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I .  Introduction 

Oxidation and reduction reactions play a dominant 
role in energy conversion and substrate metabolism in 
living organisms. For example, redox processes are 
involved in the conversion of solar radiation into 
chemical energy, which takes place in the photosyn- 
thetic apparatus of plants. This apparatus serves as the 
primary source of energy for all living systems. The 
respiratory electron transport chain is a series of oxi- 
dation-reduction reactions by which an initial elec- 
tron-donor species, e.g., pyruvate or malate, is oxidized 
and, ultimately, molecular oxygen is reduced. This 
chain accomplishes the oxidation of NADH to NAD+ 
and FADH, to FAD, which are then employed in oxi- 
dative phosphorylation. The metabolism of many 
naturally occurring substances, drugs, and other xeno- 
biotica proceed by oxidative or reductive pathways. The 
redox character of such processes suggests that elec- 
trochemical techniques should provide useful tools to 
investigate their thermodynamics, kinetics, and mech- 
anistic pathways. Several recent books and monographs 
have reviewed much of the electrochemical work that 
has been carried out to elucidate the oxidation and 
reduction chemistry and biochemistry of biologically 
significant compounds.'+ 

During the past two or three decades the instru- 
mentation for and theory of electrode processes have 
been developed to a very high level of sophistication.' 
As a result, modern electroanalytical techniques can in 
principle be employed to probe the most subtle nuancw 
of redox reactions occurring a t  an electrode surface. 
There is now much evidence that redox reactions me- 
diated by enzymes can be mimicked at  an electrode 
surface. Hence, much biochemically relevant infor- 
mation can be derived from investigations of electro- 
chemically driven redox reactions. The elegant studies 
of Saveant and his co-workers on the electrochemistry 
of vitamin B,, and related species provide classic ex- 
amples of the detail that can be obtained about hio- 
logical redox systems with use of electrochemical ap- 
proaches (see ref 8 for a review of these studies). Many 
enzyme-mediated redox reactions are highly substrate 
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selective and have been designed by nature to proceed 
under only carefully controlled, hut, often, extremely 
complex conditions. As a result, i t  is difficult to elu- 
cidate mechanistic details of these processes. By con- 
trast, an electrochemically driven reaction can generally 
be studied over a very wide range of experimental 
conditions. The effects of potential, pH, buffer, solvent, 
and structural modifications of substrate are readily 
studied so that great mechanistic insight into a redox 
reaction can be obtained. Thus, if an electrochemically 
driven and enzyme-mediated redox reaction can be 
shown to yield the same product profile, then a careful 
investigation of the electrode process can provide pro- 
found insight into the chemical mechanisms associated 
with the biochemical reaction. New electroanalytical 
techniques provide the ability to detect extremely re- 
active, short-lived intermediate species formed in an 
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Our investigations into the oxidation chemistry and 
biochemistry of endogenous 5-hydroxyindoles and of 
indolic neurotoxins are at an early stage. Nevertheless, 
it will be shown that electrochemical investigations 
might provide valuable clues concerning the role of 
oxidation reactions of endogenous 5-hydroxyindoles in 
the etiology of some mental illnesses and how the ox- 
idation reactions of indolic neurotoxins play a central 
role in their neurodegenerative effects. 

electrode reaction. The most recent and, potentially, 
most important of these is fast-sweep cyclic voltam- 
metry using ultramicroelectrodes.9 

The fact that many electrochemical and enzymatic 
redox reactions proceed by chemically identical reaction 
pathways suggests that in instances where little is 
known about the metabolism of a particular substrate 
it would be useful to conduct electrochemical investi- 
gations of its redox chemistry. These investigations 
would provide information about reduction and oxida- 
tion potentials, formation of reactive intermediate 
species, reaction pathways, and mechanisms. These in 
turn might well be of relevance to the biological 
transformations of the compound. 

Electrochemical techniques by themselves, however, 
cannot be used to elucidate the overall mechanism of 
an electrode process. It is absolutely essential that the 
ultimate products of the electrochemical reaction are 
isolated and identified. This generally requires that 
chromatographic methods are employed .to separate and 
purify reaction products and that powerful modern 
spectroscopic techniques (e.g., NMR, MS, IR, UV- 
visible, and X-ray diffraction) are used for structure 
elucidation. Attempts should also be made to charac- 
terize reaction intermediates by electroanalytical, 
spectral, and kinetic methods. Many electrochemical 
investigations are seriously flawed by their failure to 
support mechanistic conclusions by adequate charac- 
terization of reaction products and intermediates. 
Nevertheless, in those instances where electrochemical 
studies are coupled with appropriate chromatographic, 
spectral, and kinetic investigations, a vast amount of 
information can often quite rapidly be generated about 
the redox properties of biologically significant com- 
pounds. This information will include, inter alia, 
structures of potential biochemical products and tech- 
niques for their detection and characterization. As a 
result, when investigations of the in vitro or in vivo 
redox transformations of the compound of interest are 
undertaken, the search for metabolites and the eluci- 
dation of mechanism can be greatly facilitated. 

During the past 20 years, work in this laboratory has 
been concerned with studies of the oxidation chemistry 
and biochemistry of various classes of nitrogen heter- 
ocyclic compounds. We have used electrochemical 
techniques to explore the fundamental oxidation 
chemistry of such compounds and to assist in under- 
standing enzyme-mediated oxidation processes. The 
underlying rationale for such studies, as described 
earlier, is that the mechanisms and product profiles 
elucidated in carefully controlled electrochemical in- 
vestigations can assist in understanding biological ox- 
idation processes. 

This review will first focus on recent work on the 
electrochemical oxidation of some 5-hydroxyindole 
compounds that are found naturally in the mammalian 
central nervous system. More than 20 years of bio- 
chemical and chemical research failed to yield infor- 
mation beyond the fact that 5-hydroxyindoles can be 
oxidized. Electrochemical investigations, on the other 
hand, have allowed considerable progress toward un- 
derstanding the basic oxidation chemistry of these 
compounds. In addition, the use of electrochemical 
approaches to assist in understanding the oxidation 
chemistry of some indolic neurotoxins will be described. 

