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With the discovery of the unique properties of 6-hyd- 
roxydopamine (6-OH-DA) a new principle for experi- 
mentally induced degeneration of specific neuron sys- 
tems was introduced into neurobiology, i.e. "chemical 
denervation" 1-1]. This principle is based on 6-OH-DA 
being a generally cytotoxic substance that is taken up 
and concentrated by a specific transport mechanism of 
catecholamine (CA) neurons, the "membrane pump". 
Since this process leads to an efficient intraneuronal 
accumulation of 6-OH-DA its cytotoxic effects can be 
rather selectively restricted to CA neurons (see sym- 
posium volume on 6-OH-DA [2]). The purpose of this 
Commentary is to review and discuss present state 
knowledge regarding the mode of action of 6-OH-DA, 
factors modifying its toxicity and specificity, since 
these aspects are of great significance in the use of 6- 
OH-DA as a denervation tool. 

MODE OF ACTION 

There are two main theories on the degenerative 
action of 6-OH-DA at the molecular level, both asso- 
ciated with the susceptibility of 6-OH-DA to non- 
enzymatic oxidation (see Fig. 1). 1. Oxidation products 
of 6-OH-DA (quinones) may undergo covalent binding 
with nuclcophilic groups of macromolecules, such as 
SH, NH2 and phenolic OH. Such bindings would 
cause denaturation of molecules of vital importance 
for the integrity of the neuron leading to an irreversible 
damage and subsequent degeneration [3, 4]. 2. 'Hydro- 
gen peroxide (H202) is formed during the oxidation of 
6-OH-DA and it is assumed that H202 may be respon- 
sible for the nerve degeneration 1,5, 6]. It has also been 
observed that H202 formation is markedly enhanced 
in the presence of ascorbic acid. The degenerative 
action may in this case be brought about by oxidation 
0f important sulfhydryl groups of enzymes and mem- 
branes or peroxidation of membrane lipids. Recently 
the very interesting observation has been made that 
superoxide and hydroxy radicals are produced during 
the autooxidation process of 6-OH-DA [-7, 8]. These 
radicals may not only be cytotoxic per se, but there are 
also indications that the superoxide radical plays an 
important role in controlling the over-all rate of oxi- 
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dation of 6-OH-DA. It has thus been found that the 
superoxide radical promotes the oxidation of 6-OH- 
DA resulting in an increase in the formation of radi- 
cals, H202 and quinones (see Fig. 1). Of great interest 
are the observations obtained from in vitro exper- 
iments that the CA, noradrenaline (NA) and dopamine 
(DA) may trap these radicals and consequently retard 
the autooxidation of 6-OH-DA [8]. 

It has been much debated whether 6-OH-DA itself 
or any of its'0aetabolite(s ) or oxidation product(s) is the 
effective degenerative agent. It seems likely that 6-OH- 
DA must be intact initially in order to be taken up and 
accumulated intraneuronally, Consistent with this 
view it has also been found that the neurotoxic effects 
of 6-OH-DA are abolished after vigorous oxida- 
tion of 6-OH-DA in NaOH 1,9]. However, the 
administration of the pure para- and ortho-quinones of 
6-OH-DA has been reported to cause degeneration of 
adrenergic nerves similar to 6-OH-DA [10]. These 
quinones show an equal neurotoxic potency, but are 
clearly less effective than 6-OH-DA itself. Similar to 6- 
OH-DA the neurotoxic effects of the quinones can be 
blocked after inhibition of the "membrane pump" by 
desipramine and potentiated by ascorbic acid and 
monoamine oxidase (MAO) inhibition. It has also 
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Fig. 1. Hypothetical route of reaction for the autooxidation 
of 6-OH-DA. A para-quinone of 6-OH-DA, H202 and 
superoxide (O~-') and hydroxy (: OH) radicals are formed 
by the oxidation of 6-OH-DA. The superoxide radical cata- 
lyses the oxidation of 6-OH-DA, with a consequent increase 
in the production of quinones, H202 and radicals. 6-OH- 
DA may be regenerated from the para-quinone by the oxi- 
dation of ascorbate. Radicals can be trapped in the presence 
of NA or DA. The possible cytotoxic products are marked 
with an asterisk. No distinction between all possible oxi- 
dized forms of 6-OH-DA has been attempted in this sche- 

matic representation (after Heikkila and Cohen [6, 10]). 
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ADRENERC;IC NERVE TERMINAL 

