, the effect produced by 6-OH-DOPA on central adrenergic neurons, requires its 
enzymic decarboxylation to 6-OH-DAa,9,~7,2s, z0. 

Studying the effects of the systemic injection of 6-OH-DOPA into newborn 
rats, we have confirmed a moderate and permanent depletion of whole brain NA. 
However, striking regional differences exist in the effect of the compound on the NA 
content of the various structures studied, i.e. a marked increase in brain stem NA and 
a decrease in the content of the amine in the tele-diencephalon. Moreover, when 
pregnant rats were injected with 6-OH-DOPA, similar regional differences were ob- 
served in the concentration of brain NA in their offspring. 

MATERIAL AND METHODS 

Newborn Wistar rats from the same litter were separated into experimental 
and control groups and injected within 10 h after birth. L-2,4,5-trihydroxyphenylala- 
nine (6-OH-DOPA) was dissolved immediately before use in 0.001 N HCI, and 
50/~g/g body weight were injected subcutaneously in a volume of 0.05 ml, control 
rats received only the diluent. The injection was repeated on days 2, 4 and 6. Other 
rats received daily injections (50 #g/g, 7 days). Treated and control animals were 
reared together, weaned at 25 days and killed by decapitation at 15, 30, 40, 50, 60, 
90, 130 and 210 days of age. The brain was exposed, the olfactory tubercles and the 
pineal gland were discarded, and the cerebellum was used for amine assay. A coronal 
section between the anterior colliculi and the mammillary bodies separated the brain 
stem (medulla, pons, midbrain) from the tele-diencephalon. The hypothalamus was 
dissected from this last structure and, as well as the remaining portion (rest of brain), 
assayed for amine content. The concentration of NA was also determined in some of 
its peripheral stores such as those of the heart and salivary glands. 

From perchloric acid extracts, NA and dopamine (DA) were isolated by cation 
column exchange chromatography4 and their concentration determined fluorometri- 
cally according to Hiiggendal x4 and Laverty and Taylor 2t respectively. The content 
of brain serotonin was determined in a group of treated and control rats using the 
method of Maickel et  aL 25 after purification on a column of Amberlite IRP 64 (see 
ref. 1). 

Pregnant rats were injected with 6-OH-DOPA (100 mg/kg i.v.) on days 18 and 
20 of gestation. Their offspring were killed at 40 and 100 days of age, and the content 
of NA in the different brain regions as well as in the heart and salivary glands was 
assayed as described above. 

At the different time intervals mentioned, 3-5 groups, each of 6-8 rats, were 
studied. The significance of differences between control and experimental values was 
determined by Student's t-test. 
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RESULTS 

The concentration of NA in the different brain structures studied increases with 
age 2a. By 15 days it is approximately half the level found at 30 days of age. At this 
age, adult values are attained and there are no further significant variations in the 
content of NA in the brains of rats of different ages7m2, 2a. Similarly, brain NA of 
6-OH-DOPA-treated rats is stable throughout the period studied, indicating the 
long-term persistence of the variations which will be described. Therefore, the mean 
value for the concentration of NA found at 30, 40, 50, 60, 90, 130 and 210 days of 
age was obtained for each structure, both for the control and the experimental groups, 
and was considered to represent the adult content of NA. 