II. Indoles in the Central Nervous System 

The aromatic amino acid L-tryptophan (TPP) is one 
of a rather select group of compounds that can cross the 
blood-brain barrier. In the central nervous system 
(CNS) TPP undergoes the critically important meta- 
bolic transformations illustrated in Figure 1.10-16 TPP 
is first converted to 5-hydroxytryptophan (5-HTPP), 
by the enzyme L-tryptophan hydroxylase, and is then 
decarboxylated, by 5-hydroxytryptophan decarboxylase, 
to give 5-hydroxytryptamine (5-HT; serotonin). The 
known catabolic fate of 5-HT proceeds by an initial 
oxidation reaction, catalyzed by monoamine oxidase, 
to give 5-hydroxyindole-3-acetaldehyde (&HIAD). The 
principal fate of this aldehyde is oxidation by an al- 
dehyde dehydrogenase to 5-hydroxyindole-3-acetic acid 
(5-HIAA) although a small fraction is reduced (aldehyde 
reductase) to the alcohol 5-hydroxytryptophol(5-HT- 
OL). In the pineal gland, 5-HT is converted to the 
hormone melatonin by the route shown in Figure 1. 

Following the initial discovery of 5-HT in the 
brain17J8 and because of its structural resemblance to 
certain psychoactive drugs,19 the indolamine began to 
be suspected of being the chemical neurotransmitter it 
is now known to be. Neurons (Le., nerve cells), which 
employ 5-HT as a chemical neurotransmitter, are 
known as serotonergic neurons. Serotonergic pathways 
have been implicated, in the regulation of body tem- 
perature, sleep, moods, and emotional states.20 

At  about the time that 5-HT was first discovered in 
the brain, suggestions began to appear in the literature 
that a defect in the normal CNS metabolism of the 
indolamine (Figure 1) might in some way be related to 
mental illnesses.21~22 Subsequently, such hypothetical 
faulty metabolic pathways were implicated with mental 
illnesses such as schizophrenia and d e p r e s ~ i o n . ~ ~ - ~ ~  A 
recurring suggestion was since the catabolism of 5-HT 
is oxidative in nature, that 5-HT might be converted 
to more highly hydroxylated indolamines that are toxic 
in the CNS, hence resulting in neuronal damage.14*27*28 
The fact that 5,6-, 5,7-,29-35 and 4,5-dihydroxytrypt- 
amine33y36 and more highly hydroxylated indolamines 
are powerful neurotoxins in mammalian brain lends 
significant credence to this suggestion. Furthermore, 
it has been known for many years that 5-HT and other 
endogenous 5-hydroxyindoles are oxidized in the pres- 
ence of human serum and ceruloplasmin.3743 Hemo- 
lysates of erythrocytes also oxidize 5-HT and other 
5-hydro~yindoles.~ It has also been suggested4 that 
some melanins found in the CNS might be derived from 
oxidation reactions of 5-hydroxyindoles. In vitro ex- 
periments with 5-HT, 5-HTOL, and 5-HIAA support 
the latter suggestion.4B Microsomal melanogenesis from 
5-hydroxyindoles has been hypothesized to proceed by 
oxidation to very reactive quinone imine intermediates 
that subsequently p~lymer ize .~~ Experiments with 
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Figure 1. Metabolic pathways for L-tryptophan (TPP) in the central nervous 

molecular oxygen and Ag+ reveal that 5-HT and other 
5-hydroxyindoles are easily oxidized compounds. A 
relatively long-lived dimeric intermediate has been 
speculated to be formed in such oxidations.% Oxidation 
of 5-HT by ferricytochrome c , ~ '  alkaline per- 

autoxidation in basic s0lution,4~ cerulo- 
plasmin,s0 and during metabolisms1fi2 have been claimed 
to generate radical intermediates although the fate of 
these radicals has not been investigated. 

By the mid-1980s it was clear that endogenous 5- 
hydroxyindoles are easily oxidized compounds both 
chemically and biochemically. Suggestions about oxi- 
dative intermediates included radica1~,4~-~~ quinone 
imines,& dihydroxyindoles,M and a dimer.28 Products 
have been speculated to include uncharacterized mel- 
anin-like pigments.4s However, as a result of numerous 
studies only one indisputable fact emerged: namely, 
that the endogenous 5-hydroxyindoles are easily oxi- 
dized compounds. Not a single product of such oxi- 
dations had been isolated and structurally character- 
ized. Furthermore, nothing of significance was known 
about the biological role of oxidative intermediates or 
products in the CNS. In view of the suggestion that 
anomalous oxidations of 5-HT or other endogenous 
indoles might play a role in the etiology of mental ill- 
nesses, it was clear that a comprehensive study of the 
oxidation chemistry and biochemistry of these com- 
pounds was necessary. Accordingly, a program was 
initiated in this laboratory to study the oxidation re- 
actions of endogenous indoles. Electrochemical tech- 

niques have played a crucial role in these studies. 

III. Electrochemical Oxldatlons of CNS Indoles 

The electrochemical oxidation of 5HT, SHTPP, and 
5-HTOL in aqueous solution has now been studied 
extensively. The primary focus of this section will be 
on the chemical neurotransmitter 5-HT although the 
behaviors of 5-HTPP and 5-HTOL will be discussed 
when they differ significantly from 5-HT. 

Analyses for 5-HT in various regions of mammalian 
brain reveal concentrations ranging from about 0.7 to 
42 pM in wet tissue.53i" However, in both central and 
peripheral serotonergic neurons, 5-HT is stored in sy- 
naptic vesicles at  very much higher concentrations.66 
Accordingly, the electrochemistry of 5-HT has been 
studied at  concentrations ranging from 130 pM to >10 
mM. 

A representative cyclic voltammogram (CV) of 20 pM 
5-HT using a pyrolytic graphite electrode (PGE) at  pH 
2 is shown in Figure 2. At  this very low concentration, 
two oxidation peaks, I, and 11,, appear. After scan 
reversal a reversible couple (peaks IIIc/IL) appears. 
With increasing concentrations of SHT, oxidation peak 
11, grows somewhat relative to peak I, and above about 
0.1 mM 5-HT an additional reversible couple (peaks 
I I c / I I ~ ;  Figure 3) appears at more positive potentials 
than peaks IIIc/IL. At  very low 5-HT concentrations 
oxidation peaks I, is strongly influenced by adsorption 
 effect^.^*^' However, at high 5-HT concentrations (16 



798 Chemical Reviews, 1990, Vol. 90, No. 5 

1 ": 