8OH-DA~-PQ 

Fig. 2. Schematic representation of possible events at the 
nerve terminal after administration of 6-OH-DOPA, 6-OH- 
DA or para-quinone (PQ,). 6-OH-DOPA may, as an amino 
acid, be taken up directly by the nerve terminal and then in- 
traneuronally decarboxylated to 6-OH-DA, Alternatively, 
6-OH-DOPA may be decarboxylated outside of the nerve 
to 6-OH-DA, which is taken up and concentrated by the 
"membrane pump", identical to the situation after adminis- 
tration of 6-OH-DA itself. 6-OH-DA may be oxidized to 
its PQ and again recycled to 6-OH-DA, which is taken 
up by the membrane pump (see Fig. l). Inside the nerve 
terminal 6-OH-DA can be taken up by the amine storage 
granules and/or degraded by MAO. After administration of 
PQ, this compound may either be taken up directly or after 
extraneuronal transformation to 6-OH-DA (for details, see 

text). 

been found that the quinones possess a lower affinity 
to the uptake sites of the adrenergic nerves compared 
with 6-OH-DA (unpublished results). The marked 
potentiating effect of ascorbic acid indicates that the 
quinones have to be transformed to 6-OH-DA before 
eliciting the neurotoxic action. However, it is not 
known whether the transformation occurs intra- or 
extraneuronally and thus not clear if the quinones 
themselves are taken up by the adrenergic nerves to 
cause degeneration or if first they are transformed to 
6-OH-DA. which then is taken up and accumulated by 
the neuron (Fig. 2). Consequently it is also not possible 
to conclude anything from these results concerning the 
quinones as being the causative agents for inducing the 
neuronal damage. Apart from quinones there are also 
other products that can be formed from 6-OH-DA, e.g. 
5,6-dihydroxyindole [-11]. This latter compound has 
also been suggested to be an-effectual agent in the 
degeneration process. 

The autooxidation of 6-OH-DA is thus a complex 
reaction with a simultaneous formation of several 
possible cytotoxic products, which even may interact 
between themselves and the neurotransmitter, making 
it very difficult experimentally to establish which of 
them is the most important for initiating the degene- 
ration. 

Other contributary mechanisms for producing the 
nerve degeneration have also been put forward. There 
is such an extremely rapid oxygen consumption during 
the autooxidation of 6-OH-DA that a certain degree of 

hypoxia may occur within the neuron [6]. Another 
deleterious action of 6-OH-DA may be associated with 
its property of being a very potent uncoupler of oxida- 
tive phosphorylation [ 12]. 

EFFECTS OF 6-OH-DA ON THE 
ADRENERGIC NEURON 

AS already mentioned, the specificity of the action of 
6-OH-DA is associated with its uptake and accumu- 
lation by a transport mechanism specific for CA 
neurons, since inhibition of this uptake mechanism 
completely prevents the neurotoxic effects [13, 9]. The 
importance of the specific accumulation for the 
degenerative action is amply illustrated by experiments 
with 6-OH-NA, This compound undergoes like 6-OH- 
DA a rapid autooxidation with production of HzOz 
and radicals and should therefore be expected to be a 
neurotoxic compound for CA neurons. However, 6- 
OH-NA has a very low affinity for the transport sites 
of the "membrane pump" and is therefore not concen- 
trated in adrenergic nerves. Consequently no selective 
neuronal degeneration has been observed, but only 
some unspecific tissue damage [14, 15]. 

A threshold concentration of 6-OH-DA must be 
reached within the neuron in order to elicit the degene- 
ration. This critical 6-OH-DA concentration has been 
calculated to be in order of 5,000 #g/g, as evaluated 
from in vitro experiments with 3H-6-OH-DA [16]. 
This figure is in the same order of magnitude as the 
endogenous NA concentration in the adrenergic nerve 
terminal, but it is so far not known whether it is di- 
rectly applicable to the in vivo situation after 6-OH- 
DA administration. 