Fig. l shows the evolution of the NA content of different brain structures at 
several time intervals after the injection of 6-OH-DOPA to newborn rats (4 × 50 
/~g/g). The decrease in the NA content in the whole brain of 15-day-old rats is 19~  
(controls, 231 4 -4  ng/g; 6-OH-DOPA, 187 d- 5 rig/g) and the mean depletion in 
adult rats is 2 7 ~  (C, 475 4- 8 ng/g; 6-OH-DOPA, 346 ± 12 ng/g). There is a marked 
and persistent increase in brain stem NA. An elevation of 5 0 ~  is already present 
at 15 days (C, 467 4- 24 ng/g; 6-OH-DOPA, 702 4- 39 ng/g). Adult values are 
increased by 6 5 ~  (C, 712 4- 33 ng/g; 6-OH-DOPA, 1179 4- 61 rig/g) and remain 
elevated during the period of study. On the contrary, the NA content of the tele- 
diencephalon is markedly reduced both at 15 days (C, 187 + 4 ng/g; 6-OH-DOPA, 
85 4- 3 ng/g) and in adult animals in which the decrease is 63~o (C, 415 4- 7 ng/g; 
6-OH-DOPA, 150 d- 6 ng/g). 
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Fig. 1. Time course of 6-OH-DOPA-induced modifications in the endogenous NA content of whole 
brain, brain stem and tele-diencephalon. Rats were injected at birth with 6-OH-DOPA (50 leg/g) 
and the injection was repeated at days 2, 4 and 6; animals were killed at various ages. The results 
are expressed as percentages of untreated control values. Absolute values of control and treated 
groups both for 15-day-old and adult rats 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 < 0.01; *** P< 0.001. 
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Fig. 2. Time course of  6-OH-DOPA-induced modifications in the endogenous NA content of  the 
two portions in which the tele-diencephalon was subdivided: the hypothalamus and the rest of  the 
bra!~:. R:.ts were injected as described for Fig. 1 and were killed at various ages. The results are ex- 
pressed as percentages of untreated control values. Absolute values of control and treated groups 
both for 15-day-old and adult rats are given in the text. Each value represents the mean -t- S.E. of 
3-5 groups, each of 6-8 rats. *P < 0.05; **P < 0.01; ***P < 0.001. 

The time-dependent changes in the content of NA in the different portions of the 
tele-diencephalon after 6-OH-DOPA injection into newborn rats (4 × 50/~g/g) is 
shown in Fig. 2. In the hypothalamus of 15-day-old rats, the NA concentration is 
reduced by 26~ (C, 947 ± 41 ng/g; 6-OH-DOPA, 695 q- 41 ng/g) and in adult 
animals by 367/o (C, 2348 -6 150 ng/g: 6-OH-DOPA, 1496 -6 71 ng/g). The depletion 
in the rest of the brain (tele-diencephalon minus hypothalamus) is more marked than 
in the hypothalamus. At ! 5 days there is a diminution of 63 ~ in NA (C, ! 57 -6 5 ng/g; 
6-OH-DOPA, 57 ± 4 ng/g), and in adult animals this decrease is 68 ~ (C., 359 + 15 
ng/g; 6-OH-DOPA, 114 ± 4 ng/g). 

The effects of this treatment on cerebellar NA are very variable because after 
an initial depletion of approximately 20% at 30 days, the concentration returns to 
normal levels in older rats. No marked differences were found between the effects of 
the two types of 6-OH-DOPA treatment performed in newborn rats (4 × 50/~g/g on 
alternate days from birth and 7 × 50/~g/g daily) although a somewhat greater de- 
pletion of hypothalamic NA was observed in the latter group. No significant modi- 
fications were observed in the concentration of brain dopamine and serotonin either 
in the whole brain or in the different areas studied. 

The NA content of the heart and salivary glands was reduced in 6-OH-DOPA- 
treated rats. In 90-day-old rats there was a 25 ~ reduction in the NA content of the 
heart (C, 677 -6 60 ng/g; 6-OH-DOPA, 503 -6 40 ng/g) whereas a similar treatment 
of newborn rats with 6-OH-DOPA was reported to produce a 53 ~ decrease of heart 
NA 18. The NA content of the salivary glands of animals treated at birth with 6-OH- 
DOPA was reduced by 36~  at 90 days of age (C, 1402 -6 60 ng/g; 6-OH-DOPA, 
897 -6 75 ng/g) whereas in rats treated at birth with 6-OH-DA, there was at that time 
a 56 ~ depletion of salivary gland NA is. 