Dryhurst 

dimers linked at  other positions (e.g., 6 - 6', 2 - 2', 
2 - 6', 3 - 6', etc.) been detected. Hence, it may be 
concluded that in the reactive 5-HT' species the un- 
paired electron is located at  C(4). The odd electron in 
5-HT' is almost surely in a p orbital, permitting in- 
teraction with the adjacent carbonyl u system, resulting 
in stabilization. Accordingly, 5-HT' is attacked by 
5-HT, i.e., a radical-substrate coupling reaction,60 to 
yield dimer radicals 1-4 (Scheme I). A second, rever- 
sible one-electron, one-proton oxidation of the latter 
species then yields dimers 5-8, which enolize to their 
more stable, isolated forms 9-12. The mechanism 
outlined in Scheme I is based on the assumptionsm that 
chemical reactions that follow deprotonation of 5-HT'+ 
are very fast so that a stationary state is established by 
mutual compensation of thc diffusion and rate-deter- 
mining chemical steps and between the chemical reac- 
tions that produce and consume intermediate species. 
These assumptions imply that voltammetric peak I, is, 
in effect, completely irreversible in the sense that no 
reversible reduction peak coupled to peak I, should 
appear in CV. In fact, no such reduction peak can be 
observed in CVs of 5-HT at pH 2 at sweep rates as high 
as 100 V s-l, suggesting that the latter assumptions are 
correct. That a radical-substrate dimerization reaction 
(i.e., 5-HT' + 5-HT - dimer) probably occurs has been 
tested by electrooxidation of 5-HT at pH 2 at peak I, 
potentials in the presence of 5-methoxytryptamine 
(13)? The latter compound is not electrochemically 
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Figure 2. Cyclic voltammogram at the PGE of 20 rM 5- 
hydroxytryptamine at pH 2.0. Sweep rate 20 mV s-* (reprinted 
from ref 56; copyright 1987 American Chemical Society). 
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Figure 3. Cyclic voltammogram at the PGE of 11.5 mM 5- 
hydroxytryptamine at pH 2.0. Sweep rate 200 mV s-l (reprinted 
from ref 58; copyright 1990 Elsevier). 

mM) peak I, exhibits characteristics close to those ex- 
pected for a reversible diffusion-controlled one-electron 
p r o c e s ~ . ~ ~ ~ ~ ~  Furthermore, the effects of sweep rate, 
5-HT concentration, and pH on the peak potential (Ep) 
for peak I, are in approximate accord for those theo- 
retically predicted for a family of electrochemical di- 
merization The CVs shown in Figures 2 and 
3, however, clearly reveal that the peak I, reaction is 
more complex than a simple dimerization in view of the 
fact that at  least two reversibly reduced oxidation 
products must be formed that are responsible for the 
IIc/IIl  and IIIc/Il  couples. The complexities of the 
overall peak I, process may be resolved by an analysis 
of the products formed by electrooxidation of 5- 
HT.*%l6l Such an analysis reveals that the major 
projects are the simple dimers 9-12 (Scheme I). Thus, 
on the basis of characteristics of peak I, and the fact 
that simple dimers are the major electrooxidation 
products, it has been proposedM that 5-HT is initially 
oxidized in a reversible one-electron abstraction reaction 
to the radical cation 5-HT'+ which, in a rate-deter- 
mining step, deprotonates to yield the radical 5-HT' 
(Scheme I). A most interesting fact about the dimeric 
products formed (9-12) is that they all contain at least 
one 5-HT residue linked at  the C(4) position. Simple 
dimers are also formed as major electrooxidation 
products of 5-HTPPe2*63 and 5-HTOL,64 and each of 
these similarly contains at  least one residue of the 
parent compound linked at  C(4). In no instance have 

H3c0wNH2 
H 

1 3  

oxidized at  peak I, potentials. Reaction products in- 
clude dimers 9-12 and at least two additional dimers 
containing one residue each of 5-HT and 13. Thus, 13 
can act as a substrate and attack radical 5-HT'. 

Electrochemical oxidations of 5-HTPP62*83 and 5- 
HTOLM in acidic aqueous solution follow the same 
general pathway outlined in Scheme I. However, in the 
case of 5-HTPP only two simple dimers have been 
isolated as products, 5,5'-dihydroxy4,4'-bitryptophan 
(14) and 5,5-dihydroxy-4,6'-bitryptophan (15). Owing 

H H 

1 4  
NH2 

1 5  

to the presence of chiral centers in the side chain of each 
5-HTPP residue in these dimers and restricted rotation 
about the bond linking the two indolic residues, dia- 
stereomers of 14 and 15 are formed. In the case of 
5-HTOL three simple dimers (4 - 4', 2 - 4', and 
4,6'-linked) have been isolated as electrooxidation 
products.64 

The reactions shown in Scheme I represent the major 
processes occurring upon electrochemical oxidation of 
5-HT at peak I, potentials. However, none of the iso- 
lated dimers (9-12) give reversible couples corre- 
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sponding to peaks IIIJI,' and II,/II: (Figures 2 and 3). 
This implies, therefore, that additional oxidation re- 
actions occur to generate species responsible for these 
couples. At  peak I, potentials, the unusual asymmetric 
3,4'-linked indolenine-indole 1 1 is further oxidized to 
the corresponding indolenine-quinone imine 16,- and 
it is this species that is responsible for reduction peak 
11, observed in CVs of 5-HT. The peak 11, reaction is 
a two-electron two-proton reduction of 16 to give 11, 
which is reversibly oxidized in the peak 11,' reaction as 
illustrated in Scheme 11. 

Peak 111, observed in CVs of 5-HT is due to reduction 
of tryptamine-4,5-dione (21) to 4,5-dihydroxytrypt- 
amine (20). The yield of dione 21 increases as the ap- 
plied potential used to electrooxidize 5-HT is made 
more positive and/or the concentration of 5-HT oxi- 
dized is decreased. Indeed, controlled-potential elec- 
trooxidation of 150 pM solutions of 5-HT at pH 2 at 
high applied potentials (e.g., 0.70 V vs SCE) results in 
almost quantitative formation of 21. At  lower applied 
potentials the 4,4'-linked dimer 9 increasingly replaces 
dione 21 as a product. Accordingly, radical 5-HT' must 
be further oxidized to yield, ultimately, 21. This occurs 
by a one-electron oxidation of 5-HT' to the quinone 
iminium species 17, which is rapidly attacked by water 
to yield 4,5-dihydroxytryptamine (20) by the reaction 
sequence shown in Scheme 111. Compound 20 is easily 
oxidized (E0'20/21 = 0.105 V at pH 2) to dione 21. In 
CVs of 5-HT, peak 111, is due to reduction of 21 to 20 
and oxidation peak I,' to the reverse reaction. Further 
evidence in support of the mechanism shown in Scheme 
I11 comes from the observation that electrooxidation of 
5-HT in the presence of C1- gives 4-chloro-5-hydroxy- 
tryptamine (23) and that the yield of this compound 
increases at increasingly positive potentials as would be 
predicted if 5-HT' is oxidized to quinone imine 17. 
Electrochemical oxidations of 5-HTPP62p63 and 5- 
HTOL64 also give dione species analogous to 21 by 
identical reaction pathways. 