From in vivo experiments it has been found that 6- 
OH-DA acts on the adrenergic nerves in an "all or 
none" fashion with a complete destruction of NA trans- 
mitter mechanisms, such as NA uptak~storage, in a 
proportion of nerves depending on the dose 
used [17, 18]. The remaining nerves are left with 
mainly intact transmitter mechanism. Displacement 
of NA seems to play a minor role in the NA depleting 
action and only at a very low dose range after which 
6-OH-DA can serve as a false transmitter [19, 18]. In 
most studies very little evidence has been obtained for 
6-OH-DA causing transient damage not associated 
with degeneration, although it has been reported that 
6-OH-DA in the low dose range may produce tran- 
sient functional damage [19]. It has been claimed that 
this effect can be counteracted by catalase [20]. 

The axonal membrane functions are impaired at a 
very early stage in the degeneration process. There is 
thus within one hour a loss of the ability of the 
adrenergic nerve terminals to conduct and to generate 
action potentials, concomitant with a release and dis- 
appearance of NA [,,21]. A permanent depolarization 
of the axonal membrane by 6-OH-DA, associated with 
increased Ca 2+-permeability has been assumed to be 
the cause. Consonantly, a damage of the NA uptake 
mechanism at the axonal membrane is an early sign in 
the degeneration process[9, 17, 18]. The end results 
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are similar to those seen after surgical denervation, 
with development of both pre- and postsynaptic super- 
sensitivity. 6-OH-DA has also been found to block c~- 
adrenergic receptors, although the information on this 
point is relatively incomplete [21, 23]. There is a paral- 
lel disappearance of the endogenous NA con- 
tent [19, 9] and of the activity of enzymes engaged in 
the NA biosynthesis, such as tyrosine hydroxylase and 
DOPA decarboxylase [24]. 

The apparent neurotoxic potency of 6-OH-DA in 
vivo varies markedly in various parts of the sympathe- 
tic adrenergic neuron. The nerve terminals have been 
found to be most sensitive, the axons less and the cell- 
bodies least sensitive to 6-OH-DA, which are generally 
not affected at all [13,9]. The cell-bodies are ultra- 
structurally unchanged, even when a high con- 
centration is injected directly into the ganglion [25], 
although a drop in the synthesis of DA-/3-hydroxylase 
in the ganglia has been noted after systemic 
administration of a large dose of 6-OH-DA [26]. The 
latter observation has been interpreted as due to a shift 
in protein synthesis from "functional" proteins, e.g. 
enzymes for the NA biosynthesis, to structural proteins 
necessary for neuronal regeneration. Incubation of iso- 
lated ganglia in vitro in a high 6-OH-DA concentration 
(0'1 mM, 60 rain) has been found to produce a marked 
NA depletion, but such a high concentration for a long 
time may be difficult to reach in vivo without causing 
general toxic effects [9]. It is clear, however, that cell- 
bodies can undergo degeneration when 6-OH-DA is 
injected to newborn rats, leading to a permanent, but 
not complete sympathectomy [27]. It is not known 
whether the susceptibility in the early stage of develop- 
ment is due to the neuron being more sensitive per se 
or to other factors, e.g. less developed connective tissue 
barriers, making more 6-OH-DA accessible for the 
axon membrane (see below). 

Degenerative signs, like axonal swelling and shrink- 
age of the dense-core vesicles, can be seen by electron- 
microscopy in the nerve terminals already within 1 
Jar after a 6-OH-DA injection. Between 2 and 4 hrs 
electron-dense axonal debris within Schwann cells 
begins to appear, indicating that the digestive process 
has started [-28, 29]. The degenerative signs at the 
ultrastructural level are very similar to those seen after 
surgical axotomy, i.e. dense type of degeneration, but 
since 6-OH-DA has a direct action on the terminals, 
the degenerationappears faster after 6-OH-DA [30, 29]. 
The adrenergic nerve terminals have completely van- 
ished after 48-72 hr. Electron dense bodies in 
adrenergic terminals have been observed also after 
in vitro incubation with 6-OH-DA [29]. 