The modification in the NA content of several brain structures of rats whose 
mothers received 6-OH-DOPA during gestation is shown in Fig. 3. The ccncentra- 
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Fig. 3. Modifications in the content of endogenous NA in whole brain (WB), brain stem (BS), tele- 
diencephalon (TD), hypothalamus (H) and rest of the brain (RB) of adult rats whose mothers were 
injected i.v. at days 18 and 20 of gestation with 6-OH-DOPA at 100 mg/kg. The offspring were 
killed at 40 and 100 days of age and since similar values were obtained in both groups, the results 
are expressed as percentage variations ± S.E. in adult rats with respect to untreated control values. 
**P  .~ 0.01 ; * * * P  < 0.001. 

tion of NA in the brain of both control and treated rats is similar at 40 and 100 days 
of age, indicating the persistence of the changes observed. There is no variation in 
whole brain NA but a marked increase in the content of brain stem NA. In the 
tele-diencephalon there is a 45 ~ depletion. When analyzed separately, the hypoghal- 
amus is found to be depleted by 20~ while the content of NA in the rest of the brain 
is diminished by 50~'. No reduction is observed in the content of peripheral NA 
(heart and salivary glands) in this group of animals. 

A repeated injection of a dose of 6-OH-DOPA (100 mg/kg), known to be a very 
toxic compound 9, is well tolerated by adult animals a°, and this was confirmed in preg- 
nant rats. The mortality rate of newborn rats injected with 6-OH-DOPA at 50 mg/kg 
on alternate days was approximately 15~ at the end of the injection period, lower 
than that found when 6-OH-DA was injected into newborn rats TM. The body 
weight of treated animals at all ages studied was slightly, although not significantly, 
reduced when compared with that of controls, and no gross developmental altera- 
tions or behavioral changes were apparent after administration of 6-OH-DOPA. 

DISCUSSION 

Previous studies have established that 6-OH-DOPA depletes brain NA, a 
pharmacological effect characterized by the persistent disappearance of NA fluores- 
cence from terminals in certain brain regions as well as by the loss of neuronal uptake 
sites for radioactive amines a°, both effects being compatible with a degeneration of the 
terminal part of the adrenergic neuron. Since these effects are prevented by inhibiting 
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DOPA-decarboxylase, it is assumed that the actions of the drug are mediated by the 
6-OH-DA formed in the brain by decarboxylation of the amino acida, 9,17 , "8, a°. When 
6-OH-DA is in contact with the brain of adult animals after either its local injection 
or the systemic administration of 6-OH-DOPA, it produces a depletion of NA in 
whole brain 5-7'9,15-17,24,2s,3°,a6,37 owing to the selective destruction of adrenergic 
nerve terminals. However, after the systemic injection of high doses of 6-OH-DOPA 
which markedly deplete brain NA, tyrosine hydroxylase activity is not reduced, a 
finding not consistent with the proposed degeneration of the adrenergic neuron as. 

This depletion produced by 6-OH-DA is found in different regions of the brain, 
including the brain stem where the decrease in NA is of smaller magnitude than in 
other zonesS,15,17. The injection of 6-OH-DOPA into newborn rats, as shown by the 
present study, determines a persistent depletion of whole brain NA but a differential 
effect according to the zone of the brain analyzed, i.e. a marked and persistent in- 
crease in brain stem NA and a decrease in its content in the tele-diencephalon. These 
findings are in line with those of studies which appeared during the course of this in- 
vestigation, showing that after the systemic injection of 6-OH-DA into newborn rats, 
there is a similar effect on brain NA s,16,29,31. The discrepancy between the results of 
our previous work using 6-OH-DA in newborn rats ts (total dose, 200/~g/g) as well as of 
that of Lytle et  al. "-4 which did not disclose variations on brain NA and those recently 
reported, may arise from differences in the dose used which in these studies was of 700 
/~g/gS.al, 900/~g/gl6 and 575/,g/g~a. Both the dose and the duration of the treatment 
play an important role in determining the extent of the impairment of the adrenergic 
neuron produced by the drug. 