The nature of the dimers formed upon peak I, elec- 
trooxidation of 5-HT5658 (and 5-HTPP62i63 and 5- 
HTOL64) in acidic aqueous solution clearly indicates 
that the C(4) position of these indoles is activated. 
However, in very acidic (1.05 M HC104) acetonitrile 
electrooxidation of 5-HT at a platinum electrode gives 
the 3,4' indolenine-indole 11 in more than 80% yield.66 
On the basis of analysis of the characteristics of the 
voltammetric oxidation peak of 5-HT in acidic aceto- 
nitrile, it was concludedas that the initial heterogeneous 
one-electron abstraction generates a radical cation (24) 
in which the unpaired electron is located at  the C(3) 
position. A radical-substrate coupling reaction was 
proposed to yield the dimer radical cation 25 (Scheme 
IV). A disproportionation-like second electron transfer 
in solution between 24 and 25 gives dication 26, which 
deprotonates from position C(4') to yield (protonated) 

SCHEME 111 
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11. It is unfortunate that additional dimeric products 
were not isolated following electrooxidation of 5-HT in 
acidic acetonitrile in which linkages via C(3) are present 
in order to chemically confirm that it is the latter site 
that is activated. The mechanism outlined in Scheme 
IV, in fact, could equally well be imagined to proceed 
via a C(4) radical cation (Le., 5-HT'+ in Scheme I). 

Dimers 9-12 and 16 and monomers 21 and 23 are not 
the only products formed upon electrooxidation of 5- 
HT in aqueous solution. Many additional products 
appear as a result of further reactions of dione 21 and 
the oxidized dimer 16. 

Tryptamine-4,Bdione (21) is a rather reactive com- 
pound. It cannot be isolated from solution, and hence, 
its structure was inferred by isolation of the product 
formed upon condensation with o-phenylenediamine.M 
In dilute aqueous solution, 21 slowly reacts with water 
to form 4,5,74rihydroxytryptamine (26; Scheme V). 
The latter compound is very easily autoxidized to 5- 
hydroxytryptamine-4,7-dione (30), which reacts with 21 
to generate dimer 32 as illustrated in Scheme V. The 
structure of 32 has not been unequivocally elucidated. 
However, mass spectra are in accord with the structure 
shown. In addition, CVs of 32 exhibit reversible couples 
characteristic of dione 21% and p-quinone 30 residues.B7 

Attempts to concentrate even very dilute solutions 
of the purple dione 21 (e.g., by lyophilization) cause it 
to form the purple dimer 7,7'-bi(5-hydroxytryptamin- 
4-one) (33; Scheme VI).68 This interesting compound 
can be reversibly reduced to 7,7'-bi(4,5-dihydroxy- 
tryptamine) (34) or reversibly oxidized to 7,7'-bi(tryp- 
tamine-4,bdione) (35). Dione 21 also reacts directly 
with at least one simple dimer of 5-HT, i.e., 5,5'-di- 
hydroxy-2,4'-bitryptamine (121, to give trimer 37 as 
shown in Scheme VILm Electrooxidation of 5-HT also 
gives other oligomers and polymers that have not yet 
been characterized.m Such oligomers and polymers are 
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particularly prone to form when the electrooxidation 
product solution is concentrated by, for example, lyo- 
philization. However, one such species decomposes to 
release 5-hydroxytryptamine-4,5-dione (30).68 The 
latter compound is a major product of electrochemical 
oxidation and autoxidation of the indolic neurotoxin 
5,7-dihydroxytryptamine (5,7-DHTbs7 Accordingly, it 
was concluded that a minor oxidative pathway for 5-HT 
proceeded via intermediary formation of 5,7-DHT.67 
Subsequent studies, however, show that this conclusion 
is incorrectss (see also later discussion of 5,7-DHT). 

Other ultimate products of electrochemical oxidation 
of 5-HT in acidic aqueous solution are derived from the 
3,4'-linked indolenine-quinone imine 16. During the 
course of a few hours 16 spontaneously reacts to give 
a complex mixture of products, which, rather inter- 
estingly, includes its reduced form 11.% One major 
product of these reactions is the indole-quinoline dimer 
45. Formation of 45 from 16 must necessarily be a 
rather complex process, and since species intermediate 

3 0  

-2Ht-2e 

at pH 2.0 
Eo'=O.l 1V  

5 3 2  
NH: 

SCHEME VI 

+ HIN 
OH 

34 

between the two compounds have not been isolated, the 
mechanistic pathway must remain speculative. Nev- 
ertheless, since diastereomers of an analogous indole- 
quinoline dimer (46) have been isolated from among the 
electrooxidation products of 5-HTPPs2 but not among 
the electrooxidation products of 5-HTOL,64 it appears 
that the pyridine ring in 45 must be derived from the 
side chain of the indolenine residue of 16. This implies 
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that the C(2)-C(3) bond of the latter residue must be 
opened. It has been speculated58 that the reaction 
proceeds via addition of the elements of water across 
the N(l)=C(2) bond of 16 to give the indolines 38/39 
(Scheme VIII).@ Subsequent cleavage of the C(2)-C(3) 
bond of indoline 39 gives quinone N-formylimine 40, 
which hydrolyzes to p-quinone 42. Cyclization and 
oxidation then give 45 as conceptualized in Scheme 
XVIII. The ultimate oxidation step (Le., 44 - 45) must 
involve molecular oxygen or the relatively strong oxi- 
dant 16 (see later discussion), yielding 11. Additional 
evidence for putative intermediate 39 has been provided 
by isolation of dimer 48 as another product formed 
spontaneously from 16.% Nucleophilic attack by water 
on the quinone imine residue of 39 yields 47 (Scheme 
IX). The resultant 5,6-dihydroxyindoline residue in 
47 would be expected to be easily oxidized to 48 by 
either molecular oxygen or 16. Compound 16 decom- 
poses to additional products including the partially 
characterized tetramer 51, possibly by the reaction 
pathway shown in Scheme X. 

l l  
= 0.30 V vs SCE at pH 258), which accounts for t h e 
suggestion that it is responsible, at least in part, for the 
chemical oxidation of several putative intermediate 
species (e.g., 44 in Scheme VIII, 47 in Scheme IX, and 
50 in Scheme IX) with concomitant formation of its 
reduced form 11, which is therefore detected among the 
ultimate electrooxidation products of 5 H T  even though 
it is much more easily oxidized than the latter com- 
pound. 