By fluorescence histochemistry according to Falck- 
Hillarp there is a dose-dependent reduction of the 
number of NA containing terminals. An indication of  
nerve degeneration at the light microscopical level is 
the appearance of NA accumulations in the main 
axons [13, 31, 32]. Th is  phenomenon, which is also 
seen after surgical lesions is related to  a piling up of 
transmitter, transported by the axoplasmic flow, proxi- 

mal to the site of the lesion [33]. At times the fluores- 
cent accumulations can be rather longish and more 
pronounced than after a surgical axotomy, indicating 
a more diffuse damage of structures associated with the 
axoplasmic flow, e.g. the neurotubules [34]. 

The exact reasons for the apparent differences in 
sensitivity in vivo to 6-OH-DA in various parts of the 
neuron are not known, but there are several factors 
that could contribute. Variations in blood-circulation, 
diffusion conditions, e.g. different connective tissue 
barriers and/or differences in affinity and transport of 
6-OH-DA by the "membrane pump" [35] could be re- 
sponsible for the observed differences in sensitivity. 
Another significant factor may be differences in the 
surface/volume relationship, which is rather marked 
for cell-bodies and nerve terminals. Considering this 
relationship for a ganglion cell (volume l(L20 × 
103~m 3, diameter 50pm [36]) and a varicosity 
(0"52#m 3, diameter l#m), it would thus be an 8-15 
times more favourable situation for the varicosity of 
reaching a critical intraneuronal 6-OH-DA con- 
centration, assuming that the blood-circulation, diffu- 
sion conditions and 6-OH-DA affinity are the same for 
both structures. 

Since the cell-bodies mostly are left apparently unaf- 
fected by 6-OH-DA, a regeneration of nerve fibers may 
occur. The regeneration is more rapid after a lower 
dose of 6-OH-DA compared with a higher, even when 
the extent of degeneration of the terminal nerve plexus 
initially is the same and complete [37]. This finding 
may be explained by a variation in axonal damage, i.e. 
with the lower dose mainly the terminals are destroyed 
while with a higher dose also the axons are more or 
less damaged. This would then lead to divergences in 
the rate of regeneration, although it cannot be 
excluded that the higher dose also affects the perikar- 
yon. 

6-OH-DA can thus be used for studies on regene- 
ration and growth of neurons and several such studies 
have been performed in the peripheral and central ner- 
vous system [9, 38, 39]. 

FACTORS INFLUENCING THE 
DEGENERATION BY 6-OH-DA 

Besides "extraneuronal factors" such as blood-circu- 
lation, diffusion conditions and surface/volume rela- 
tionships, there are also certain "intraneuronal factors" 
which can modulate the degenerative action of 6-OH- 
DA. It is obvious that if the "membrane pump" func- 
tion various under different conditions, this would lead 
to a varying degenerative effect. However, except for 
the use of experimental conditions that inhibit this 
uptake mechanism (e.g. desipramine, 0 °) with an 
accompanying prevention of the degeneration, very 
little is known. It is possible that the reduced effects of 
6-OH-DA seen after pentobarbital anaesthesia repre- 
sents such a modification of the transport of 6-OH-DA 
into the neuron [40]. 

Intraneuronally 6-OH-DA can be taken up and 
stored by the amine storage granules, probably via the 
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reserpine-sensitive ATP-Mg 2 + dependent uptake 
mechanism [9, 41]. Blockade of the granular uptake- 
storage mechanism by reserpine has no or very small 
effects on the 6-OH-DA induced degeneration [9, 13]. 
Therefore it may be concluded that an intact granular 
uptake-storage mechanism is not a prerequisite for the 
degenerative action. This would also mean that the 
critical 6-OH-DA concentration that has to be reached 
intraneuronally to induce degeneration is more di- 
rectly related to that obtained in the extragranular 
space. In agreement with this view, it has been 
observed that amphetamine, in a dose considered to 
cause mainly a release of extragranular NA, reduces 
the neurotoxic effects of 6-OH-DA [42]. This is best 
explained by amphetamine causing a release of 6-OH- 
DA present in the axoplasm leading to a diminished 
degeneration. Although these results point to the 
extragranular localization of 6-OH-DA as the most 
important site of action, the role of the amine storage 
granules is still not quite clear. It is possible that the 
storage granules, under certain conditions either could 
have a protective role by removing 6-OH-DA from the 
axoplasm or contribute to maintain the high 6-OH- 
DA concentration within the nerve necessary to pro- 
duce degeneration [43]. 