The specificity of the pharmacological effect on noradrenergic neurons is 
demonstrated by the observation that brain DA and serotonin are not affected by 
treatment with the drug. The lack of effect on DA levels, also observed in adult 
animals treated with 6-OH-DOPAg.I¢,a0, is consistent with the finding that, when 
6-OH-DA is administered locally in the brain, there is a preferential reduction in NA 
concentration although brain DA is depleted when the dose injected is increasedls,as-3L 

The results of administering 6-OH-DOPA to pregnant rats indicate that, like 
L-DOPA 19, it traverses the placental barrier and is decarboxylated in the fetus where 
the long-term effect on the NA content of the different brain regions is similar to that 
elicited by injecting the drug into newborn rats. The lack of depletion of peripheral 
NA in this situation may be explained by the observation that the activity of the L- 
amino-acid decarboxylase is very low at birth and increases in postnatal lifel0,xL 
This also explains the observation that the long-term depletion attained in peripheral 
organs in treated newborn rats is less marked than the decrease found after 6-OH-DA 
injections to such rats. This reduced effect may also reflect the slow decarboxylation 
of 6-OH-DOPA within the adrenergic neurona.30. 

To analyze the variations in brain NA, it is important to consider the results of 
fluorescence histochemical studies showing that the cell bodies of noradrenergic 
neurons are mainly localized in the pons-medulla region of the brain, whereas their 
terminals are distributed throughout the tele-diencephalon12,~3. In view of the evi- 
dence gathered on the effects of 6-OH-DA, the active metabolite formed after admin- 
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istration of 6-OH-DOPA, the depletion of NA from the tele-diencephalon can 
be explained by assuming that the drug destroys the nerve terminals already formed 
which have the capacity to take up amines 11 and/or impairs the outgrowth of the 
adrenergic axons. The morphogenesis of the adrenergic neuron has two phases: a 
fetal and carly postnatal period where the cell bodies reveal catecholamine fluores- 
cence, and a period, mainly postnatal and which could be affected by 6-OH- 
DOPA, characterized by a centrifugal outgrowth of axons and terminals from the cell 
bodies7,10,22,23. 

The increase in brain stem NA might result from the accumulation of NA 
proximal to the lesioned terminals, either by a piling up of the amine or by a more 
diffuse damage to the neuron (see Sachs and Jonsson3°). These changes have been 
described after 6-OH-DOPA treatment in adult animals using fluorescence histo- 
chemistry, but in this case they are transient 17,3°. However, the response of the neo- 
natal animal might be entirely different. 

It is known that after intraventricular administration of 6-OH-DA to adult 
rats, there is virtually no tendency for regeneration of the adrenergic neuron 34. 
However, the chemical lesion to the growth con~s of the developing neuron may elicit 
the formation of anomalous sprouts in the brain stem, and this could explain the 
permanent increase in NA observed in this region which is characteristic of this de- 
velopmental stage. After surgical transection of central tracts containing axons of 
adrenergic neurons, there is a vigorous regenerative sprouting which persists for a 
long time (see Discussion~7). 

The effect of the intraventricular injection of 6-OH-DA on the NA of the brain 
stem of adult rats is different from that produced in other zones of the central nervous 
systemS, tS. Its depletion is less marked and there is an increase in its turnover rate 
in this region which has been attributed to the possibility that the noradrenergic 
neurons surviving the effect of the drug show an increase in their physiological 
activity to compensate for the loss of neuronal function after degeneration 15. It has 
also been postulated that the increase in brain stem NA that follows the injection 
of 6-OH-DA into newborn rats may be the result of a reflex mechanism in response 
to peripheral sympathetic denervation ~e and lowering of the blood pressure 2°. 
However, the observation that a similar rise is produced by the administration of 
6-OH-DOPA, which has to be decarboxylated in the rat brain to produce this effect 
and does not markedly deplete peripheral NA, suggests that the observed increase 
results from a direct action of the drug on the adrenergic neuron. 

The increase in brain stem NA produced by the neonatal administration of 
6-OH-DOPA reveals a particular mechanism of response of the adrenergic neuron 
to 6-OH-DOPA which is lost in its ensuing development. The finding that it is possible 
to lesion central noradrenergic neurons by treating rats with 6-OH-DOPA in utero 

and thus very early in their development, is of interest. Further studies are being car- 
ried out to clarify the mechanism responsible for this effect as well as to determine 
the moment of onset and disappearance of this particular response of the adrenergic 
neuron to a specific chemical injury which might help in the elucidation of its ana- 
tomical organization as well as of its physiological role. 
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