A 3,4’ indolenine-indole dimer analogous to 11 (or 16) 
can be isolated as a product of electrooxidation of 5- 
HTOL70 but not as a result of electrooxidation of 5- 
HTPP.62i63 However, diastereomers of 46 are major 
oxidation products of 5-HTPP.63 Since 46 must be 
formed by a reaction scheme analogous to that shown 
in Scheme VIII, it must be concluded that the carboxyl 
group associated with the indolenine residue side chain 
accelerates the ring-closure reactions that ultimately 
lead to this compound.63 

Electrochemical oxidation of 5-HTOL in acidic solu- 
tion also gives three dimeric products containing resi- 
dues of tryptophol-4,5-dione and 5-HTOL (i.e., 56-58; 
Scheme XI).64 It has been proposed that these dimers 
are formed by reactions between two electrochemically 
generated intermediates, namely quinone imine 52 and 
4,5-dihydroxytryptophol(20), as illustrated in Scheme 
XI. 

Dimer 16 is a relatively strong oxidizing agent 

I V .  Oxldeiion Cndmdbtry of 1- Neurotoxins 

5,6- and 5,7-Dihydroxytryptamine are widely used 
pharmacological agents for the selective chemical de- 
struction of serotonergic neurons.29*50*36*71-76 The se- 
lectivity of these dihydroxyindolamines is derived from 
their high affinity uptake by the membrane pump of 
serotonergic neurons. The molecular mechanisms by 

SCHEME VI1 
HO-NH; 

t 

3 7  

which 5,6- and 5,7-DHT express their neurodegenera- 
tive effect is widely believed to be related to an intrinsic 
chemical property, Le., ease of oxidation. In vivo this 
oxidation is thought to be caused by dissolved oxygen 
without catalysis by an enzyme, a process generally 
known as autoxidation. Autoxidation of 5,7-DHT has 
been proposed to give the electrophilic quinone imines 
59/60, which can alkylate neuronal membrane proteins 
as a result of nucleophilic attack by their thiol residues 
as illustrated in Scheme XII.77 Such a reaction would 
presumably modify the neuronal membrane to such an 
extent that the neuron is denervated. 

Autoxidation of 5,6-DHT has been speculated to form 
o-quinone 62, which alkylates and cross-links neuronal 
membrane proteins as conceptualized in Scheme XIII. 
Indeed, experiments with radiolabeled 5,6-DHT indi- 
cate that its autoxidation product(s) covalently binds 
with protein nucleophiles both in vitro78 and in vivo.79 
It has also been suggested that byproducts of the aut- 
oxidation of 5,6- and 5,7-DHT are the cytotoxic reduced 
oxygen species 02’-, HO’, and H202 (Schemes XI1 and 
XIII), which are the ultimate  neurotoxin^.'^^'^^^&^ 

Autoxidation of 5,7-DHT is first order in terms of 
both O2 and the indolamineeE1 This observation is 
consistent with a mechanism in which O2 is incorpo- 
rated into the 5,7-DHT nucleus and is not consistent 
with the transformation of 5,7-DHT into quinone 
imines 59/60. Sinhababu and Borchardt81 have con- 
cluded that O2 is initially incorporated into the C(4) 
position of 5,7-DHT, giving a free-radical superoxide 
complex. The key step in the autoxidation process was 
speculated to be formation of the C(4) radical although 
direct evidence in support of such an intermediate was 
not obtained.81 Information bearing on such an inter- 
mediate has been obtained from an investigation of the 
electrochemical oxidation of 5,7-DHT.82 A CV of 5,7- 
DHT is shown in Figure 4. Oxidation peak O1 is an 
adsorption prepeak. In aqueous solution the primary 
step in the peaks 01/02 process has been proposed to 
be a one-electron, oneproton abstraction from 5,7-DHT 
to give a radical intermediate represented as the reso- 
nance hybrid 66 in Scheme XIV. A number of simple 
dimers result from this putative radical, but the precise 



Oxidation Chemistry of CNS Indoles Chemical Reviews, 1990, Vol. 90, No. 5 803 

SCHEME VI11 
H H 

, 1’ 

NHI H ~ O  NH; 
- 0  - - HO H - 

H 4 0  

16 

H 

38 39 

H H 

NH3 + H 2 0  NH; 

-NH3 0 
0 

4 1  
H 

HO NH: 

HO 

H’ ‘H 

44 

1 6  

-H+ 
- 

SCHEME IX 

H 2 0  
___) HO 

39 4 7  
I 

+ 1 1  + H20 
*2Ii+*2e 

H: 

HO X l S V  W H :  

HO at pH 2 

4 0  4 8  

0 -l.O 
yo3 ,lo, , , , 
l.0 

PotentiaWolt vs.SCE 
Figure 4. Cyclic voltammogram at the PGE of 0.1 mM 5,7-di- 
hydroxytryptamine in aqueous solution at pH 1.5. Sweep rate 
200 mV s-l (reprinted from ref 82; copyright 1989 American 
Chemical Society). 

nature of the dimerization reaction remains to be elu- 
cidated. Nevertheless, the major dimeric product of the 
oxidation is the 4,4‘-linked compounds 70-73 (Scheme 

H 3’ 

2 

45 

SCHEME X 

+ 

H 

HO 

1 1  
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HO 

1 6  

5 0  

NH; 