Recent findings by Heikkila and Cohen [7, 8] indi- 
cate that the transmitter content within the CA 
neurons may be an important factor in modifying the 
neurotoxic action of 6-OH-DA (see above). It has thus 
been found that during the autooxidation of 6-OH-DA 
radicals are formed, which may be cytotoxic and also 
control the overall oxidation rate of 6-OH-DA. Since 
these radicals can be trapped by CA, the transmitter 
itself may counteract the effects of 6-OH-DA. 
Accordingly experiments in vivo have shown that 
adrenergic nerve terminals with an increased NA con- 
tent were partially protected from neurotoxic effects of 
6-OH-DA, whereas a reduced NA content led to a 
potentiation of the degeneration (unpublished results). 
The intraneuronal NA concentration seems to modify 
the degenerative effect, which may explain some of the 
differences in sensitivity to 6-OH-DA seen in various 
CA neuron systems (see below). 

If the autooxidation of 6-OH-DA is causally related 
to the neurotoxic action of 6-OH-DA, which the infor- 
mation so far available strongly supports, the local 
concentrations of enzymes such as catalase, glutath- 
ione reductase and superoxide dismuthase may be sig- 
nificant factors in regulating the neurotoxicity of 6- 
OH-DA. However, very little is known on this point. 

Inside the neuron 6-OH-DA can be attacked by 
monoamine oxidase (MAO) and inhibition of this 
enzyme leads to an increased degenerative effect [42], 
This potentiation is especially pronounced when using 
low doses of 6-OH-DA, which is consistent with the 
view that a threshhold concentration of 6-OH-DA 
must be reached for eliciting the degeneration. How- 
ever, when using 6-OH-DA as a denervation tool, 
MAO inhibition is of very little importance since 
supramaximal doses are ordinarily used. These data 

indicate in addition, that the deaminated metabolites 
of 6-OH-DA are of little, if any, significance in the 
neurotoxic action of 6-OH-DA. 

When working with 6-OH-DOPA, the immediate 
precursor of 6-OH-DA, MAO inhibition is of great sig- 
nificance for the neurotoxic potency [44]. The 
degenerative effects of 6-OH-DOPA are mediated via 
6-OH-DA, formed by decarboxylation of 6-OH-DA, 
either extra- or intraneuronally (see Fig. 2). Systemic 
injections of 6-OH-DOPA can be used for CNS 
studies, since it passes the blood-brain barrier [44, 45]. 
A limiting factor when using 6-OH-DOPA, being tin 
amino acid, is that relatively high doses have to be 
used in order to obtain a substantial degeneration of 
NA nerves, which is not possible without causing 
general toxicity and death. However, inhibition of 
MAO leads to a considerable potentiation of the 
degenerative effect which may be related to a relatively 
slow decarboxylation process of 6-OH-DA (see Fig. 2). 

The information on the possible importance of the 
nerve impulse flow for the degenerative action is very 
limited. However, decentralization of the submaxillary 
gland and iris has been reported to have no effect on 
the degeneration process [46]. 