5 1  

XIV). Thus, the predominant form of the primary 
radical is 67 in which the unpaired electron is located 
at C(4). Dimerization of 67 gives 4,4’-bi(5,7-di- 
hydroxytryptamine) (691, which at peak 01/02 poten- 
tials is further oxidized to 70-73. That some form of 
radical coupling reaction leads to 69 was inferred from 
the observation that the yield of dimeric products de- 
creased as the applied potential for the electrolysis was 
made more positive and, correspondingly, the yield of 
5-hydroxytryptamine-4,7-dione (30) increased. This 
observation indicates that radical 66 can be quite 
readily oxidized to quinone imine 74, which is then 
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attacked by water to give trihydroxytryptamine 29, 
which is immediately oxidized to 30 (Scheme XIV).82 
Peak R1 observed in CVs of 5,7-DHT (Figure 4) is due 
to reduction of 30 to 29 and oxidation peak 01’ to the 
reverse reaction. Peak R2 corresponds to reduction of 
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Figure 5. Cyclic voltammograms at  the PGE of (A) 0.5 mM 
5,7-dihydroxytryptamine in pH 7.4 phosphate buffer and (B) the 
same solution after stirring in air for several hours. Solutions were 
deaerated with N2 before voltammograms were recorded. Sweep 
rate 200 mV 5-l (reprinted from ref 83; copyright 1990 American 
Chemical Society). 

the oxidized dimer 71 to the cyclic ether 78 by the route 
shown in Scheme XV. Compound 78 is an easily ox- 
idized compound ( E O ’  = 0.08 V vs SCE at pH 1.5) and 
hence upon exposure to air is rapidly converted to 
quinonoid ether 79. These electrochemical studies,82 
therefore, suggest that a C(4) radical species is a prob- 
able primary oxidation product of 5,7-DHT in agree- 
ment with the proposition of Sinhababu and Bor- 
chardt.81 

A t  physiological pH, 5,7-DHT exhibits a voltam- 
metric oxidation peak a t  0.19 V vs SCE (Figure 5AhM 
Such a low oxidation potential is in accord with the 
susceptibility of 5,7-DHT to autoxidation. Exposure 
of such a solution to air results in a systematic decrease 
of the voltammetric oxidation peak of 5,7-DHT. Figure 
5B shows a CV of the final product solution. On the 
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first cathodic sweep, a reduction peak appears at  -0.59 hydroxytryptamine-4,7-dione (30) and 6,6'-bi(5- 
V, and on the reverse sweep, a quasi-reversible oxida- hydroxytryptamine-4,7-dione) (97) have been identified 
tion peak appears at -0.43 V. On the first anodic sweep as the major autoxidation products.83 Both 30 and 97 
two, apparently irreversible, oxidation peaks appear at show quasi-reversible reduction peaks a t  ca. -0.59 V. 
0.275 and 0.62 V. The appearance of two oxidation However, 30 shows a voltammetric oxidation peak at  
peaks provided the first clue that autoxidation of 5,7- 0.62 V whereas 97 shows an oxidation peak at 0.275 V. 
DHT gives more than one product.83 Indeed, 5- On the basis of NMR studies in D20,81 it has been 



806 Chemical Reviews, 1990, Vol. 90, No. 5 Dryhurst 

SCHEME XV 

71 

Peak 0,' og+ O H  Peak R, '  

NH3 _.ZH' -Z0 

i H 3  

79 

SCHEME XVI 

75 7 6  

c- 

70 77 

8 2  

t 

86 a5 84 

concludede3 that at  physiological pH the carbanions 
81-83 are the primary electron donors to O2 in the in- 
itial stage of autoxidation of 5,7-DHT. Formation of 
dimer 97 and earlier electrochemical studiesE2 provide 
support for the conclusion that autoxidation of 5,7-DHT 
proceeds by a radical m e c h a n i ~ m . ~ ~  The mechanism 
leading to 30 has been p r o p ~ s e d ~ * * ~ ~  to involve attack 
by O2 on carbanion 81, giving the radical superoxide 
complex 84 (Scheme XVI). Recombination of the su- 
peroxide of 84 with the incipient C(4) radical yields 
hydroperoxide anion 85, which, upon proton abstrac- 
tion, gives hydroperoxide 86. Base-catalyzed decom- 
position of the secondary hydroperoxide 86 forms o- 
quinone 87 and hence the more stable p-quinone 30. 
Attack by O2 on carbanions 82 and 83 also leads to 
free-radical superoxide complexes 88 and 89, respec- 
tively (Scheme XVII). However, since oxygen is not 

OH H 
2 9  

Figure 6. 
hydroxytryptamine-4,7-dione (30). Adapted from ref 84. 

Mechanism proposed for redox cycling of 5- 

10 0.5 0 -as -la 
Potential/VoltwSCE 

Figure 7. Cyclic voltammogram a t  the PGE of 0.5 m M  5- 
hydroxytryptamine-4,7-dione (30) in pH 7.4 phosphate buffer. 
Sweep rate 200 mV s-* (reprinted from ref 83; copyright 1990 
American Chemical Society). 

ultimately incorporated into the C(6) position, these 
complexes must follow a different pathway to 84. Ac- 
cordingly, it has been proposedm that 88 and 89 disso- 
ciate to give radicals 90 and 91, respectively, which react 
together to give dimer 93. This dimer has the same 
structural functionalities as 5,7-DHT except that the 
C(6) position is blocked. Hence, a sequence of reactions 
similar to those proposed for 5,7-DHT in Scheme XVI 
leads to the ultimate dimer 97 (Scheme XVII). 

It is of interest to note that 5-hydroxytryptamine- 
4,7-dione (30) accounts for one-third of 5,7-DHT that 
is autoxidizedS3 but is 3 times more neurotoxic than 
5,7-DHT in mouse brain.67 This leads to the sugges- 
tiong3 that 30, formed in vivo by autoxidation of 5,7- 
DHT, is the active neurodegenerative species. Sinha- 
babu and BorchardP have proposed that redox cycling 
of 30 might account for its neurotoxic effect. Redox 
cycling of many quinones has been shown to occur in 
several subcellar compartments including mitochondria 
and microsomes and is effected by many enzyme sys- 
tems.8"88 A plausible redox cycling prc-!ss, outlined 
in Figure 6,@ would generate cytotoxic reduced oxygen 
species that might be the ultimate neurodegenerative 
species. Such a redox cycling process, however, would 
also consume oxygen and, if sufficiently efficient, would 
have the potential to inflict hypoxia-induced damage 
on the target neuron.84 Cyclic voltammograms of 30 
(Figure 7) shows a quasi-reversible reduction peak at 
c a  -0.6 V at pH 7.4, indicating that it is relatively easily 
reducible. 