HETEROGENEITY OF THE ACTION OF 
6-OH-DA ON CA NEURONS 

From the previous section it is clear that the neuro- 
toxicity of 6-OH-DA car~ be regulated at many differ- 
ent levels, therefore it may not he surprising that there 
is a considerable heterogeneity in the response to 6- 
OH-DA in different CA neuron systems. It was soon 
realized that the apparent neurotoxic potency of 6- 
OH-DA varied markedly in different peripheral 
organs[9, 13, 19]. The nerve terminals in the vas 
deferens are thus rather resistant to 6-OH-DA com- 
pared with those in the iris. Apart from possible differ- 
ences in blood-circulation and diffusion conditions, this 
variation in sensitivity may be related to the fact that 
the endogenous NA content in nerve terminals of the 
vas deferens is about 30% higher than in terminals of 
the iris [47]. If the intraneuronal NA concentration is 
a modifying factor, which is very likely (see above), 
then neurons with a higher NA concentration would 
be more resistant to 6-OH-DA. This effect might also 
partly explain the observed difference in sensitivity to 
6-OH-DA between NA nerve terminals in the cerebral 
cortex and the hypothalamus [44, 48, 49, ~0]. Indepen- 
dent of the rou~te of administration, the cortical nerve 
terminals seem to be more sensitive. The two brain 
areas are innervated by two different ascending NA 
pathways: The cerebral cortex by a dorsal NA bundle, 
originating from cell-bodies in the locus coeruh'tts in 
pons, and the hypothalamus by a ventral NA bundle, 
¢ffiginating from cell groups in the lower brain- 
stem [51, 52]. The nerve terminals of these systems 
differ in their NA fluorescence morphology. The nerve 
terminals of the cerebral cortex are small with low 
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fluorescence intensity (= low NA concentration), 
while in the hypothalamus there are at least two popu- 
lations; the majority is of a coarse type with strong 
fluorescence intensity (= high NA concentration) and 
the rest is indistinguishable from those in the cerebral 
cortex. The sensitivity differences could thus be related 
to the observed differences in intraneuronal amine 
concentration, as well as in surface/volume relation- 
ships between the terminals of the cortex and of the 
hypothalamus [53]. 

There are also differences in sensitivity to 6-OH-DA 
among various groups of CA perikarya, which in 
general are very resistant. However, after local injec- 
tion of 6-OH-DA into the substantia nigra, the DA 
perikarya with the nerve terminals belonging to them 
can undergo permanent degeneration [54,55]. As 
regards the NA perikarya, these have in the majority 
of reports been found to be unaffected by any type of 
6-OH-DA administration and dose. However, after a 
very high dose of 6-OH-DA intraventricularly, the NA 
pcrikarya of the locus coeruleus have been reported to 
completely disappear [56], but it is not quite clear 
whether this is related to a specific neurotoxic act ion 
6-OD-DA or not, since the ventricles were found to 
be considerably dilated. In general it seems as if the 
NA perikarya are more resistant than DA perikarya, 
although there is at present no accurate explanation for 
this difference. Among the known DA neuron systems 
it has been noted after local 6-OH-DA injection that 
the nigro-neostriatal system is most sensitive, the 
mesolimbic somewhat less sensitive, while the tubero- 
infundibular DA neurons are almost unaffected by the 
degenerative effects of 6-OH-DA 1-57]. It is not known 
if this is related to true differences in susceptibility of 
the DA neurons themselves, and/or to differences in 
their neuroanatomical localization with possible vari- 
ations in the diffusion conditions for 6-OH-DA. 

After intraventricular injection of 6-OH-DA, the DA 
content of the brain is less reduced than the NA [24]. 
In agreement with this finding introduction of 6-OH- 
DA into the brain via systemic or intraventricular injec- 
tion of 6-OH-DOPA causes no effects on DA neurons, 
unless extremely high doses are used [31, 44, 45]. It has 
also been noticed that systemic injections of 6-OH-DA 
in high doses to newborn rats, before the BBB is devel- 
oped will leave the DA neurons largely intact, while 
the NA nerve terminals, especially in the forebrain, are 
to a great extent degenerated [48, 58]. There is no 
clear-cut explanation for this difference between NA 
and DA neurons, but ultimately it must be due to vari- 
ations in obtaining the necessary critical intraneuronal 
concentration of 6-OH-DA. Differences in the affinity 
of 6-OH-DA to the transport sites has been suggested 
to be the cause, since 6-OH-DA in vitro has been noted 
to have a higher affinity to the "membrane pump" of 
NA than of DA nerve terminals [59]. Other contribut- 
ing factors may be topographical variations in the 
neuroanatomy and/or differences in the intraneuronal 
amine concentrations or subcellular distribution of the 
transmitter in the two neuron types. This latter possi- 

bility may be of significance in view of the evidence 
pointing to the neurotoxic action of 6-OH-DA mainly 
taking place in the axoplasm outside of the granules 
and relatively more amine is present extragranularly in 
the DA neurons compared with the NA neurons [60]. 
It is therefore possible that there is a more marked in- 
teraction with the autooxidation of 6-OH-DA in the 
DA neurons than in the NA neurons that would at 
least partly explain the differences in response to 6- 
OH-DA between the two neuron types. 