The neurotoxic properties of dimer 97, which is the 
major autoxidation product of 5,7-DHT, have yet to be 
determined. However, CV of 97 (Figure 8) reveals that 
it also shows a quasi-reversible reduction peak at  ca. 
-0.6 V and hence, in principle, could participate in re- 
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dox cycling reactions as effectively as 30. In addition, 
97 is significantly more easily oxidizable than 30, sug- 
gesting, therefore, that further autoxidation of this 
compound in vivo might play some functional role in 
expressing the neurotoxic effects of 5,7-DHT. The 
oxidation chemistry of 97, however, remains to be 
studied. 

At physiological pH 5,6-DHT shows a voltammetric 
oxidation peak at 0.15 V (Figure 9), confirming its ease 
of oxidation. After scan reversal a reduction peak 
coupled to the oxidation peak is not observed, indi- 

eating that the initial oxidation product is very re- 
active.8Q As was noted earlier (Scheme XIII), aut- 
oxidation of 5,GDHT appears to be a prerequisite step 
to initiate the neurodegenerative effects of this com- 
pound.7*75~7&80~wf'1 Klemm et  aLw have demonstrated 
that H,O, is formed during the autoxidation of 5,6-DHT 
and have concluded that the reaction is autocatalytidy 
promoted by HzOz. The autoxidation reaction at  
physiological pH ultimately results in formation of a 
black, insoluble, melanin-like polymer of unknown 
structure.g0 The major initial autoxidation product of 



808 Chemical Reviews, 1990, Vol. 90, No. 5 Dryhurst 

I_ 1 I 1 1 
1.0 a5 0 -05 -1.0 

POtemial/Wt mSCE 

Figure 8. Cyclic voltammogram at the PGE of 0.5 mM 6,6'- 
bi(5-hydroxytryptamine-4,7-dione) (97) in pH 7.4 phosphate 
buffer. Sweep rate 200 mV s-l (reprinted from ref 83; copyright 
1990 American Chemical Society). 

80]Y , , , 
0.4 0 -04 

Potential Nolt vs.SCE 

Figure 9. Cyclic voltammogram at the PGE of 2 mM 5,6-di- 
hydroxytryptamine in pH 7.2 phosphate buffer. Sweep rate 200 
mV s-l (reprinted from ref 8 9  copyright 1990 American Chemical 
Society). 

5,6-DHT is 2,7'-bi(5,7-dihydroxytryptamine) (99) al- 
though other dimers and some trihydroxytryptamines 
are also formed (Scheme XVIII).89 Voltammetric 
measurements indicate that the oxidation potentials of 
all the initial monomeric and dimeric autoxidation 
products are equal to or more negative than that of 
5,6-DHT.89 In other words, the autoxidation products 
are as or more easily oxidized than 5,6-DHT. Thus, the 
apparent acceleration of the autoxidation reaction of 
5,6-DHT during its latter stages might reflect the more 
rapid oxidation of products rather than the influence 
of H202 as proposed by Klemm et aL90 Simultaneous 
autoxidation of 99 along with other dimers and tri- 
hydroxyindoles (Scheme XVIII) to quinoid interme- 
diates no doubt explains the ultimate formation of 
highly cross-linked insoluble polymer. 

V. Biological Impllcatlons 

The metabolic transformations of 5-HT initiated by 
the enzyme monoamine oxidase (Figure 1) clearly play 
a vital role in the inactivation of the neurotransmitter 
in the CNS. However, several ~tudies'Q'~J~ both in vitro 
and in vivo suggest that the ultimate metabolite, 5- 
HIAA and its conjugates, represents only a fraction of 
the 5-HT metabolized. It has been suggested, for ex- 
ample, that further hydroxylation of 5-HT O C C U T S , ~ * ~ ~  
but in fact there is little direct evidence to support this 
speculation. However, recently Commins et al.Ww have 
reported that administration of methamphetamine 
(MA) and p-chloroamphetamine (PCA), both of which 
deplete brain 5-HT, to rat results in formation of the 
neurotoxin 5,6-dihydroxytryptamine (5,6-DHT). The 
latter compound was identified on the basis of its re- 
tention time in high-performance liquid chromatogra- 
phy, and hence formation of 5,6-DHT must be viewed 

" 
101 99 

with some skepticism. Nevertheless, the authorsg3tg4 
hypothesize that the toxic effects of MA and PCA are 
mediated by formation of 5,6-DHT. There are also a 
number of reports on the formation of, but as yet un- 
identified, abnormal oxidation products of 5-HT and 
5-HTPP in the CNS of individuals afflicted with Al- 
zheimer's di~ease.9~1~ Serotonergic abnormalities have 
been extensively reported in dementia of the Alzheimer 

Chen et al." have suggested that an altera- 
tion of 5-HT metabolism in vivo might lead to the 
production of toxic indole derivatives, which, through 
long-term accumulation, could have profound effects 
on neuronal activity. Unknown indolic compounds have 
also been found in the urine of individuals in many 
other pathological states, e.g., carcinoidosis.lO' These 
and earlier reports appear to present an overwhelming 
case implicating chemical and/or biochemical oxidation 
reactions of endogenous indoles in disease states, par- 
ticularly of the CNS. But, as noted previously, until 
very recently only the vaguest outline of this chemistry 
was known, 

Electrochemical studies on 5-HT, 5-HTPP, and 5- 
HTOL, reported above, provide evidence that these 
endogenous indoles are easily oxidized species. Their 
electrooxidation appears to form very reactive radical 
intermediates that, under the conditions studied, react 
primarily with the parent molecules in a radical-sub- 
strate reaction to yield dimers. It is not difficult to 
imagine that such radicals, if generated in the CNS, 
could undergo reactions, possibly toxic in result, with 
many endogenous species. Electrochemical investiga- 
tions also reveal that the primary radicals formed upon 
oxidation of endogenous indoles are also easily oxidized 
to an extremely reactive electrophilic quinone imine. 
The major solution reactions of these quinone imines 
in vitro are with water to yield, ultimately, 4,5-di- 
hydroxyindoles and hence, the corresponding 4,5-diones 
(see Scheme 111). In the complex environment of the 
CNS it is not difficult to imagine that quinone imine 
species (e.g., 17 Scheme 111) would be extremely dan- 
gerous compounds subject to reaction with any nu- 
cleophiles present including, of course, water. It is 
known that the resultant product from quinone imine 
17 is 4,5-dihydroxytryptamine (20) and, furthermore, 
that this is a potent CNS neurotoxin.33*36 The mecha- 
nism(s) by which 20 expresses its neurodegenerative 
effect is not known. However, it is likely that in vivo 
it is autoxidized to dione 21 and that this might be a 
neurotoxin since it is known to react avidly with thiol 
residues of amino acids and peptides (e.g., cysteine and 
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Figure 10. High-performance liquid chromatograms of the product solutions formed by (A) controlled-potential electrooxidation a t  
0.65 V and (B) Type VI peroxidase-HzOz oxidation of 1.0 mM 5-hydroxytryptophan at  pH 2.6 (reprinted from ref 63; copyright 1990 
The Electrochemical Society). 

glutathione).g8J02 As noted in Scheme V, dione 21 can 
be further attacked by water to yield 4,5,7-trihydroxy- 
tryptamine (29) and hence 5-hydroxytryptamine-4,7- 
dione (30). In vivo experiments in mouse6' have dem- 
onstrated that 30 is approximately 3 times as toxic in 
the CNS as the widely used indolic neurotoxins 5,6- and 

Recently, Chen et al.'O0 employed in vitro superfusion 
and incubation experiments to investigate the effects 
of an electrochemically oxidized solution of 5 H T  on rat 
brain fragments. This solution was prepared by elec- 
trooxidation of 5-HT in 0.01 M H C P  and was thought 
to consist predominantly of tryptamine-4,bdione (21) 
although independent analyses in this laboratory in- 
dicate a complex mixture of products are in fact present 
(see for example Schemes I, 111, and V-X). Neverthe- 
less, in vitro superfusion experiments revealed that the 
electrooxidation product solution containing 21 signif- 
icantly increased 5-HT efflux from both rat hippocam- 
pal and striatal fragments. In vitro incubation exper- 
iments showed that electrooxidized 5-HT solutions 
evoked 5-HT efflux from rat hippocampus in a dose- 
dependent fashion. The indolic neurotoxin 5,6-DHT 
similarly induces 5-HT release from in vitro synapto- 
somal preparations by causing vesicularly stored 5-HT 

5,7-DHT. 

to enter the cytop1a~m.l~~ Thus, apparently 21 or 
perhaps other electrooxidation productg of 5-HT ex- 
press their neurotoxicity by a mechanism similar to that 
proposed for 5,6-DHT. Other studies have demon- 
strated that administration of the solution formed by 
electrooxidation of 5-HT into the lateral ventricles of 
rat causes cell death.% Thus, 2OBtW 21," 29, 30,67 and 
possibly other products of electrochemical oxidation of 
5-HT have powerful neurodegenerative properties. 

Analysis of the cerebrospinal fluid (CSF) of individ- 
uals with Alzheimer's disease, using HPLC with an 
electrochemical detector, failed to detect 21 although 
very many peaks of unknown but easily electrooxidized 
compounds were detected.% However, if in fact dione 
21 is a toxin of significance in the etiology of Alzheim- 
er's disease or related dementias, it is very unlikely that 
it would exist in the free state in CSF because of its avid 
reaction with nucleophiles such as thiol groups.g6*102 

Electrochemical studies of the oxidation chemistry 
of biogenic indoles reported earlier have, for various 
practical reasons, been largely restricted to aqueous 
solution at  relatively low pH. These studies, however, 
appear to provide much information about the funda- 
mental oxidation chemistry of these compounds and 
clearly demonstrate that oxidation of biogenic indoles 
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are facile and produce very complex mixtures of prod- 
ucts. Such studies have led to the discovery of at  least 
three neurotoxins (20,21,30). Further work is currently 
under way to establish whether other oxidation prod- 
ucts derived from 5-HT and other endogenous indoles 
possess neurodegenerative properties. Preliminary 
studies have been carried out on the electrochemical 
oxidation of the biogenic indoles at  physiological 
pH.104J06 These indicate many similarities to the results 
obtained at lower pH although more complex follow-up 
chemistry and electrochemistry appears to take place. 

Peroxidase derived from horseradish and mammalian 
peroxidase-H202 systems has been reported to oxidize 
biogenic indoles although reaction products were not 
identified.lW It has been spe~ulated '~ that peroxidative 
5-hydroxyindolamine catabolism, for example, might 
play a prominent role in situations where the enzyme 
monoamine oxidase is inhibited as well as in cancerous 
tissue, which often possesses high levels of peroxidase." 
A comparison of the peroxidase-H202 and electro- 
chemical oxidation of 5-HTPP has been carried out.63J04 
Chromatograms of the product solutions formed as a 
result of these oxidations are shown in Figure 10. 
Clearly, the product profiles resulting from both types 
of oxidation reactions are identical, suggesting that the 
chemical mechanisms leading to these products are the 
same. Peroxidase-catalyzed oxidations of organic sub- 
strates are widely believed to proceed via radical in- 
termediates.'@JW Hence, it seems likely that the gen- 
eral pathways outlined in Schemes I and I11 for the 
electrochemical oxidation of biogenic indoles also apply 
to the peroxidase-mediated oxidations. Comparisons 
of the electrochemical oxidations of 5-HT,'I0 5-HTPP,lM 
and 5-HTOL105 with those catalyzed by various per- 
oxidases, tyrosinase, and ceruloplasmin have revealed 
that the product profiles and, by inference the chemical 
reaction pathways, are very similar. 
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V I .  Conclusions 

Electrochemical studies of biogenic indoles have 
provided some valuable insight into their fundamental 
oxidation chemistry. Such insight would be difficult 
to elucidate by direct investigations of enzymemediated 
oxidations. Very many stntcturally interesting products 
of the electrochemical oxidations have been isolated, 
and some of these have already been demonstrated to 
possess neurodegenerative properties. Indeed, the 
search is now under way to detect some of these prod- 
ucts in the central nervous system of patients suffering 
from Alzheimer's disease and related dementias. Pre- 
liminary results have clearly established that the oxi- 
dative biochemistry of biogenic indoles, mediated by 
enzymes endogenous to the CNS, follows parallel 
pathways to the electrochemically driven reactions. 

Several aspects of the still-unfolding story about the 
oxidative chemistry and biochemistry of indolic neu- 
rotoxins have been resolved by application of electro- 
analytical techniques. Ultimately, a combination of 
electrochemical, chemical, biochemical, and in vivo 
approaches will lead to a full understanding of the 
mechanisms by which the indolic neurotoxins express 
their neurodegenerative properties in the CNS. 
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