For the sake of completeness it should also be men- 
tioned that there are considerable species differences in 
the neurotoxic potency of 6-OH-DA, but very little is 
known about the exact reason(s) for this. The sympath- 
etic adrenergic rierves of mice are thus more sensitive 
than those of rat compared on a mg/kg dose 
basis [61]. 

SPECIFICITY OF 6-OH-DA 

In the peripheral nervous system the selective 
degenerative action of 6-OH-DA on sympathetic 
adrenergic neurons is undisputed. 6-OH-DA thus 
leaves cholinergic neurons [1, 29] and certain monoa- 
mine containing cells, such as mast cells, SIF cells in 
ganglia, enterochromaffin cells and adrenal medullary 
cells unaffected, certainly related to these structures 
lacking a concentration mechanism for 6-OH- 
DA [9, 13, 62], but neuroblastoma cells have been 
reported to be selectively damaged due to their capa- 
bility of accumulating 6-OH-DA [63]. However, upon 
systemic administration of large doses of 6-OH-DA 
certain general toxic effects have been noticed such as 
hemolysis and damage of tubule cells in the kid- 
ney [64]. In this context it may be of interest to men- 
tion that the blood-brain barrier in adult rats does not 
completely protect central NA neurons from the neur- 
otoxic action of 6-OH-DA after systemic administra- 
tion [65]. Following intravenous injection of 6-OH- 
DA there is thus a significant long-lasting reduction of 
NA in the cerebral cortex and the spinal cord, while 
the DA neurons appear unaffected. 

In the central nervous system the degree of selecti- 
vity of 6-OH-DA seems to be dependent on its mode 
of administration. The 5-HT neurons are generally 
completely unaffected by any type of 6-OH-DA 
administration [24, 66], except in the cat where a small 
degenerative effect has been observed [67]. Although 
this latter observation represents a species difference, 
it may not be so surprising in view of the fact that 5- 
HT neurons have an axonal "membrane pump" that is 
not absolutely specific for 5-HT, but CA also have 
a certain affinity for the 5-HT transport mechanism 
[68]. However, in the rat there is a low affinity 
of 6-OH-DA to the uptake sites of central 5-HT 
neurons [69] consistent with the finding that 6- 
OH-DA has very small or no degenerative effects on 
5-HT neurons in this species. On the other hand, if the 
NA neurons are protected by desipramine, 6-OH-DA 
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administered in the neonate stage may produce a selec- 
tive 40 per cent reduction of 5-HT, when analysed in 
the adult stage [70]. 

As regards the intraventricular route of 6-OH-DA 
administration, there is an almost exclusive effect on 
CA neurons, while there are no effects on brain con- 
centrations of a number of putative transmitters such 
as acetylcholine, 7-aminobutyric acid, glycine and 
several other amino acids, even when very high doses 
(2 x 400 #g) are used [40]. The effects of 6-OH-DA on 
CA neurons can thus be regarded as quite specific, 
although a certain unspecific damage of the ependymal 
cells can be seen after such intraventricular doses of 6- 
OH-DA, which may lead to hydrocephalus [56, 71]. 
The ependymal cells will initially be exposed to very 
high 6-OH-DA concentrations, calculated to be in the 
order of 1-10raM when the commonly used dose of 

' 200 #g is injected. 
6-OH-DA can also be introduced into the brain by 

systemic injection of 6-OH-DA to newborn ani- 
mals [-48, 58] or via systemic 6-OH-DOPA [44, 54] 
administration. Both these procedures cause a selective 
neurotoxic action on NA neurons. After 6-OH-DOPA 
cholinergic neurons have thus been observed to be un- 
affected, but unspecific lesions have been seen in the 
area postrema, in all probability due to the very high 
local concentrations of 6-OH-DA and/or 6-OH- 
DOPA that can be reached in this highly vascularized 
region [31 ]. 

Although the information present available points 
to a rather selective action of 6-OH-DA on CA neurons 
after intraventricular and systemic administrations, it 
is obvious for several reasons that these modes 
of administration possess serious limitations when 
used for the functional analysis of the various 
central CA neuron systems [73]. For this purpose 
local intracerebral injections of 6-OH-DA are advan- 
tageous, provided specific lesions can be obtained. 
However, the results reported using this administration 
procedure are very inconsistent, which has led to 
rather contradictory and confusing views as regards 
the specificity of 6-OH-DA. It is clear that the 
risks for obtaining unspecific tissue damage are far 
greater with the local injection technique com- 
pared with the other routes of administration. Never- 
theless, there is good experimental evidence that a 
selective degenerative effect can be obtained when 6- 
OH-DA is injected into neurochemically rather homo- 
genous brain areas [55, 74]. Certain CA neuron sys- 
tems may thus be selectively destroyed with limited un- 
specific tissue damage, e,g. the nigroneostriatal DA 
system [55, 74, 75] and the NA neuron system in the 
cerebral cortex [76]. H6kfelt and Ungerstedt reported 
in a recent study only little unspecific damage in most 
animals after 6-OH-DA injection into the substan- 
tia nigra, although occasionally fairly large lesions 
were seen, about 1 mm in diameter including all 
cellular elements surrounding the site of injection. 
However, other authors have regularly obtained large, 
1-2 mm necrotic areas with unspecific cell damage 

[71, 77-79]. These latter observations have led Poirer et 
al. and Butcher et al. to conclude that in the CNS 
lesions produced by injection of 6-OH-DA are not 
more selective than electrolytic or any mechanical or 
chemical lesion. 

Apart from species differences, the varying results 
reported must in some way be related to differences in 
the injection techniques used. Even when the dose of 
6-OH-DA, the solvent, the solvent volume and the 
speed of injection are identical, there are probably 
other factors which can be of importance, such as the 
degree of purity of the 6-OH-DA, the size and the di- 
rection of the opening of the cannula. Various brain 
regions may also differ in their sensitivity to the unspe- 
cific damage of 6-OH-DA, e.g. the mesencephalic reti- 
cular formation is consistently more unspecifically 
damaged than the mesencephalic grey [75]. The con- 
centration of ascorbic acid used as an antioxidant in 
the solvent may also be of significance, since H202 can 
be spontaneously formed from ascorbic acid, which in 
addition potentiates the formation of H202 from 6- 
OH-DA [5]. Pretreatment of animals with a large dose 
of ascorbic acid has also been found to augment the 
degenerative effect of 6-OH-DA on sympathetic 
adrenergic nerves [80]. Furthermore, in tissue culture 
even 0'2 mg/ml of ascorbic acid alone causes damage 
to growth cones of nerve fibers to the same extent as 
6-OH-DA [81]. It is therefore likely that the use of 
high concentrations of ascorbic acid in the solvent, 
either by itself or together with 6-OH-DA, will sub- 
stantially enhance the unspecific tissue damage. 

Obviously, 6-OH-DA may cause damage to any tis- 
sue if a high enough concentration is used, with an 
effect which presumably would not be very different 
from a direct application of I-I202. The uniqueness of 
the action of 6-OH-DA, by its selective concentration 
in CA nerves, should be used to maximum advantage 
and the experiments designed with this in mind. 
Unspecific damage should, whenever possible, be 
looked out for with e.g. histological techniques. Even 
when all precautions are taken in order to make a 
selective lesion by 6-OH-DA the neuroanatomical 
situation and/or the diffusion conditions may make it 
impossible. However, even if the selectivity of the 
action of 6-OH-DA has been seriously questione& 
there is convincing evidence showing that 6-OH-DA 
properly used can produce a selective degeneration of 
certain CA neuron systems. 
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